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Chapter 1 

1.1 INTRODUCTION 

Gas chromatography has a very wide field of applica

tion. It is limited however, to substances that may 

be brought into the vapeur phase. In most cases the 

investigator takes it for granted that the molecule 

must remain intact. While decomposition during 

evaporation may be an unwanted side effect, in many 

cases it could be used to advantage for those 

substances that have a too low vapour pressure. 

Pyrolysis prior to gas chromatography if carried out 

under well defined conditions may widen the scope to 

almost all organic substances. Examples are polymers, 

peptides, proteins·, bi tuminous materials, coal, 

certain steroids, etc. Pyrolysis gas chromatography 

(PGC) may be defined as the combination of both 

methods, on line, in such a way that band broadening 

due to pyrolysis is small compared to the band 

broadening of the chromatographic process. The 

identification and quantitation of the pyrolysis 

products will at least characterize the starting 

material and in the ideal case lead to its structural 

elucidation. The chromatogram of the pyrolysis products 

of a sample will be called its pyrogram. 

If the qualitative and quantitative compositions of 

the pyrolysis mixture is followed as a function of 

reaction time and of temperature even mechanism and 

kinetics of the decomposition reaction may be found. 

This is not only of theoretica! interest but it 

might be important for the study of stability of 

different materials. 
A combination of two analytica! techniques often 

will show the shortcomings of both techniques. In 

PGC the shortcomings are preponderant on the pyro

lysi·s side and in so far as they are on the GC side 
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they will be rnainly caused by the complexity and 

wide ranges of volatility of the pyrolysis products. 

Apart frorn a few favourable exceptions the repro

ducibility of pyrolysis will be poor, the reaction 

is never "purely" thermal and in solids in parti

cular also heat transfer phenomena us~ally play an 

unpredictable r6le and are not well understood. 

It is mainly for such reasons that this universal 

combination is far from being universally applied. 

One can even say that in practice recourse is 

taken to PGC if all other rnethods of analysis fail. 

The execution of PGC involves the combination of a 

reactor and a gaschromatograph, not necessarily on 

line. The present work however will be confined to 

the on line operation; the reactor is then almost 

integrated in the chromatograph and all along its 

location vario us set-ups of instrument components 

are po ssible. These will be discussed below and 

will cover not only PGC but the whole field of 

reaction gaschromatography. Where necessary 

examples of application will be given as an 

illustration. 

A normal gaschromatograph has the following in

strument components: 

injection system 

column 

detector 

potentiometric recorder 

the reactor will be denoted by 

Fig. 1 .1. shows the array in a normal gaschromatograph. 

The injection ~ystem may be the reaeter itself (and 

sametimes it is an unwanted reactcr). Vice ver sa the 

reactor ma y te the inlet system; this will o ften be the 
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case in the pyrolysis of non-volatile materials. This 

situation is depicted in figure 1.2. A system in which 

the reactor is placed beh.ind the inlet port is depicted 

in figure 1.3. This system has, among ethers, been used 

by Cramers (ref. 1.1) in his study of gasphase pyro

lysis of hydrocarbons. The separation of inlet and 

reactor is necessary if the pyrolysis time must be 

controlled. 

Figure 1.4 represents a case where the column acts as 

the reactor. 

Figure 1.5 has the reactor tetween column and detector. 

Th is corr,bination can be used in many insta noes, like 

remaval of cornponents e.g. straight ebains by means of 
rr.ol sieves, remaval of water, but also for conversion 

of components for imprcved àetection. The system of 

figure 1.6 has a meaning only if a two-pen recorder is 

used; it allows d.irect compar·ison of the original and 

the "reac tion" chromatogram. In the figure 1 . 7 an 

arrangement is shown where after detection by a non

des.tructive det.ector the eluted compounds can be 

sutjected to specific chemical reactions (co 2 in 

Ba(OH) 2 , various cclour reactions etc). 

James and .Martin (ref. 1 .21) u sed the combination de

picted in figu:re 1. 8. Janak (ref. 1. 2. } used the same 

set-up for the e liminatien of the carrier gas. 

Finally figure 1. 9. shov;.s a recorderless system; the 

effluents are subjected te qualitative tests. 

All sorts of reactors and reactions may te used. A hyà ro

genation r eactor rnay convert a complex mixture of alkines 

intc a much simpler mixture of alkanes. Hydragenation 

is one of the most fr equently used reactions. Further 

possible reactions are d e hydrogeuation, esterificatio~, 

sorption of conjugates e.g. by maleic anhydride. 

The examples giver. atove have been mertioned only as 

illustrations where reaction gaschromatography can help 

te evereome the natural limitaticns of gaschromatography. 
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This thesis will deal with only one set-up and with the 

thermal reaction exclusively. Further only non-volatile 

samples viz. polymers will be considered. 

The qualitative and quantitative compositions of the 

pyrolysis products obtained from one and the same 

polymer may show wide variations, depending upon 

pyrolysis temperature, p}Tolysis time, sample size, 

catalytic side reactions etc. These are the main para

meters influencing the composition of the pyrolysis 

mixture. Striking examples are known where "bad" pyro

lysis conditions have led to excellent conclusions. 

Unfortunately this may lead to a great ignorance and 

laxity in centrolling the more important parameters. 

In this work, to be presented in the following chapters, 

an endeavour is made to show that in spite of the 

shortcomings a more positive evaluation of PCG is 

justified. 

1.2 THERMAL DEGRADATION OF SOLIDS 

Thermal decomposition is one of the oldest chemica! 

methods for studying matter. On a technica! scale the 

production of charcoal by degradation of wood can be 

considered as the oldest thermal degradation proces. 

In Puertollano (Spain) a slaty material is found 

named Pizarra which contains a~10% organic material. 

Heating this material in huge retorts results in a 

mixture of gases and liquids (shale-oil) containing 

mainly unsaturated hydro carbons. 

The analytica! use of pyrolysis is based on the fact 

that the structure and the composition of a chemica! 

compound determines its reactivity and consequently, 

the quantitative and qualitative composition of the 

products which are formed on pyrolysis. 

The first analytica! studies of high molecular weight 

compounds by pyrolysis date from 1860. By destructive 
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destillation of natura! rubber isoprene was found as 

the building stone. 

Janak (ref. 1.2) Keulemans and Perry (ref. 1 .3) found 

that the pyrclysis products of a wide range of hydro

carbons are simply related to the parent molecule and 

can be used to ascertain structures of hydrccärbons in 

a similar ~ay to the use of mass spectrometry. Dhont 

(ref. 1 .4) obtained similar correlations for ali

phatic alcohols and it has been shown that the extra

polation of this principle to the pyrolysis of organic 

solids is possible. 

The shortcomings of pyrolysis are the complexity of 

the chemica! reacticns in thermal destructien and the 

possibility of secondary reacticns. The processes of 

the thermal destructien of poll~ers have been studied 

many times, but still the results obtained do not 

allow to fcrmulate a general theory of these processes. 

Therefcre, genera.lly, it is irr.possible to make a 

reliable predietien concerning the qualitative and 

quantitative ccmpositicn of the pyrolysis products, 

eveP. if the structure of t .he polymer and the r:yrc

lysis conditions are kno~P.. 

Similarly , the prcblem of establishing the structure df 

a polymer or the composition of copo lymer s from the 

pyrolysis products has net been sclved in a general 

sense, although many a ttempts are being mad~ in this 

important and proruising è.il:ection. 

1.3 PYROLYSIS COMBINED KITH OTHER ANALYTICAL METHOOS 

FOR CHARACTERIZATION AND STRUCTURE ELUCIDATION 

OF SOLIDS 

Even befere the GLC had been developed, thermal des

tructien ar.d the subsequent analysis of breakdown 

products was used for the qualitative and quantitative 

analysis of high molecular compounà.s a.nd for the 

determinaticn of the ir structure. 
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Stauàinger (ref. 1 .5) used in his work on the thermal 

degradation of polystyrene large samples and was thus 

able to analyse the pyrolysis products after condensa

tion by classica! physical and chemica! methods of 

organic analysis. 

Madorsky and co workers (ref. 1.6) intheir extensive 

work on pyrolysis of a variety of polymers, separated 

the pyrolysis products by molec~lar distillation into 

several fractions which were subsequently analyzed by 

mass spectrometry. 

Modifications of this approach were used by Wall (ref. 

1 .7) and Zemany (ref. 1.8) who reduced the sample size 

to a few tenths of a milligram. 

1.4 IDENTIFICATION AND STRUCTURE ANALYSIS OF POLYMERS 

BY INFRA-RED SPECTROMETRY. COMPARISON WITH PGC. 

Information about the structure of polymers can fre

quently be obtained from analysis and cernparisen of 

infra-red absorption spectra of polymer solutions, 

mixtures of the grounäed polymer with potassium bromide 

pressed to a pellet and thin polymer films. Because 

the IR spectrum is unambiguously characteristical for 

the substance under investigation, it is often called 

the "fingerprint" of this substance. Therefore in 

polymer research a method is used which is based on 

cernparing spectra of unknown samples with thos·e of 

authentic samples. 

If the two intricate spectra are for all practical 

purposes superposable the polymers may be regarded as 

identical. 

Additional absorption bands in an infra-red spectrum 

indicate the preserree of impurities, additions, ether 

polymers. 

Gross structural features and functional groups may be 

recognized from one peak or a combination of peaks. 

Some of the main advantages of this technique are the 
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practically full independenee of instrument parameters, 

the far actvaneed standardisation, the availability of 

large sets of standard spectra and of highly perfected 

and automated equipment. In infra-red the absorption 

frequencies are determined by the chemical structure of 

the sample and are not effected by instrumental para

meters. In comparison to frequencies in IR spectromet!ry 

the peak retentien times in gas chromatography are 

dependent on too many parameters as will be shown later. 

The advantages mentioned make interlaboratory exchange 

of spectra almost ideally possible. A systematic and 

and internationally adopted code makes it easy to 

compare obtained spectra with compilations of standar~ 

spectra. 

Infra-red a nalysis is less suited for quantitative 

work for reasons like low sensitivity, low resolution 

and deviations from Lambert-Beer law. Nevertheless 

the composition of mixtures of polymers and of co

polyme rs has been determined rathe r aften by making 

an extensive use of standard samples and of sophisto

cated calibration procedures. The value of infra-red 

speetrometry is greatly reduced for polymers contain

i ng inorganic filling materials and pigments. 

Such polymers however can be e xamined by measurement 

of the·so called Attenuated Total Reflecti on spectra. 

(see e.g. ref. 1 .10, 1 .11). 

These A.T.R. spectra differ from normal transmission 

spectra but allow an analogical interpretation a nd 

thus may serve as "fingerprints" as well. 

The A.T.R. method, in a modified form has been applie~ 

to the exami natien o f varn i s hes and pol ymer films 

concerning their s t ability against weathering, heat, 

humidity and o ther internal and external factor s 

influencing the structure of the polymer. 

Where it is impossible to use one of the described 

techniques to the polymer itsel f infra-red spectroscopy 

may be applied to the analysis o f the pyrolysis 
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products of the polymer. Especially when the 'polymer 

yields a simple mixture consisting largely of monoroer 

the spectrum of the pyrolysate can be easily inter

preted. 

Thermal degradation of polymers and examinatien of the 

volatile products and the residue by IR speetrometry 

is reported by Harros (ref. 1.15) and Kruse and 

Wallace (ref. 1. 1 6) • 

Generally speaking it has been shown to be impossible 

to distinguish by infra-red speetrometry between co

polymers and mixtures of polymers of the same composi

tion. 

Noffz and Pfab (ref. 1.17) were not able to distinguish 

by infra-red speetrometry and elemental analysis the 

copolymers of vinyl-acetate-n-butylacrylate (50:50) and 

vinylacetate-di n-butylmaleinate or fumarate. , 

They __ showed that a clear distinction was obtained by 

pyrolysis gas chromatography. 

Barral, Porter and Johson (ref. 1.18) wanted todetermine 

ethylacrylate and vinylacetate in their respective 

ethylene copolymers by IR analysis. Use of the specific 

carbonyl-absorption band led to erroneous results. The 

lack of standards of copolymers of known composition made 

the use of a bracketing technique impossible. 

A second p roblem was to de termine the ratio of ethyl

acrylate-ethylene and vinylacetate-ethylene copolymers 

in their mixtures. Infra-red analysis washereeven more 

difficult because distinguishing between carbonyl types 

in mixtures asked for even more extensive calibration. 

With pyrolysis gas chromatography the problem was solved 

in a n a de quate way. In a s tudy of cop olyme rs of vinyl

aceta t e and este rs of me thac rylic acid, acrylic and 

maleic acid Daniel and Michel (ref. 1.19) used both 

pyrolysis and IR and NMR methods. They concluded that 

the quantitative results obtained by means of PGC were 

not striking, their prec ision being not great. But the y 

still a re of certa in inter est if it is kept in mind how 
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many difficulties have been encountered in other methods 

of quantitative analysis used in that study. 

The examples mentioned proved that both in polymer 

mixtures and in copolymers quantitative deter~ination 

o f the content of both constituents could not be made 

by IR speetrometry on ly. There is even n o possibility 

of distinguishing between a mixture of two homopolymers 

and copolymer of the same composition. 

The next example shows that even the identification of a 

simple polymer may be difficult. 

The well-known polymers nylon 6 and nylon 6.6 are 

widely used as fibres . 

Both ' polymers have t he same excellent properties as 

wear resistance, tensile and impact s trength . The 

relative amounts of carbon, hydrogen, oxygen and nitro

gen in both polymers are the same as is shown by the ir 

molecular formulas (in figure 1 . 10) and t herefore the~ 

c annot b e distinguis hed by e l e mentary a na l y sis. 

NYLON 6 figure 1 .10. 

The infra-red spectra (ref. 1.9) in figure 1.11.of 

the polymers are a lmost identical except for details as 

a slight but distinct difference 

peaks at 1460 and 1475 cm- 1 , and 

from 1 260 cm- 1 for ny l on 6 

of the absorptio n 

a little s hift of the 

to 1275 cm- 1 for peaks 

nylon 6 .6, as we ll as the pre s ence of two peaks in t h e . 

spectrum of nylo n 6 at 830 cm- 1 and 960 cm- 1 . The peak 

at 930 cm- 1 i n the spe ct rum of nylon 6.6 is shifted 

in the spectrum of nylon 6 and has a lower absorption. 

It has to be kept in mind that s uch small differences 

in an absorption spectrum might also be caused by 

impurities in the same basic mate rial. 
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Nylon 6. 6. 

Nylon 6. 

fig. 1.11. Infra-Red spectra of Nylon 6.6. and Nylon 6. 

(ref. 1. 9 . ) . 

These polymers were also studied by means of PGC (ref. 1.12.). 

In the pyrolysis chromatograms an "amplification" of 

differences between these polymers appeared. In the 

pyrolysis chromatogram of nylon 6.6. (see fig. 1.12.) 

a large peak is present which is missing in the chro

matogram of nylon 6. (see fig. 1.13.). 

This peak was identified as cyclopentanone which is 

formed by pyrolysis of the adipate group in nylon 6.6. 

This reaction proved to be very specific for the 

adipate group and its specificity has been used in an 

investigation about the complicated structure of some 

poly-urethane fibres. 

One of the main results of this investigation was that 

it was possible to differentiate between polyurethanes 

containing a polyester group as the main building 
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Nylon 6.6. 

Nylon 6. 

Pyrograms of nylon 6.6. and 

nylon 6. by the author (ref. 1.12.) 

showing "amplification" of structural 

differences. 



block and those containing a polyether group. 

From the examples mentioned it could be concluded that 

the PGC technique is able to solve problems which are 

more difficult or impossible to solve by other methods. 
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Chapter 2 

REACTIONS INVOLVED IN THERMAL DEGRADATION OF POLYMERS 

2.1 INTRODUCTION 

Degradation reactions in polymers can be differentiated 

according to the reaction which causes the rupture of 

the polymer chain. 

This reaction may be thermal, photochemical, purely 

chemica!, mechanica! or a combination of these types 

of reaction. 

Ruptures caused by photochemical, mechariical and by 

chemica! reactions will not be considered in detail, 

although degradation with the aid of ultra violet 

radiation has successfully been used by Juvet 

(ref. 2.1) for characterization of polymers. 

Besides rupture in the polymer molecule the reactions 

mentioned above may also cause crosslinking. The 

reaction mechanism, leading from polymer to degrada

tion products is usually very complicated because it 

is a result of the influence of many variables. 

Some of these variables have its origin in properties 

of the polymer like the history of the polymer 

(initiation and terminatien reactions), presence of 

oxygen in the polymer, melt viscosity, softening and 

melting point of the polymer e.a. 

These variables cannot be usually influenced by the 

analyst. On the contrary some other variables may be chosen 

and in this way the degradation reactions and thus 

the resulting mixture may be influenced. They are: 

Size and form of the sample, degradation parameters 

like degradation temperature and temperature-time 

profile of the sample, transport velocity of the reaction 

products from the reaction zone. 

To get an impression of the purely thermal degradation 

mechanism (e.g. without the influence of oxygen) it 
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is necessary to execute the reaction in an inert 

atmosphere ar in vacuum. It is also advisable to use 

carefully purified and fractionated polymers,preferably 

in the farm of thin films ar finely distributed powders. 

Other reaction conditions should be kept constant 

within sufficiently narrow limits. The degradation 

mechanism may be concluded from the examinatien of: 

- The conversion velocity into volatile products 

at different temperatures. 

- The decrease in molecular weight of the non volatile 

residu in dependenee on the conversion velocity. 

- The composition of the volatile products. 

Throughout the investigation described in this thesis 

the product study of a part of the volatiles is 

exclusively used. 

From the volatile degradation products hydrogen, 

nitrogen, carbonmonoxide, carbondioxide and water, 

although present, could nat be separated and detected 

on the analytical system used. 

Also pyrolysis compounds higher boiling than tri

decane (B.P. 230°C) have nat been analysed; they have 

been trapped by condensation in a colder part of the 

reactor and in the capillary tube used for the 

conneetion of the pyrolysis reactor to the separation 

column. 

The rmal degradation processes in braad outline 

correspond to the two modes of polymerisation viz: 

Step reaction and chain reaction. 

This correspondence of mechanism has been accepted 

also in nomenclature. 

The nomenclature of the polymerisation processes i s 

being applied to the degradation processes, toa. 

Of course this anology of nomenclature does nat 

imply that the mechanisms of the degradation and 

polymerization of a polymer are necessarily the 

exact reverse. 

Ethylene polymerization e.g. proceeds according to 

a c hain r eact ion but the degradation of polyethylene 

is a random proce&s. 
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Methylmethacrylate polymerizes and its polymer 

depolymerizes according to the same chain reaction 

process in the corresponding direction. Below follows 

a short survey on polymerization reactions . 

. 2.2 POLYMERIZATION PROCESSES 

According to the classification given by Carothers 

(ref. 2. 2.) polymerization may proceed via one of the 

two following mechanisms: 

1. Chain mechanism or polyaddition. 

2. Step mechanism or polycondensation. 

CHAIN OR ADD"ITION POLYMERIZATION. 

By this mechanism are formed polymers like polyethylene. 

In monoroer units, no chemical bond is completely ruptured 

during polymerization, but n bonding electrons in a 

double bond are utilized to form the new bond between 

monomers. Most chain polymers are obtained from monoroers 

containing carbon-carbon double honds, e.g. vinyl 

monoroers H
2

C= CHR, CF2= CF2 , vinylidene monoroers 

H
2

C= CR
2

, or diene monoroers H2C= CR- CH = CH 2 , but 

also chain polymers are f ormed from units like CH2= 0 . 

In the chain or addition polymerization three steps 

can be distinguished: 

- An initiation reaction which forms two free radicals 

(eqn.2.1. and eqn.2.2) 

I - 2 R. 

H 
R.+ CH 2=ÇH- R-CH2-Ç. 

x x 

(eq. 2 .1.) 

(eq. 2.2.) 

- A propagation step which forms a new radical with every 

addition of a monoroer unit: in this way polymer molecules 

of thousands of monomeric units may b e generated in a few 

s e conds. 
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H H H 
RCH

2
- C. + n (CH

2 x c)-R- (cH
2

- c) 
' n x x 

(eqn. 2. 3.) 

A termination step, stopping a further growing of 

the polymer chain. This step can be effe cted: 

By combination of two free radicals: 

(eq. 2. 4.) 

or: 

By disproportionation: 

H H ~ 
R

1
-cH2-Ç. + .C - CH2-R2- R

1
-cH 2 - CH

3 
+ Ç 

H H H 
CH - R2 

(eq. 2. 5.) 

Besides initiation, propagation and termination two other 

r eactions occur in c hain polymerizatio n . 

- Ch a in transfe r r eaction: (transfer of an unpaired 

electron fr? m a macroradical to a molecule). The 

effect of c~~n transfer reactions is formation 

of more polymer molecules from one initiatien 

step (see eq. 2 . 2.) 

H 
R-CH 2-Ç. + CH 2 ÇH--- R- CH 2 ÇH2 + CH 2 c. (eq . 2. 6.) 

x x x x 

H H 
R-CH 2-Ç. + CH

2 CH---- R-CH=CH + CH 3-Ç. (e q. 2. 7.) 
x x x x I 

- Retardation a nd inhib ition r eact i ons : These are 

reactions between a radical and compounds yie ldihg 

products of such a low reactivity that further 

monoroer take up is not probable. 

The e ffec t of tran s f e r, r etardat i o n and inh i b i t i on 

r eact i ons i s a decr ease in radical lifet ime which causes 

formation of chains of lowe r molecu lar we i gh t . 
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STEP OR CONDENSATION POLYMERIZATION. 

In these reactions certain chemica! honds in monoroers 

completely rupture. These reactions involve formation 

of low molecular weight compounds e.g. water, carbon

dioxide, methanol. 

Removing the low molecular weight products and forcing 

in this way the reaction to completion, many varieties 

of high polymers can be made from polyfunctional 

organic molecules. 

Some reactions do not fit neatly into the classifica

tion described, but are, none the less, usually 

considered as step reaction e.g. reactions between a 

di-isocyanate and a glycol to form poly-urethane or 

ring opening reactions such as the formation of 

nylon 6 from € - caprolactam: 

n (eq. 2. 8.) 

An example of a condensation polymer is polyethylene glycol 

terephtalate: 

2n 
9. q 

CH -0-C-~-ë-OCH + 2n 3 3 

0 0 0 0 
( -0-C- @-c-O-CH

2
CH 2-o-ë-G}-ë-O-CH 2CH 2-)n + 2n CH 30H 

(eq. 2.9.) 

2.3 POLYMER DEGRADATION PROCESSES 

Degradation of polymers proceeds by ruptures of the 

polymer backbene (main chain) or by ruptures of the 
side chain. 

Ruptures outside the main chain occur e.g. during the 

thermal degradation of polyvinylchloride, polyvinyl

acetate, poly-t-butylmethacrylate, poly-acrylonitrile, 

polymethacrylic acid. 
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- PVC disintegrates into hydrochloric acid and a very 

unsaturated residue 

R- CH 2CH - CH 2ÇH - CH2CH - CH 2ÇH-R + .Cl 
Cl Cl Cl Cl 

-
R-CH 2ÇH - CH2 ÇH - CH=CH- CH

2
CH-R + .Cl 

Cl Cl Cl 

R- CH CH - CH
2

ÇH - CH=CH - C H C H-R + HCL -
2cl Cl Cl 

R-CH 2ÇH- CH
2

ÇH - CH=CH - CH=CH-R + .Cl 
Cl Cl 

(eq. 2.10.) 

The double bond activates the B ~ carbon atom causingj 

hydragen abstraction at his place. In this way a chair 

of conjugated double bands is formed. In many cases 

these chains give rise to aromatic compoun d s by ring 

closure. 

- Polyvi nylacetate disintegrates according to an 

analogous scheme, acetic acid being formed. 

- Pyrolysis of poly-t-butylmethacrylate results in 

isobutene and polymethacrylic acid; after splitting 

of water the polyanhydride is formed (eq. 2.11. and 2.12.) 

20 

ÇH3 
- c -
o=c 

6 
A 

Clj3 
- C - R2 
o=C 

+ CH =C-CH 
2 CH 3 

3 0 
H 

ÇH3 
CH 2 - C - R4 - R

3
-cH

2 O=C 
6 
!'! 

(eq. 2. 11;) 

ÇH3 ÇH3 
- C - Cll - C -

' 2 ' 
o=C------- /C=o 

0 

(eq. 2. 12.) 



- Polyacrylonitrile and polymethacrylonitrile pyrolyse 

via a strongly coloured, crosslinked polymer to a 

Polypyridine residue which is more thermostable. (eq. 2.13.) 

(eq. 2.13.) 

Thermal degradation by rupture in the chain proceeds by 

way of a radical chain reaction and shows a striking 

similarity to the gas phase pyrolysis of n-alkanes. 

Rice (ref. 2.3 . ) and Kossiakoff (ref. 2.9.) proposed for 

thermal degradation of n-alkanes in gasphase a free 

radical mechanism ~hich explains the observed first 

order of the overall reaction and which is able to 

predict product composition. 

The first step according to this theory is hydrogen 

abstraction of a molecule by a primary free radical. In 

this way a larger radical i s formed which s ubsequently 

breaks into a radical and a n unsaturate d hydrocarbon. 

The radical continues this process until this chain 

reaction is interrupted by a terminatien reaction. 

Simha and Wal1 (ref.2.4) e.a. adopted the Rice

Kossiakoff theory to explain thermal degradation 

processes of polymers. 

The propos ed mechanism c:::ontains the f o llowing steps: 

- Initiation. 

- Propagation. 

- Free radical transfer. 

- Termination. 
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- Initiation. 

When the absorbed thermal energy is sufficiently high, 

a rupture occurs at the end or in the chain 

H H H H H H H H H 
R -C-C-C-C-C-C-R ----.R -C-C-C. 

1 H H H H H H 2 1 H H H 
+ 

H H H 
.è-c-c-R 
H H H 2 

(eq. 2.:14.) 

The so called end-initiatien is caused by the presence of 

active groups at the chain ends, originating from initia

tien and terminatien reactions during the polymerization. 

An example of e n d initiatien is polymethylmethacrylate. 

The terminatien reaction during polymerization is a 

disproportienation (eq. 2.15. or eq. 2.16.) 

2 
~H3 

R-CH -C-CH -
2 1 2 

7H3 
c.~ 
I 

~H3 7H 3 
R-CH -C-CH -CH 

2 1 2 I 

7H3 ~H3 
+ R-CH -C-CH=C 

2 I I 

H3CO-Ç 
0 

Ç-OCH 3 
0 

H3CO-Ç Ç-OCH 3 
0 0 

H3CO-Ç Ç-OCH 3 0 0 

7H3 7H3 7H3 7H3 
2 R-CH -C-CI-1 -C .-R-CH -C-CII -CH 

2 1 2 1 2 1 2 I 

(eq. 2 . t 5.) 

~H3 ;H2 
+ R-CH -C-CH - C 

2 I 2 I 

H
3
co-C C-OCH

3 
H3CO-C C-OCH 3 ö ö ö ö 

H3co-C C-OCH 3 Ö " . 0 

( eq. 2. 16 .: ) 

In both cases half of the chains contain unsaturated 

carbon-carbon bonds which act as starting points for t ihe 

thermal degradation. (eqn.2 . 17.) 

CH
3 

CH 2 CH
3 I 11 I 

R-CH -C-CH -C -- R-Cll -C. + 2 1 2 1 2 1 

H3CO-C C-OCH 3 H3CO-C 
ö ö ö 

(eq. 2. 17. 
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The primary rupture in the chain takes place preferably 

at "weak places" in the chain, which are impurities and 

irregularities (peroxides, etherbonds, tertiary hydrogen 

atoms). 

As normal alkanes and polymethylene have no "weak places" 

primary ruptures in the chain of these molecules occur 

at random. (eq. 2.18.) 

(eq. 2.18.) 

The thermal degradation of polystyrene starts as a random 

initiation process (eq. 2.19.) but switches over rapidly 

to end initiation because the products of randon 

initiation react to products with unsaturated end groups. 

(eq. 2.20a. and 2.20b.) 

R -CH -CH-CH -CH-CH -CH-CH -R ~R -CH -CH+CH -CH-CH -CH-CH -R 
1 28 20 \!; 2 2 1 28 20 20 2 2 

(eq. 2.19.) 

(eq. 2.20a.) 

(eq. 2.20b.) 

- Depropagation or unzipping. 

This step is the reverse of the propagation step in chain 

polymerization (see eq. 2.3.) andresultsin the 

formation of monomer at the radical end of the chain. 
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- Free Radical Transfer. 

~J ~H3 c --c. 
I I 
H n-1 CH 3 

?~3 ~ 
+ C=C 

I I 
CH 3 H 

(eq. 2. 21.) 

A free radical is able to abstract easily a hydragen atom 

from a carbon atom. Hydragen can be removed inter

molecularly and intramolecularly. 

Intermolecular hydragen shift causes a transport of 

the active point from the original radical to another 

molecule. (eq. 2. 22.) 

Intramolecular hydragen shift means a trans port of an 

active site in the same molecule. (eq. 2.23.) 

H H H H H H H H H . H H 
R. + R -C-C-C-C-C-C-R ~RH + R - C-C-C-C-C-C-R ___. 

1 * ~ * ii * ~ 2 l k ~ * ~ k ~ 2 

H H H H H 
RH + R -é-c-é-c =c,· + .é,-R2 1 I I I I 

X H X H X H 

H H H H H H H H H . H H H H 
R -é-c-é-c-é-é-é ~R -é-c-c-è-é-è-ÇH-

3 * ~ * ~ k ~ * 3 k ~ x ~ * ~ x 

H H 
R

3
-Ç. + C 

x H 

~.1 ~ H ~ 
c-c-c-c-eH 
XI~XllX 

(eq. 2. 22.) 

(eq. 2.23.) 

The overall reaction is v ery complex since a nu~ber o f 

competing reac tions is possible. The rate constants o f 

these reactions are diffe rent but most are of the same 

order of magnitude. Among products of such a degradation 

process molecules of a ll c h ai n length occur . 
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In some cases hydrogen abstraction by free radicals 

is impossible. The absence of these transfer reactions 

causes ruptures of bonds in the neighbourhood of the end 

of the radical chain. This results in formation of large 

amounts of monomer (and eventually dimer and even trimer). 

It is not always possible to classify the degradation process. 

In most cases the degradation of the polymer chain proceeds 

according to both mechanisms, random and unzipping. 

Transfer reactions are favoured by tertiary carbon atoms 

or by some electrophilic substituents. 

Polymers of a monomer with a quaternary carbon atom unzip. 

Moreover steric hindrance of this quaternary carbon atom 

is important. The larger the steric hindrance the more 

the polymer tends to unzip. Stabilization by resonance 

and a strong bonding energy of the substituents favour 

monomer formation. 

- Termination. 

The degradation reaction may be terminated by: 

- combination of two free radicals; this reaction is a 

reversed initiatien 

- disproportienation of two radicals (eq. 2.24.) 

2 CH 2-7H.- CH 2-fH 2 
R R 

+ CH=CH 
I 
R (eq. 2.24.) 

Also the amount of hydrogen present in the chain 

influences the mechanism by which degradation proceeds. 

In the thermal degradation of polyethylene, hearing the 

maximum amount of hydrogen in the chain, free radical 

transfer prevails which results in chain fragments of all 

lengths and in little amount of monomer. (random degrada

tion) . 

In the case of polyethylene the overall reaction is a 

result of two separate steps viz. formation of radicals 

and abstraction of hydrogen by the radicals. Apparently 
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the macro radical after formation does not immediately 

unzip since this would result in larger amount of 

monoroer than it has been found experimentally. 

Madorsky and Strauss (ref. 2.5.) investigated the 

amount of ethylene in the gaseaus degradation products 

of polyethylene and polymethylene at different temperatures. 

The results of this investigation are given below as 

weight percentages of the gaseaus products. 

Temperature 

500 

800 

1200 

% Ethylene 

0.0 

5.5 

26.4 

Camparing these results with the composition of the 
I 

thermal degradation mixture of polystyrene, which contains 

predominantly styrene, independently of temperature, one 

might consider the possibility of two different reaction 

mechanisms. 

Heating up n-alkanes results in melting and evaporatibn. 

The applied energy causes three different movements of 

the molecule viz. vibration, rotation and translat ion. 

Since all s ites in t he matrix of the system are equiv:alent, 

each molecule is simularly effected by heat · supply. Thus 

the matrix is not able to contribute to intermolecular 

degradation preference. 

Not too large molecules evaparate without decomposi- 1 

tion. Further heating in a closed sys tem re sul ts in d'e

composition in a manner which can be described by the 

Rice-Kossiakoff (ref.2.3.) theory in termsof free 

radical transfer and hydragen abstraction. The mecha~ism 

proposed by Simha and Wall (ref.2.4.) accounting for 

the thermal degradation of polyolefins and related 

polymers is based on t his theory. 

Madorsky a nd Strauss (ref. 2 .5.) suggested another 

mechanism to expl ain the presence or absence of monomer 
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in the pyrolysis mixtures of polystyrene and poly

ethylene and related polymers. This theory is a further 

development and modification of a mechanism proposed 

by Staudinger (ref. 2 . 6.). 

According to Madorsky's theory polymers containing 

ethylene chains however react to heating in another 

way tha n n-alkanes do. Because of the large dimens ions 

of the polymer molecule it does not respond to the 

input of thermal energy as a unit but in parts; some 

parts may receive more energy than others, dependent 

on the position of that specific part of the molecule 

in the matrix . For the same reason the motions of 

some pa rts may be restricted. Conseque ntly strains 

are produced at several points in the polymer chain 

and fractures start to appear. If there is much 

hydrogen present these chain fractures are accompanied 

by abstraction of a hydrogen atom from a carbon atom 

nex t t o thebroken C-C bond. (see eq. 2.25.) 

H H H H H H H 
R -c-c-c-c-e-R- R -c-c= c + 1 H H H H H 2 1 H H H 

~ 1;1 
H-C-C-R 

H H 2 
(eq. 2. 25.) 

When the amount of hydrogen is restricted or not easily 

attainable bec ause of repla cement of one or more hydrogen 

atoms by methyl or other groups some of the chain f r a c tures 

are not accompanied by hydrogen transfer. This results in 

free radicals which give monomer by unzipping (see eq. 2.21.). 

It can be expected that the mechanism of Rice and Kossiakoff 

(ref.2.3.) starts to be responsible for the rest of the 

react ion as soon as products appear of such molecular 

weight that they are in the gasphase at the pyro lys is 

temperature . 

Diene polymers . 

The degradation mechanisms of diene polymers is not well

known. The degradation mix tur e of polybutad iene conta ins 

pri ncipally bute nes , butadie ne and octadie ne-1,7 i. e . 
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monoroers and dimers. The carbon-carbon bands in a 

position S with respect to the double bond are the 

weakest and the chain ruptures preferably at those sites. 

The formed radicals can propagate the reaction by un

zipping or abstract hydragen from their own or other 

radica l chains. According to the composition of the 

pyrolysis mixture unzipping to monoroer and dimer is one 

of the reactions taking place predominantly. Moreover, 

ring closure of highly unsaturated polymer fragments 

causes the presence of a relatively high amount of 

aromatic compounds in the pyrolysis mixtures of this 

class of polymers. 

Although the previously given r u les suggest the possibility 

of a complete explanation of the composition of the 

pyrolysis mixture, it appears that these rules must be 

used only to explain to some extent the compounds in the 

pyrolys is mixture. 

There are only few polyme rs from which the composition 

of the pyrolysis mixture can be predicted with some 

accuracy as is the case in gasphase pyrolysis of 

normal alkanes. Sametimes the behaviour cannot be 

predicted at a ll as was shown by Strauss and Madorsky 

(ref. 2.7. and 2.8 . ) in the pyrolysis of butadiene 

acrylonitrile rubber . 

In the pyrolysis mixture of this c opolymer of 30% acryloni

trile and 70% butadiene could not be detected any of the 

products characteristic of polyacrylonitrile pyrolysis 

(hydrogen cyanide , acrylonitrile and vinyl acetonitrile) ; 

only products characteristic for polybutadiene were 

present . This would s uggest acrylonitrile not t o be 

present at al l. 

From the preceding it is clear that the problem of 

establish ing the structure and composition of a polymer 

from its pyrolysis mixture cannot be solved in a ll cases 

and that there i s much investigation to be done in this 

field. 
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Chapter 3 

ANALYSIS OF PYROLYSIS MIXTURES BY TEMPBRATURE PROGRAMMBD 

GAS LIQUID CHROMATOGRAPHY (TP-GLC) 

3.1 TEMPBRATURE PROGRAMMBD GLC. 

3.1.1 PRINCIPLE AND PROPERTIES OF TEMPBRATURE PROGRAMMBD 

GLC. 

The isothermal separation of complex mixtures of wide 

boiling range, as pyrolysis mixtures usually are, in 

principle should be possible but shows some unacceptable 

limitations as discussed below . 

If the whole mixture is analysed at a temperature 

optimum with respect to the boiling range, e~g. the 

average boiling point, the temperature may be too high 

for the low boiling compounds resulting in poorly 

separated, high and narrow peaks eluting quickly after 

each other. For the high boiling compounds the tempera

ture is too low; the eluting peaks are wide and often de

formed; analysis time is appreciably prolonged and the 

det€ction limit is reduced. The separation is optima! 

only for compounds near the average boiling point. 

Injection of such a mixture on a column at three 

, different temperatures, of course, solves a number of 

these problems but is very cumbersome and laborieus. 

Fractienation of the mixtures and GLC separation of the 

fractions at temperatures related to the average 

boiling points of the fractions gives optima! separa

tion and identification possibilities but has the dis

advantage that the method requires much time and sample 

and also that the prolonged thermal treatment of .the 

mixture gives rise to secundary products. 

Isomerisation gives a distorted picture of the 

composition of the mixture because of the smal! 

differences in boiling points of the isomers. 

Polymerisation may even lead to total or partial 

exclus·ion of some o .f the primary products. 
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Application of more-column systems is c omplex and 

often requires non destructive detectors. Dead volumes 

of valve systems almost exclude this method for use 

with open hole columns. 

For these reasons a technique called Temperature 

Programmed Gas-Liquid Chromatography (TP-GLC) has been 

introduced. In this technique the column temperature 

is changed during the separation. 

In fig. 3.1. to 3.6. some typical temperature-time 

diagrams are shown. The classic isothermal "program" 

is given in fig . 3 .1. The linear temperature program 

in fig. 3.2. has found widest application in the separa

tion of mixtures with wide boi1ing range . 

The addition at the start of the program of an iso

thermal part or a piece with lower heating rate 

improves the separation of the low boiling components. 

Volatility of the stationary phase sets limits to the 

highest temperature of the program which is o ften 

fo1lowed by an isothermal part. (see fig . 3 . 3. and 

fig. 3. 6.) . 

The stepwise temperature-rise program of fig. 3.4. is 

used in those cases where normal temperature programs 

are impossible. These programs and even more complex 

ones (Matrix programming) are already built in or can 

be obtaine d as building blocks for most commercial 

GLC a ppara tuses. 

Henceforth by TP-GLC wi11 be meant the linear case as 

depicted in fig. 3.2 . 

The main advantages of TP-GLC in comparison with the 

i sothe rma 1 GLC are summarized below: 

The main reason for using the TP-GLC technique i s the 

r eductio n in analysis 't ime . Moreover i n TP-GLC most of 

the components move through the column under more favour

ab1e temperature conditions . At the start of the program 

the temperature is low and practically only the low

boi1ing compounds move, compounds with higher boiling 

points are a lmost complete1y absorbed in the stationary 

phase and start moving a t higher tempe ratures . 
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fig. 3. 4. fig. 3.5. fig. 3. 6. 
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Ta 
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fig. 3.1. - 3.6. Typical temperature programs userl in 

GLC analysis. 

For identification purposes certain rules appear to 

hold in TP-GLC e.g. compounds of a mixture belonging 

toa homologous series, appear as peaks at almest 

equal distances. In this way a chromatagram shows a 

picture which gives more natural and simple perceptability 

of the composition in terms of molecular weight and 

presence of homologous series. 

TP-GLC results in a relative increase of sensitivity for 

the high boiling compounds since the peak widths of all 

compounds tend to become more or less constant. 

Cernparing with isothermal GLC, TP-GLC shows a striking 

difference in behaviour towards air-oxygen containing 

samples. Essentially the starting temperature T
0 

( see fig. 3. 2.) in TP-GLC is lower than the temper at ure 

T use d in isothermal GLC. 
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Air-oxygen leaves the column at a low temperature and 

therefore there is l ess chance the oxygen damages the 

stationary phase in TP-GLC; the life of especially 

capillary columns is langer. Of course traces of 

oxygen in the carrier gas are always harmful. 

The temperature rise during the emergence of the peak : 

(ram the column , causes an increase in peak symmetry. · 

Temperature programming tends to make the trailing edse 

of the peak somewhat sharper tha n the leading edge, 

compens ating in this way the tendency of isothermal peaks 

to tailing. 

3.1.2. PARAMETERS INFLUENCING TP-GLC. 

The main features influenc ing the behaviour of TP-GLC ' will 

be discussed as far as they differ from the i sothermal 

case, o r as far as they are unique for TP-GLC. 

The ini t ial temperature T
0 

inf luences the s eparat i on 

of low boiling compounds and t he analysis time. 

Lowering of T
0 

impraves separation in the first part of 

the chromatogram. The analysis time increases with 

decreasing initial tempera ture T
0

. 

From this it is obvious tha t separation a nd analysis time 

make opposite demands fora c h o ice o f T
0

. Besides, t he 

choice of T
0 

is influenced by the choice of the stationary 

phase and t h e possibility of cantrolling T
0 

in t h e co lumn 

oven . The melting point of the stationary phase has to 

be lower than T
0

, as solid stationary phases yield a 

p oor separation. The lowes t adjustab le temperature in 

h igh velocity ci rculatin g air thermostats is about 50°C 

and is determined by ambient temperature and heat losses 

from the injector and the detector . 

Same TP-GLC instruments have provisions f o r coo ling the 

oven by means o f liquid nitrogen. The initial temperat ure 

T
0 

can be l owered by which a better separatio n o f 

methane, ethene , propene and propane can be obtained . 

Heat ing rate b = dT /dt in flue nces the separat i on of the 

higher boiling compounds and the ana lysis time . 
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A lower heating rate improves the separation of the 

higher boiling compounds . The analysis time decreases 

with increasing heating rate. It is obvious that also 

here a compromise solution has to be found. 

The final temperature TF influences the separation of 

highest boiling compounds in the mixture. Physical 

properties e.g. vapour pressure and thermal stability 

of these compounds and of the stationary phase determine 

the choice of the final temperature. 

Carrier gas velocity. 

Besides temperature programming, pressure programming 

is used for shortening analysis time. While the HETP for 

high boiling components is influenced mainly by the 

heating rate b, the HETP of the low boiling compounds 

is strongly influenced by the carrier gas velocity. 

This influence is expressed by the well-known equation 

HETP 

where A 

B 

(eq. 3.1.) 

represents the eddy diffusion term (which 

is to be neglected for capillary columns), 

the molecular diffusion in the gasphase and 

c1 and Cg the resistance to mass transfer in the 

liquid and gasphase, respectively. 

The corresponding diagram is given in fig. 3.7. 

In the fig. 3.8. the H-U curves are shown for both packed 

and capillary columns. The influence of carrie_r gas 

velocity U on the HETP is stronger for packed columns, 

the capillary columns being more "elastic" with respect 

to u. 
The temperature distribution requirements are more 

severe for packed columns than for capillary columns 

since the former will show a greater temperature lag 

due to the larger heat capacity. 
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3.1.3. INSTRUMENTS AND COLUMNS FOR TP-GLC. 

The GLC system has to satisfy certain requirements to be 

suitable for TP-GLC. These requirements concern: 

The thermal parameters of . the instrument and the columns. 

The carrier gas control. 

Stationary phase stability. 

Thermal parameters. 

Most gas chromatographs are fitted with provisions 

necessary to set and control the initia! temperature T
0

, 

the final temperature TF and the heating rate b. Some 

instruments have dials with built in timers and sequence 

circuits which automatically reset the instrument at 

the end of the program to the initia! conditions, 

preparing it for the next analysis. 

A practical question which arises now is: 

What is the column temperature after 10 minutes 

programming when setting the dial to the heating rate b 

20°C/min and initia! temperature T = 50°C? 
0 

The value of b = 20°C/min is not chosen extremely high 

because values of b = S0°c';min are known to be used. 

This question can be answered by measuring the actual 

column temperature. It appears that in practice rather 

large differences exist between the· actu.al temperatures 

and the settings of the dials. (fig. 3.10. and fig. 3.15.). 

The principal sourees of error are discussed below. One 

of the main error sourees in most commercial instruments 

is an inhomogeneous temperature distribution in the 

oven chamber, even with isothermal use of the oven. 

Recently the temperature distribution in a number of column 

ovens has been investigated in our laboratory. For a 

detailed description of these measurements is referred 

to ref. 3.3. The results of this investigation are shown 

in fig. 3.9. 

Also important is the inhomogeneous temperature distri

bution in temperature programmed GLC columns. Especially 

at high values of the heating rate b, this results 

for packed columns in a larger decrease in separation 

than for capillary columns. This phenomenon can be 
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(ref. 3.3.) inside four GLC thermostatic ovens 
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explained by the inhomogeneous temperature distribu

tion along cross-section of the column. 

Between th.e wall and the centre of a packed column of 

6 mm. i.d. temperature differences of even 10°C are 

mentioned in the literature. The molecules of a 

compound plug near the wall are at a higher temperature 

and therefore move faster than those in the centre 

part of the plug; this of course causes additional 

peak broadening . . 

For capillary columns the temperature inhomogeneity in 

the cross section is negligeable. However, the tempera

ture distributiön of a longitudinal section appears to 

b e far from homogeneous in many cases. Capillary 

columns are commercially available in a shape which is 

unfit for TP-GCL (and even for isothermal GLC) and 

which is responsible for the inhomogeneous temperature 

profile. One type of capillary column consists of a 

reel on which 50-100 m capillary is wound in several 

layers in a way comparable with a sewing thread reel. 

In fig. 3.10 is shown the effect of the way of 

mounting on the actual column temperature during a 

program. The temperature lag amounts to 90°C in TP-GLC 

and to 70°C isothermally. (ref. 3.4.) . 

The so called sandwich type of capillary column is 

specially adapted for use in the Perkin Elmer gas 

chromatograph type 226. 

It consists of two flat disks of aluminium attached 

to each other in the centre at a distance of 1-2 mm. 

Between t h e disks a thin walle d capillary is wound in 

a bifilar spiral. 

This column configuration is pressed upon a flat 

aluminium heater element insuring good heat conduction 

from the heater element to the column and providing 

a much more rapid response to temperature control than 

air circulated thermostats . 

Kaiser (ref. 3.5.) started from the principle that most 

capillaries are . made of stainless steeland consequent-
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ly have comparable properties as heating wire. He used 

capillary as its own heating element. The outside of 

the column is coated with a high temperature resistant 

silicone insulating laquer and the ends of the column 

are connected with a regulated power supply. 

Although in this way heating rates of 100°C/min could 

be obtained, it is to be expected that the temperature' 

homogeneity in a longitudinal direction is largely 

affected by irregularities in wall thickness. 

Carrier Gas Control. 

Temperature programming causes a change in viscosity 

of the carrier gas. Fig. 3.11. shows for some carrier 
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fig. 3.11. 

The influence is shown of 

the changes in viscosity for 

thre e types of carriergas in 

depence on temperature. 
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gases ~~ to be almost constant for the temperature 

range in question. (0,17 micropoise/0 e for hydrogen 

and 0,37 micropoise/0 e for nitrogen and helium). 

The gas flow is inversely proportional to the gas 

viscosity. 

For columns which are used in combination with a heat 

conductivity detector a pneumatic flow controler is 

necessary to keep column flow constant during the 

temperature cycle because the sensitivity of this 

detector is dependent on flow rate. 

This detector is mainly used in combination with packed 

columns and as the applied flow rates (20 - 100 ml/min) 

are well within the control range of flow controlers. 

The combination of flow controlers and packed columns 

therefore makes sense. However the flow control of 

capillary columns is hard to achieve because the carrier 

gas flow is too low (1 ml/min) and is also not necessary 

becaus e the flame ionisation detector is rather in

sensitive to small changes in carrier gas velocity 

under optimal conditions of hydrogen and air flow. 

Stationary phases. 

The compound used as a stationary phase should be in 

liquid form at the lowest initial temperature to be 

used. At the highest final temperature a low vapour 

pressure of the stationary phase is required. 

It is obvious that these requirements are difficult 

to satisfy for wide temperature ranges. Statement 

of the uppe r temperature limits is usual but it 

would make sense to mention also the lower limits 

(i.e. the melting points or glass formation) of 

compounds used as stationary phases. For TP-GLe the 

increase of vapour pressure with temperature has 

some immediate consequences: During temperature 

programming an increasing amount of liquid phase 

e v aporates from the column and flows into the 
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detector. This may lead to contamination of tne 

detector (e.g. Sio
2 

in a FID when silicone oils or 

gurns are used as stationary phases) and base line 

drift.Dual-column operatien combined with a 

differential flame ionisation detector compensates 

for base-line drift due to elution of liquid 

phase from the column. 

r Evaporation of the liquid phase changes column 

properties. For packed columns these changes are very 

slow as e.g. may be detected by a decrease in sample 

capacity and retentien time. 

Inside capillary columns the thin layer of stationary 

phase may break and the uncoated metal wall of the 

column causes peak broadening and tailing especially 

for "polar" compounds like alkenes, alkadienes and 

aromatic hydrocarbons. 

Excessive baseline drift in TP-GLC with capillary 

columns is a warning f or a too high temperature and 

possible darnaging of the column. When using a dual 

column system this baseline drift is largely 

compensated and therefore this may lead to the 

selection of a too high final column temperature. 

Long lifetime of stationary phases in capillary 

columns is guaranteed by a rule of thumb which says to 

choose the final temperature of the analys i s 50-100°C. 

lower than the upper temperature limit proposed for 

use in packed columns. 

3.1.4. RESOLUTION IN TP-GLC. 

In isothermal GLC the separation quality of a column 

is expressed as the number of theoretica! plates per 

meter columnlength. 

n= 5,54 
-L-
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Habgood and Harris (ref.3.6.) derived for TP-GLC an 

analegeus expression which gives comparable results. Un

fortunately for calculation according to this equation 

of these authors it is necessary to run a temperature 

programmed chromatogram of the compounds in order to 

measure their retentien temperatures. Afterwards for 

selected compounds isothermal chromatograms have to 

be run to measure retentien times at the retentien 

temperatures. 

This rather complicated and laborieus way to determine 

a measure for separation is not very much used and two 

ether criteria of column resolution have been suggested 

and can be used more easily both in iso thermal and 

TP-GLC. 

The EPN (effective peak number) was suggested by Hurrel 

and Perry (ref. 3.7.). The SEPN (standard effective 

peak number) is defined as the number of peaks which 

c an be resolved completely between the pair of 

consecutive n-alkanes which elute just befere and after 

the point in the chromatogram for which tr 5t
0 

(fig. 3.12.). 
t {', r t r 
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fig. 3·.12. Chromatogram illustrating the definition of 

two criteria for c olumn resolution viz. the 

· sEPN (re f. 3.7.) and t he TZ (re f. 3.8.) 

whic h c an b e used in a ll types of GLC. 
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2 A tr _ 1 
wb + wb 

1 2 

SEPN (eq. 3. 5.) 

Kaiser (ref. 3.8.) proposed the TZ (Trennzahl) for the 

characterisation of the separation power of the column. 

TZ - 1 (e q. 3. 6.) 

The TZ definition resembles the SEPN definition very much. 

The numbers obtained by the SEPN definition are 17% 

higher than the numbe rs from the TZ definition. TZ is 

more easy to obtain because drawing tangents is avoided. 

Both SEPN and TZ concept are intende d to be u sed by 

and of great value to practical gaschromatographers who 

do not wish to become deeply involved in theoretica! 

aspects of the technique but who want to give a practical 

measure of column performance which is valuable i n 

i sothermal-, temperature- and press ure-programmed GLC. 

3.2. RETENTION DATA IN GLC. 

3.2.1. RETENTION DATA IN ISOTHERMAL GLC. 

The behaviour of compounds in a gaschromatographic 

process and the resulting sequence of the peaks in the 

chromatagram can be described by means of characteristic 

retentien parameters which should be independent,if 

poss ible, of ins trument and experimen tal conditions. 

In this way experimental results could be given in a 

simple tabulated form, suited for interlaboratory use. 

Dependent on the goal of the gaschromatographic process 

a choice can be made from many of the retentien para

meters that came into u se (or became fashionable?) . 

Other factors influencing the choice of retentien 

parameters are: 

The ease of calculation of the parameters from the 

gaschromatogram, the dependenee of gaschromatographic 

variables as there are carrier gas pressure, column 

temperature . Most widely used retentien parameters 

are: 
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The specific retentien volume VG. 

When the investigation is aimed at the study of 

physical phenomena underlying the retentien behaviour 

of _compounds in GLC systems, in most cases the 

specific retentien volume VG is selected as the reten

tien parameter. 

t -t r o 

~ 
3 
2 

(1:!) po 

(~) 

2 
- 1 

3 
- 1 

273 k 
Tc - P 

(eq. 3. 7.) 

where: tr and t
0 

are the retentien times of the compound 

and a non retarded gas respectively. 

Fe is the flowrate at column temperature TC and at 

column outlet pressure p
0

• 

pi is the column inlet pressure. 

w
1 

is the weight of stationary phase in the column. 

p is the density of the stationary phase. 

k = c 1 /cg is the partition coefficient giving the 

ratio of the amounts of compounds in the liquid 

and gasphase respectively. 

From this definition the specific retentien volume 

appears to be the volume of carrier gas per unit of weight 

of stationary phase necessary to elute the compound at 

column temperature. 

For the calculation which is laborieus, it is necessary 

to measure and control accurately the experimental 

parameters. Most commercial instruments offer little 

or no possibilities in this respect. For these reasons 

the specific retentien v olume, although it is an 

absolute value, is no t used in daily pra ctice of peak 

identification. 

The following retentien parameters are related to one 

or more standards and therefore are less dependent on 

experimental conditions. 
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RELATIVE RETENTION r x,s is defined by the equation 

VG(X) t - t t' k 
x 0 x x (eq. 3. 8.) r 

VG(s) ts - to t' k x,s 
s s 

t' is the adjusted retentiontime. (see also fig. 3.12) 

index x and s indicating the studied and standard 

compound. 

The relative retention eliminates the measurement of 

many experimental parameters, is easily calculated 

from the retention times of the compound, the standard 

and an unabsorbed compound. 

·rn conneetion with the desired accuracy the standard is 

chosen in the neighbourhood of the compounds in question 

and if possible of similar chemical nature. 

The aceurenee of a wide variety of standards does not 

contribute to solve the problem of interlaboratory 

exchange of retention data. 

True enough it is easy to recalculate relative retentions 

from one standard to another: 

r (eq. 3. 9.) x,s
2 

In practice the realisation of this procedure appears to 

be difficult because of the strong temperature dependenee 

of the relative retention. The requirement of temperature 

reproducibility is aften the cause of the inferior 

reliability of relative retentions obtained on differ·ent 

columns, apparatus and laboratories. 

The use of relative retentions in TP-GLC does not make 

sense because of the strong temperature dependency. 

A variant of the relative retention is the theoretical 

nonane system introduced by Smith (ref 3.1.) It is basedon 

the relation between the specific retention volume and the 

number of carbon atoms of the termsof a homogolous series. 

For the higher terms of a homologous series the following 

equation holds ( on one column at one temperature ) : 
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log vG,z 

or 

log t' A' + B'z (eq. 3.10.) 

Smith used the homologous series of normal alkanes as stan

dard. The constants A' and B' can be calculated by measuring 

the adjusted retentien times of two normal alkanes e.g. 

normal pentane and hexane. 

Substitution of z=9 in eq. 3.10. gives the value tg 

The theoretica! nonane-index is a relative retentien with 

nonane as a theoretica! standard. 

t' x 
t' 

9 
(eq. 3 .11.) 

A drawback is that tg is not measured directly, but obtained 

by extrapolation. 

THE RETENTION INDEXIxwas introduced by KOVATS (ref 3.2.) 

and uses the homologous series of normal alkanes as reference 

points. The normal alkanes have a retention index I
2 

= 100z, where 

z is the number of carbon atoms of the n-alkanes in question, 

e.g. n-pentane has by definition a retentien index of 500, 

independent of column temperature, stationary fase etc. The 

retentien index of a compound x eluting between the normal 

alkanes C
2 

and C
2

+1 is found by logarithmic interpolation 

according to: 

I 100. log r + 100 x,z z x log rz+J.,z 

(eq. 3.12.) 

or: 

log t' - log t' 
I 100. x z + 100z 

x log t~+l - log t' 
z 

(eq. 3.13.) 
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fig. 3.14. Chromatagram containing the 

studied compound x and the bracketing 

n-alkanes with z and z+l carbons and the 

bracketing 1-alkenes with z and z+l carbonL 

atoms. 

This retentien index definition is the one which is most 

widely used. 

Walraven (ref 5.9.) reviewed the merits of the retent~on 

index system and could establish some new rules correlating 

retentien indices and structure. 

This form of retentien index requires isothermal operatien 

of the column and although the influence of temperature on the 

retentien index of most classes of compounds is only weak the 

use of it in TP-GLC is impossible. 

3.2.2 Retentien data in TP-GLC. 

In the years before capillary columns came into use, separation 

of complex mixtures was tried by using all kinds of stationary 

phases. Many laboratories which analysed by GLC had a ;large 

colleetien of packed c olumns of different lengths, specific for 

separation of polar and nonpolar compounds at low and high 

column temperatures. I n most cases these columns were used in 

combination with a heat conductivity detector of fairly large 

cell volume and low sensitivity. 

The development of the more sensitiv e flame ionisation detector 

(FID) allowed of the use of capillary columns. With this 

combination as a powerful separatio n tool the analysisl of very 

complex mixtures was possible. Isothermal analysis of mixtures 
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of wide boiling range, as pyrolysis mixtures frequently are, 

presented difficulties, (see chapter 5 and 7) for which one 

tried to find a solution by TP-GLC. However this prevented the 

use of retentien parameters described in paragraph 3.2.1 as 

a method for peak characterisation and identification. 

RETEN.TIONTEMPERATURE T R. 

The first attempt to characterize peaks in TP-GLC was undertaken 

by Habgood and Harris (ref 3.10.) who proposed to use the 
• 

retentien temperature TR as a characteristic TP-GLC retentien 

parameter instead of the retentien volume. The retentien 

temperature is the column temperature at the time the peak 

maximum of a compound elutes. 

In isothermal GLC for the terms of a homologous series it 

appears that the relation (3.10) holds. 

In TP-GLC. a similar empirica! relation for the normal 

alkanes is: 

t' z C + Dz (eq. 3.14.) 

By analogy of the retentien index definition, as given by 

Kovats (see eq. 3.13.) van den Dool and Kratz (ref 3.11.) 

and at about the sametime Guiochon (ref 3.13.) proposed the 

definition of the temperature programme d retentien index 

I;: 
x 

X-M 
100. z + 100 z 

Mz+1-Mz 
(eq. 3.15) 

In isothermal GLC the retentien index is found now by 

substituting for X, M
2 

and M
2

+
1 

the logarithms of the 

adjusted retentien times of the compound and both reference 

alkanes respectively. 

This substitution leads to eq. 3.13. 

In linear TP-GLC for X, M
2 

and Mz+l either the retentien 

temperatures TR or the adj usted rete ntien times are substi

tuted which leads to: 
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or 

Ilt 
x 

T - T 
100 . R,x .· R,z + 100 z 

. TR,z+1 - TR,z 

t' - t' 
100. t~ _zt' + 100 z 

z+1 z 

and substituting in eq. 3.17. t' = t- t
0 

the definition of the retentien index for 

100. :x- tz + 100 z 
z+ 1 - tz 

(eq. 3.16.) 

(eq. 3. 1 7) 

I 
TP-GLC is rlow: 

(eq. 3. 18) 

In this definition the measurement or calculation of the 

retentien time of an unabsorbed gas is not necessary which 

is especially of importance if detectors are used which 

are relatively or completely insentitive to air (e.g. FID). 

In most cases the temperature coefficient of the retentien 

· d d I b 11 d 1 ~n ex ~- appears to e not negligibly sma an a so 

not constant within larger temperature intervals. Mea?ure

ment of the temperature coefficient of the retentien index 

even gives valuable structure information as was shown by 

Tourrcs (3.24.) and Rijks (ref. 3.3.). Never the less . the 

definition of I~ gives by van den Dool and van Kratz 

appears to be very useful in temperature programmed GLC, 

altough the obtained indices may deviate appreciably trom 

isothermal data listed in the literature. Van den Dool 

and Kratz (ref 3.11.) expected that in all cases in which 

the temperature coefficient of the retention index is small 

the retention index for a compound would be practically 

the same in isothermal GLC and TP-GLC, thus extending the 

usefulness of the retention index. The expectation proved 

to be true for the examples chosen and under the circum

stances use d. 
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E.g. for ethylfermate on Carbowax 20M (20% on Celite) was 

found: 

Ix 822 (T = 125°C, Flowrate 80 ml/min) 

Ix = 822 (T = 75°C, TF = 228°C, b = 4,6°C/min, 
x ° Flowratè 80 ml/min) 

Van den Dool and Kratz did not give further indications 

about the agreement in obtained values of the retentien 

index when changing temperature programs, isothermal tempe

ratures, or using other types of samples and stationary 

phases. 

Several authors have proposed methods to enable the calcu

lation of programmed temperature retentien indices from 

isothermally measured indices. 

Giddings (ref 3.12.) stated that a programmed temperature 

separation is almest equal to an isothermal one at a tempe-

rature T 

Guiochon (ref 3.13.) shows a correspondence between I~ and 

an isothermal retentien index at a temperature T = TR- 20°C. 

The varianee of these differences was about 8 index units. 

Habgood and Harris (ref 3.14.) have found that TP-GLC

indices of cyclic hydrocarbons correspond to the isothermal 
0 indices at 30 to 50 C below TR. 

A more accurate tnethod for correlating the TP-GLC index 

and isothermal ones was proposed by GOLOVNYA and URALETZ 

(ref 3.15.). In the derivation of a correlating equation 

they took into account: 

The initia! temperature of the program (T
0

) 

The heating rate b of the column. 

The carriergas flow which will influence the 

retentien temperature. 

The equation for the calculation of this correlation iso-

thermal retentien index I~ expressed in isothermal data 
To/b 

reads: 

where IT 
0 

IT + IT 
o R 

(eq. 3 .19) 

2 

and IT are isothermal retentien indices of the 
R 
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compound at the initial temperature T
0 

and at the retention 

temperature TR respectively. 

The retention temperature is dependent on the heating rate b 

of the program and must be measured seperately for every 

compound. 
x 

ITo/b could be expressed also in terms of program ratf b 

elution time t and the temperature dependance of the iso-
di I 

thermal index dT which was assumed to be constant by the 

.authors. This expression is: 

(eq. 3.20.) 

x 
The values of ITo/b calculated from eqn. 3.19. or 

eqn. 3.20. were in better agreement with the temperature 

programmed retention index Ix then values according to 

Guiochon (ref 3.13.) and Giddings (ref 3.12.). 

From practical and theoretical point of view some objections 

can still be made against the use of the equations 3.19. 

and 3. 20. 

When consictering e.g. the next situation: 

- In the separation of pyrolysis mixtures which contain 

compounds from methane to tridecane the parameters of 

the analysis are: 

'Initial Temperature T 20°C 
0 

2,1 °C/mln Heating ra te b 

Final Temperature TF 160°C 

Carriergas flow rate = 0,5 ml/min 

To calculate IT of a compound between nonane and decane 
0 

it is necessary to measure the retentien time of decane 

at 20°C, which can be estimated to be 16 hours in compar

ison with 1i hours at the temperature program mentioned. 

- In the derivation of eq. 3.19. and 3.20. ' the assump):ion 

is made that the temperature dependency of the isothetmal 

retentien index is c6nstant. According to their measure

ments in the temperature range from 100°c to 175°C there 

is a change in temperature coefficient from 1 index unit 

per 
0

c to 0,76 index unit per 0 c. 
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Calculated retentien indices, in a temperature range of 

250°C using a value of ~~ ~ 1, or the average value of 

di dT ~ 0,8 the authors used, differ 6 index units. 

Summarizing: To calculate a TP-GLC retentien index from 

isothermal data it is necessary: 

- to measure IT , this takes usually a very long time, 
0 

- to measure TR of the compound of interest, 

for those compounds at a column - to measure IT 
R 

temp. TR, 

- to measure the temperature dependenee of the 

retentien index di/dT. 

From this it is obvious that in most cases it is easier 

and more accurate to measure all retentien data from tem

perature programmed chromatograms and calculate the TP

indices (I~) according to the definition of the temper

ature programmed retentien index given by Van den Dool 

and Kratz. (eq. 3.18.) 

3.2.3. Temperature programmed retentien index calculated 

from linear 1-alkenes peaks as reference points. 

In TP-GLC the homologous series of normal alkanes has to 

be present in the mixture which is to be identified, if 

retentien indices of sufficient accuracy are to be obtained. 

On closer investigation of a series of chromatograms of 

pyrolysis mixtures it became apparent that these normal 

alkanes are present only in rare cases and even then in 

relatively low concentrations. Same trials to add the 

normal alkanes as internal standards to the pyrolysis 

mixture were unsatisfactory. 

Pyrolysis of both low pressure polyethylene and high 

boiling normal alkanes e.g. dotriacontane yields gaseaus 

products containing small amounts of n-alkanes and 

alkadienes, along with large amounts of 1-alkenes. A 

decrease in sample size faveurs especially the formation 

of 1-alkenes. 
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Because of the low efficiency of n-alkane production from 

pyrolysis of e.g. dotriacontane an addition of say ro~ghly 

hundred times the amount of polymer would be necessary. 

The larger efficiency of 1-alkene production made it more 

obvious to use the homologous series of 1-alkenes as 

standards for a modified retentien index determinatior. 

(See fig. 3.13.) 

A mixture of the studied polymer and some higher n-alkane 

(e.g. dotriacontane) approximately 1:1 is made. 

This mixture is pyrolyzed and in the resulting chromato

gram the distinct peaks of a -olephins appear. We proved 

that the chromatagram of pyrolytic products of the mix

ture polymer + n-alkane is a linear superposition of 

chromatograms of pyrolytic products of pure polymers ~nd 

pure alkane (see fig. 3.13.). 

If we assume the 1-alkenes as a set of secondary standards 

they may be used in two ways viz.: 

1. The definition of some new retention quantity symmetri

cal to the definition according to eq. 3.18. 

2. By expressing the normal retention index Iz a~cordl.ng 
X I 

to eq. 3.18. in retention data which are available in i the 

chromatagram of the investigated compound and the bracketing 

1-alkenes and from data which are necessary for deter

mination of the retention indices of the bracketing 

1-alkenes. 

The second approach is to be preferred because Iz sho~ld 
x 

give numerical results equal to those calculated 

according to 3.18. which were measured and present in 

tabulared form. Moreover the additions of a new retention 

quan~ity to the large number of retentiondata already 

used or at least defined in litterature, might not be wel

come. 

The calculation of I~ is performed on reference to 
x 

I 
fi~. 

3.14. Denote the retention times of the bracketing 

1-alkenes by t~ and t~+ 1 where z is the number of carbon

atoms in the alkenes. According to eq. 3.18. we have for 

the index of substance x. 
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fig. 3.13. a: Pyrolysis chromatagram of dotriacontane 

showing typical peaks of ethene (1), propene (2), 

1-butene (3), 1-pentene (4), 1-hexene (5), 1-heptene (6), 

1-oktene (7), 1-nonene (8), 1-decene (9) and 1-undecene (10). 

6 
9 

8 7 

fig. 3.13. b: Pyrolysis chromatagram of natura! rubber 

(crèpe) showing typical peaks of isoprene (a), not identi

fied (b), not identified (e, d, e, f, g), toluene (h ), 

para+ meta xylene (i), unidentified (j), 1imonene (k ). 

k 

i h 

k fig. 3.13. c: Pyrolysis chromatagram of a mixture of 

natura! rubber and dotriacontane showing peaks typical 

for both components of the mixture viz.: 1, 2, 3, 4, 

a, b, 5, c, d, e , f, g, 6, h, 7, i, 8, j, 9, k, 10. 
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Eq. 

The 

I 
x 

100 

3. 18. 

I 
x 

100 

index 

I" 
z+l 

TiiO 

t - t x z 
t t 

+ z -z+l z 

may be written a1so 

t - t x z+l + z+l 
tz+l - t z 

of the alkene With 

t" - t 
z+l z + z 

tz+1 - tz 

(eq. 3. ia.> 

according to: 

(eq. 3. ~8.) 

I 
z+l carbonations will be 

(eq. 3.21.) 

Rearringement of eq. 3.21. gives tz = t;+
1 

- (0,01 I~+ 1 - z) 
I 

(tz+1 - tz) and substitutions of tz in eq. 3.18. gives 

(eq. 3.22.) 

or 

t - t" 
x z+1 

tz+l - tuz 

t" - t 11 I" 
z+1 z z+1 

tz+1 - tz + TiiO 

t" - t 11 

The rat <o -..!z~+~1~-_:::_z · 11 b d d b 11 b • _ t w~ e enote y Fz. I t wi e 
tz+1 z 

a constant for a particular z value and for a certaid 

temperature program. It becomes available during the 

determination of the indices of the 1-alkenes. 

The formule for the calculation of the index now is 

tx - t~+l 
t" - t" 

z+1 z 

F I '' z z+1 
+ TiiO 

( eq. 3 . 2
1
3. ) 

For our temperature program we obtained values for 

Fz as given i n table 3.1. The results in the table aie the 

mean values of at least 10 experiments (except for z = 5 

and z = 11) . 

Note that in the case of a linear relationship b etween 
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TABLE 3.1. 

Coefficients for Calculation of Retention Indices, 

Retention Indices of 1-Alkenes and Retention Indices 

of Alkanes. 

z 100 F I" I z z+1 z 

5 94.7 587.84 ±. 0.12 503.2 

6 100.51 ±. 0.27 688.58 ±. 0.13 599.85 + 0.13 -
7 101.53 ±. 0.10 788.81 ±. 0.13 700.05 ±. 0. 15 

8 101.44 ±. 0.19 888.94 ±. 0. 16 799.94 ±. 0.17 

9 98.78 ±. 0.37 987.93 ±. 0.21 899.86 ±. 0.34 

10 97.93 ±. 0.23 1088.33 ±. 0.29 1000.45 ±. 0.43 

11 96.5 1188.17 ±. 0.50 1100.0 

57 



TABLE 3. 2. 

Comparison of Retentien Indices Calculated from 

Eguations 3.18. and 3.23. 

Compound 

trans-pentene 2 

cis-pentene 2 

pentadiene 1,2 

pen tadiene 2, 3 

2,3-dimethylbutene 

2-methy lpentene 2 

2,3 ,3-trimethylbu±ane 

benzene 

2,2,3-trimethylbutane 

cyclohexane 

cyclohexane 

methylcyclohexane 

toluene 

1,1-dimethylcyclohexane 

trans-1,2-dimethylcyclohexane 

vinylcyclohexane 

4-ethylcyclohexene 

cis-1,2-d~methylcyclohexane 

1,1,3-trimethylcyclohexane 

Eg. 

ethylbenzene 

trans,trans,trans-1,2,4-trimethylcyclohexane 

ethylcyclohexene 

1,2-dimethylcyclohexene 

styrene 

1-methyl,1-ethylcyclohexane 

e<-pinene 

p-cymene 

limonene 
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3. 18. 

506.6 

513.6 

542.4 

551.1 

564.7 

606.4 

635.0 

653 .6 

637.4 

662.8 

6 77.6 

727.3 

761.5 

79 3. 0 

805.0 

825.6 

835.5 

837.2 

846.2 

857.4 

862.4 

874.4 

878.6 

885.2 

921.6 

944.3 

102 3. 8 

1033.8 

Eg. 3. 23. 

506.6 

513.6 

542.4 

551.1 

564.7 

606.7 

6 35.4 

653.3 

637.7 

6 6 3. 1 

677.8 

727.7 

761. 1 

792.2 

804.1 

825.7 

836.4 

836.5 

846.5 

856.8 

862.6 

875.2 

878.9 

885.6 

923.0 

945.0 

:1024.9 

10 35. 1 



retentien time and number of carbonatoms (not assumed in 

the derivation given above) the factor Fz should be equal 

one. In that case eq. 3.23. is symmetrical to eq. 3.18.1. 

In many actual chromatograms this situation is approxi

mated and the values of Fz in table 3.1. confirm this. 

From data necessary for calculation of F and I~+ 1 also 

values of I* (retention indices of normal paraffins calcu-z 
lated from t" of 1-alkenes) can be obtained. Of course, 

these values should not differ from values 100z for the 

corresponding z. Table 3.1. shows a good agreement. 

To get an evidence of indenty of indices I* calculated 
x 

both in the usual way according to equation 3.18. and 
*" according to equation 3.23. by means of F and I z+1 from 

table 3.1. we injected model mixtures containing n-paraf

fins, 1-alkenes and some other substances expected in 

pyrolytic mixtures of polyisoprenes. Some of these results 

are given in table 3.2. 

3.3.1. Gas liquid chromatography coupled with mass 

spectrometry. 

The direct coupling of GLC and MS appears to be an ideal 

combination, if the conditions of both methods are properly 

optimized with respect to the coupling. 

Gas liquid chromatography has an unsurpassed separation 

power and mass speetrometry is the only absolute indenti

fication method capable of handling the smal! sample 

sizes offered by capillary gas chromatography. 

Essentially there are two ways of coupling GLC and MS. 

Firstly scanning rnass-spectrometers can produce a complete 

rnass-spectrum of every peak in a very short time. Processing 

the information of a complete mixture certainly needs a 

data processing system. At the same time the rnass-spectro

meter acts as a non-specific detector by registration of 

the total ion-current. 

Secondly the rnass-spectrometer operates continuously as a 

mass-specific detector and in this way as a detector for 

compound classes (ref. 3.1.6.). This way of operatien is 
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possible with low resolution mass-spectrometers. Masses 4 3 

and 91 appear to be typical for alkanes and aromatics 

respectively. 

When coupling capillary and packed columns to the 

vacuum inlet system of a massspectrometer, a molecule 

separator is required to remave the excess of carrier gas 

(ref. 3 . 1 7 . , 3. 18. ) . 

Molecule separators with a dead volume low enough to ~e 

combined with capillary columns are still in the devellop

ment stage and therefore this powerfull identificatioJ 
I 

technique could not be used. 

3.3.2. Reaction gas chromatography. 

In recent years a new prospective direction has been formu

lated in gas chromatography viz. analytical reaction gas 

chromatography, in which the compounds being analyzed are 

subjected to chemical reactions in conjunction with the 

chromatogra phic separation. In reaction gas chromatography 

che~ical reactions can be used in all stages of the 

chromatographic analysis from the introduetion of the 

sample to i ts detection, as shown in fig. 1. 1. -1.9. 

Berezkin (ref. 3 .19.) gives a braad survey of the possi

hilities of this colleetien of techniques. Two of them 

could be considered for use in combination with TP-GLC on 

capillary columns. 

HYDROGENATION. 

Wijga (ref. 3.20.) used hydragenation to reduce great~y 
I 

the number of peaks while the structure of the carbon 

skeleton remains unchanged. By a correlation with datal 

obtained from standard samples this procedure allows a l 
I 

rapid quantitative analysis o f ethene/propene copolymers 

to be made by using the ratio of normal alkanes to iso! 

alkanes as a measure of ethyle ne content. In the same way 

an estimate could be made of the degree of branching of 

several polyethylenes. The hydragenat ion reactor consisted 

of a short piece of heated glass tube filled with a cata

lyst (0,75% Pt on alumina}. 
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Another catalyst was a mixture of l part Chromosorb, with 

5% Pd, and 4 parts of Celite 545. This mixture was coated 

with 5% silicone gum SE-30 to prevent adsorbtion of high

boiling compounds. This catalyst has been used in this 

laboratory upto 240°C and it worked excellently in combi

nation with a capillary column with split injection. 

This hydragenation reactor could not be used in combina

tion with the pyrolysis reactor adopted, because in the 

system used now pyrolysis products are injected directly 

onto the capillary column without a stream splitter. The 

resulting low flowrate through the hydragenation reactor 

would cause severe peak broadening. 

A hydragenation reactor of lower dead volume was suggested 

by Noffz and Pfab (ref. 3.21. and ref. 3.22.) who used a 

l m long stainless steel capillary tube of 0,5 mm i.d. · 

coated with a 5% solution of platinumtetrachloride in water 

and activated pyrolysis mixture of low pressure polythylene 

shows the hornogclous series of normal alkanes as the only 

products since the alkenes and alkadienes were completely 

converted. Several trials to duplicate this reactor failed 

for unknown reasons. 

A reactor made of platinum capillary tubing of ~ m length 

and 0.25 mm i.d. resulted in an imcomplete hydragenation 

of 1-alkenes and also in isomerisation. This tends to 

increase the number of products instead of making the mix

ture less complicated, therefore hydragenation of pyrolysis 

mixtures as an aid to ~dentification has been dropped. 

Moreover the reduction of the number of peaks by hydragena

tion to facilitate peak identification is not always 

favourable because a part of the information is lost. 

For example: 2- met~ylbutene-1 and 2- methylbutadiene 1,3 

(isoprene) have a common hydragenation product: 2 methyl

butane. This is a serieus drawback since in the quanti

tative determination of the isopren~ content of butyl

rubbers the ratio of peak areas of isoprene and 2 methyl

butene-l is directly proportional to the isoprene concen

tratien in the copolymer (see chapter 7). 
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PYROLYSIS 

Cramers (ref. 3.23.) has elaborated this method to a 

reliable and reproducible identification me thod for GLC 

effluents demanding very little amounts of sample (loi 8g 
I 

in combination with an FID) . In this study this method has 

not been used because a nondestructive detector necesJary as 

a peak monitor was not available. Besides this necess,ry 

sample valves could not be heated to temperatures abo~e 
I 

100°C and therefore condensation of high boiling compqunds 

could be anticipated. 

3.3.3. GLC-Infra Red Spectroscopy 

Identification of GLC-effluents is poss ible by infra red 

spectroscopy. Two methods can be used. 

- Trapping.: The eluting peak is trapped in a cooled çel 

which can be placed in a normal infra-red spectrometer. 

- Direct registration is possible in an infra-red spectro

meter which is e specially adapted for this purpose. The 

gas liquid chromatography effluents pass constantly through 

the cel of the spectrometer and the infrared spectrum of 

a peak can be registered in six seconds; smaller samples 

are required than with the trapping technique. 

Infra-red analysis of effluents of capillary columns is 

impossible because of the tiny samples ~nd the much 

narrover peaks appear ing in packed columns . 
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CHAPTER 4. 

INSTRUMENTAL ASPECTS FOR REPRODUCIBLE PYROLYSIS OF 

SOLIDS. 

4.1. DESCRIPTION OF TWO IDEALIZED PYROLYSIS REACTOR 

MODELS AND THE PRACTICAL REALISATION OF THESE 

MODELS. 

4.1.1. Introduction. 

According to Levy (ref. 4.9.) pyrolysis reactors may 

be classified into two groups. 

pyrolysis units which utilize an internal or exter

nal souree of energy applied as a pulse. 

pyrolysis units which utilize a continuous souree 

of energy. 

This classification stresses the importance of the 

energy-time profile in the reactor. A classification 

according to the result of the applied energy i.e. the 

obtained temperature-time profile is however to be 

prefered and pyrolysis reactors can then be classified 

into: 

temperature-programmed reactors. 

isothermal reactors. 

This classification means that in the temperature pro

gramrned mode the sample is placed in the cold reactor 

and is then pyrolysed by application of a heating-up 

program. 

In the isothermal reactor the sample is pyrolysed by 

transporting it in some way into the already hot 

reaction zone. 

Of course in both techniques the sample is heated accord

ing to some temperature-time program. This temperature 

time program of the sample may consist of an isothermal 

high temperature only as in the case. of the reactor 

for gasphase pyrolysis described by Cramers in which 

the marginal heating up effect may be neglected. 

From the foregoing might be concluded that the proper-
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tieS \ Of both reactor types would be the same. However 

a more close study of both types will reveal several 

differences in properties. 

As will be shown, the heating up rate is of the utmost 

importance in pyrolysis of solids. Most workers take 

great pains to reproduce the end-temperature of the 

reactor as good as possible but tend to neglect the 

heating-up rate of the reactor and of the sample. To 

the class of temperature programmed reactors beleng 

the hot wire or filament pyrolysis reactors which are 

used mostly and are sold as an attachment to most 

commercial GLC instruments. Because the construction 

of this type of reactor is relatively simple ma ny wor

kers have designed their own hot-wire pyrolysis units 

or have built units described by ethers. 

Levy (ref. 4.9.) observed that the number of units 

described so far in the litera ture almest equals the 

number of publications dealing with pyrolysis gaschroma

tography of polymers. 

This fact combined with ethers has caused the method 

to fall into disreput~ with many authors and is e xpre$sed 

in the nickname "pyromania" . 

Reviews of the merits, applications and disadvantages 

of both types of reactors and other less important types 

are given by Perry (ref. 4.7.), Brauer (ref. 4.8.), 

Levy (ref. 4.9.) and Audebert (ref. 4.10.). 

Despite the fact that the isothermal or furnace reactbr 

gives more precise reproduetion of the temperature 

most authors prefer the filame n t type. The reasen for 

this is that the filament re a ctor is more co nvenient 

to use and allows the pyrolysis products to be intro

duced into the column more rapidly. As will be seen 

later th~s statement holds mainly because most furnace 

reactors have great internal volumes and because too I 
large s amples are used. 

Although a wide choice was possible out of many pyro

lysis reactors, commercial ones, as well as those de

signed by several authors (ref. 4.9.), it was felt 
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necessary to add a reactor of own design to the already 

existing ones for reasens shown below. 

Experiments started with the application of a iso

thermal tubular reactor as designed by Ettre (ref. 4.1.) 

which proved to be unsatisfactory (ref. 4.24). Several 

oven reactors of lower internal volume were built and 

coupled to a capillary column of a gaschromatograph 

by means of a sample valve and a stream splitter 

(ref. 4.24.). In these experiments difficulties were 

met concerning sticking of the sample valves and 

condensation of pyrolysis products inside the valve. 

These difficulties and sample size considerations 

led to the development of an isothermal micro reactor 

of the oven type, which could be coupled to a capil

lary column without sampling valves and stream 

splitters. 

Befere discussing this micro reactor some general 

properties of filament reactors and oven reactors 

will be reviewed. The filament pyrolyzer is a reactor 

of the temperature-programmed type and consists 

mainly of a platinum or nichrome coil with leads· 

to an electrical power supply. A body supports the 

leads and is cor.nected to the carrier gas supply 

and to the inlet of the gas chromatograph. A typical 

representative of this type is the Pyrotest, des

cribed by Voigt (ref. 4.11.) and depicted in fig. 4.1. 

In the filament reactor the sample ideally is coated 

from a salution onto the surface of the coil. Appli

cation of a voltage across the coil causes a current 

pulse and fires the coil causing breakdown of the 

coated sample. The temperature is raised in less 

than 5 seconds to a certain equilibrium temperature 

Te' dependent among other things on the applied 

voltage. Temperature-rise time of the sample increa

ses when solid samples are laid between two turns 

of the coil or within the coil. The effect is espe

cially pronounced when the samples are placed in 

little quartz tubes or capillaries. These procedures 
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fig. 4.2. Typical temperature 

programs of a hot wire pyro

lysis reactor at three diffe-

fig. 4.1. Typical pyrolysis rent values of the end or 

reactor of the hot wire type . equilibrium temperature Te 

although non ideal are generally used for insoluble 

polymer samples. Temperature programs of this type 

reactor were measured by Sadowsky (ref. 4.2.) and 

shown in fig. 4.2. 

Levy (ref. 4.3.) used the discharge of a capacitor 

as an energy souree and in this way he claims shorter 

heating up times of 0.5 to 0.01 sec. In the high

frequency reactor (see fig. 4.3. ref. 4.6.) a thin 

ferro-magnetic conductor is coated with the sample. 

The conductor is heated by a high frequency pulse 

to its Curie temperature in say 30-500 milliseconds. 

Different temperatures may be obtained by selection 

of different ferromagnetic conductors. These very 

short heating up times are limited only by phenomena 

of heat transfer into the sample. Only for very thin 
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films these phenomena may be neglected. These films 

are obtained by applying the sample from a salution 

in a s1milar way as described for the filament reactor. 

It is however difficult to rernove solvent from polyrner 

films completely. The influence of smal! amounts 

of solvent in the compound to be pyrolyzed, was shown 

by Dhont (ref. 4.4.) in a packed bed reactor. The 

pyrolysis products of benzoic acid from a methanol 

salution contained benzene and methylbenzene, whereas 

the pyrolysis mixture obtained from a chloroform 

salution of the polyrner contained benzene and chloro

benzene . This can be explained by a reaction similar 

to chain transfer reactions in. polymers according 

to eq. 2.8. (chapter 2). Also but less interfering 

the uncompletely removed solvent may cause an extra 

peak in the chromatograrn, which however is easily 

Connector top cap 

Topcap 

Pyrolysis w ire 

lnduction coil 

Tail plpe hg. 4.3. 

The Curie Point 

Py rolyser. 
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identified. The latter can also be avoided by choos

ing as a solvent carbon-disulfide which is hardly 

detectable in a FID and moreover has a high rate of 

vaporization. 

Estimation of the filament temperature is difficult I 
A reliable measurement asks for welding a tiny thermo~

1 couple to the filament. The temperature registered 

by the thermocouple is not truly the decomposition 

temperature of the polymer. It is only the local 

temperature read at one spot of the filament. Inside 

the microfurnace and along the filament a thermal 

gradient exists. 

In order to improve repeatability, sample size and 

sample position are kept constant. Temperature esti

mation can also be accomplished by observing the 

melting points of known standard substances in direct 

contact with the coil. 

Badly reproducible results obtained with filament 

reactors are to be related to the continuous change 

in conduction and emission properties of the fila

ments, to recristallization of the filament material 

and to formation of intercrystalline carbon and 

adsorption of hydrogen onto the surface. 

Moreover these effects limit the lifetime of pyro

lysis coils to a few dozens of firing s . Most of these 

effects are avoided in the high-frequency reactor 

as for every analysis a fresh ferromagnetic conductor ' 

is used. 

4.~.2. Comparison of two idealized reactor models. 

A thorough study of present trends and performance 

r equirements of pyro lysis unit s in view of possible 

interlaboratory use of pyrolysis gas chromatographic 

data was undertaken by Levy (ref. 4.23.). 

For the explanation of the characteristic properties 

of pulse mode units on the one hand and for conti

nuous mode units on the other hand, h e introduced 

two i deal ized models. Some criticism to his approach, 
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however, is necessary, since we will show that he 

compared a good pulse reactor with a bad continuous 

reactor. 
-8 The amount (0.5 ug) and form (a film of 250.10 cm 

thickness and 1 cm lenght) of the sample and the 

dimension of the pulse mode reactor model indeed 

were chosen almest ideally. However, the sample amount 

(a milligram quantity) ~n the form of a sphere, and the 

dimensions of the continuous reactor model were far 

from ideal. It must be admitted that the non ideal 

oven reactor dimensions and the large amounts of 

sample are used by many workers in this field but 

the same can be observed from the pulse mode reactors 

in which milligram quantities in the form of e.g. 

wires or rods are placed between two turnings of the 

filament or inside an open quartz capillary. 

A comparison of the two types will be made now as

suming idealized dimensions and sample sizes for 

both types (fig. 4.4a. and fig. 4.4b.). In both 

models 0.5 ug of sample is supposed to be coated 

from solution on a part of the sample carrier. In the 

pulse mode reactor this sample carrier is a metal 

rod of say 0.6 nw diameter heated by a high current 

or high frequency pulse of energy. As materials are 

used Pt, NiCr and several ferromagnetic metals. In 

the continuous-mode reactor the sample carrier is 

assumed to have the same dimensions, but can be 

made from metal, as well as from glass or quartz. 

Pyrolysis is then performed by fast transportation 

of the carrier with sample from a cold into a zone 

of high constant temperature. 

The sample carriers are placed in the centre of 

the enelosure conducting the carriergas. In the 

continuous-mode reactor the carriergas is preheated 

almest to the reactor temperature. In the pulse

mode reactor the carriergas is not preheated to 

reactor temperature. The characteristic differences 
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fig. 4.4.a. and 4.4.b. An estimation of the radial 

temperature distribution inside . two idealiz~d 

pyrolysis reactor roodels 
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of the two roodels for pyrolysis of polymers may be 

summarized as fellows: 

Temperature-programmed or pulse-mode reactor (fig. 4.4a.). 

At first sight it seems that the sample layer is heated 

up more quickly by the direct close contact between 

the sample and the heated sample carrier, resulting 

in a quick and reproducible heat-up mechanism of the 

polymer sample. From fig. 4.4a. it in clear that in 

radial direction a negative temperature gradient is 

present in the sample film. An even strenger nega-

tive temperature gradient exists between the sample 

layer and the enelosure of the reactor because the 

heat necessary for pyrolysis is generated inside the 

sample carrier and because the temperature of the 

enelosure is low. Pyrolysis of the sample film thus 

starts between the sample film and the sample carrier. 

In the most favourable case the resulting gaseaus 

pyrolysis products are transported by diffusion through 

the molten sample layer. During this diffusion proces 

secondary reactions may take place. 

More likely the gaseaus pyrolysis products will blow 

off the molten sample films from the sample carrier. 

Therefore the heating-up mechanism of the total polymer, 

the pyrolysis temperature and thus the pyrolysis proces 

will not be well defined. The gaseaus and molten pyro

lysis products are transported quickly from the hot 

sample carrier in axial direction. As will be seen 

later the chance for secondary reactions will be small 

excepted by the choice of a too high temperature of 

the sample carrier and of too large dimension of the 

reactor. This causes an excessive residence time of 

the products near the hot sample carrier. 

A secend effect of this reactor model is condensation 

of high boiling pyrolysis products on the cold enelo

sure of this reactor. In this way the reactor does 

not clean its self and in order to get reproducible 

results for every experiment a new or cleaned reactor 

and sample carrier must be installed. 
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Isothermal or continuous mode reactor (fig. 4.4b.). 

In this type of reactor the sample is pushed into an 

already heated up zone of almast constant temperature 

Pyrolysis thus starts at the outside of the sample film 

and the products are transported from the sample fil~ 

and are diluted by carrier gas. Becaus e the tendency I 
of the sample .to be blown of in the isothermal type 

does not exist, the heating up rate and temperature 

of the total polymer and thus the pyrolysis proces 

will be better defined. The gaseaus pyrolysis products 

stay for some time in a hot zone of constant hig h 

temperature . To avoid secondary reactions or pyrolysis 

products it will be necessary to minimize pyrolysis 

temperature and residence time of this products. 

Condensation of high boiling compounds can be neglected 

because the enelosure has a high temperature. Thus 

the reaction zone c leans itsself and condensation of 

high b o iling products occurs (to little extend) far 

from the actual reaction zone in a colder part of th~ 

reactor. 

Changes of the carrier gas velocity will change the 

temperature prof ile of a hot-wire reactor because of 

the lower heat capacity. Measurements of the tempe

rature profiles inside a continuous mode reactor 

( see later fig. 4.6.) s howed that cha nges in carrier 

gas velocity of 0 to 2 cm 3 /min had no effect. An in

crease of carrier gas velocity of one or two orders 

of magnitude (10 ,- 85 cm3 /min) caused a decrease of 

2 - s0 c in reactor temperature and a shift of the 

flat tempe rature maximum o f 2 mm. 

From this it may be conc luded that the temperature 

profile of the continuous mode reactor is not effected 

by small changes in carrier gas velocity. Large 

changes of the carrier gas velocity effect only minor 

c hanges in the temperature profile. 

Influence of cataly sis can be expected to be min i mal 
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for the continuous model because the material of the 

enelosure and of the sample carrier can be made from 

materials which show little catalytic activity e.g. 

gold as used by Cramers (ref. 4.22.) or quartz as 

used in the reactor described in this thesis. 

In the high frequency and other pulse-mode reactors 

the sample is coated on ferromagnetic materials or 

platinum which mays show appreciable catalytic action. 

Jones (ref. 4.23.) could not detect any catalytic 

influence of the heated sample carrier in the range 

of 5 ug sample sizes. However in a recent study (ref. 

4.24.) astrong catalytic influence was found when 

using sample sizes of 0.5 ug. This is confirmed by 

a more quantitative study of this effect by Verzele 

(ref. 4.25.) which showed that steel has a higher 

catalytic influence on the thermal degradation of 

cyclohexane than quartz and gold. 

Some results of this study are summarized in table 4.1. 

Gold powder 

Quartz wool 

Steel wool 

TABLE 4.1. 

Pyrolysis yields (%) 

0.0 

2 

50 

Pyrolysis yield defined as 100 a/(a + b), where 

a = area of the peaks of the pyrolysis products 

b area of the peaks of the not pyrolyzed material. 

After this description of two idealized reactor models 

it seems interesting to examine how far commercial 

pyrolysis reactors and how far those which are built. 

by many authors, do com ply with the models. 
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From such an examinatien it can be concluded that many 

results are published, qualitative as well as quanti

tative, of pyrolysis experiments by means of badly 

designed reactors. A survey ?f several points in whicn 

these designs deviate from the models will be given. 

The situation in practice mostly is worse than des

cribed in the two idealized models for several reasons: 

1. Pyrolysis end-temperatures of temperature-programmed 

reactors in many cases are chosen higher than the 

temperatures used for i sethermal reactors. t1ost 

likely the reason for the use of these high tempe

ratures has to be sought in a low efficiency of a 

pyrolysis proc~ss in which a large part of the 

sample is blown from the sample carrier. This part 

has a too high molecular weight and is thus not 

volatile enough to be separated and detected by the 

gas chromatograph. Use of higher temperatures will 

improve the efficiency of formations of volatile 

products. Especially when these products are trans

ported by means of a stream splitter to a capill ~ ry 
columns a good efficiency of the pyrolysis process 

is needed because only 1% or less of the total vola

tile products reaches the column. Also when a less 

sensitive catharemeter detector is used, a good 

efficiency of the pyrolysis process is also neces~ary. 
I 

2. Much larger internal volumes are used in both types 

of reactors than those which are suggested in the 

two idealized models. Only the high frequency in

duction reactor and the reactor type used for our 

investigation can be built with very low internal 

volumes. 

3. Much experimental work in PGC is performed by 
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means of temperature-programmed reactors in which 

the sample is placed in the form of granules between 

two turns of the hot-wire. Sametimes the samples 

are placed inside glass or quartz capillaries whiçh 

in turn are placed inside the temperature-programmed 

hot-wire reactor. A description of the heating-up 



mechanism and of pyrolysis process cannot be made 

now according to the temperature-programmed model. 

This way of mounting the sample changes the pro

perties of the reactor into those of a bad version 

of the isothermal reactor. 

4. The sample often is taken in the form of granules 

because the sample under investigation is insolluble. 

Moreover the amount of sample is one or more orders 

of magnitude larger than 0.5 ug which in both models 

was supposed to be coated onto the sample carrier. 

Again the heating-up and pyrolysis process is diffi

cult to describe. It can be compared with a distorted 

picture of the process in the isothermal reactor 

model again. 

4.1.3. Practical realization of the two idealized 

models. 

After this description of the two idealized models it 

is clear that among temperature-programmed reactors 

the high~frequency induction reactor complies best 

with the requirements of reproducible pyrolysis of 

polymers. After practical experiments with a reactor 

of this type it was expected that an isothermal reactor 

was able to fulfill the mentioned requirements better 

if its parameters were optimized. This reactor type 

is self cleaning and can be used for some hundreds 

of pyrolysis experiments before cleaning is necessary. 

Moreover the isothermal reactor is able to handle 

insoluble samples in a less catalytic environment. 

Therefore a reactor of this type was used in the study 

of pyrolysis gas chromatography of polymers which is 

describe d here. 

In fig. 4.5. a detailed working drawing of the reactor 

and of its parts is given. In fig. 4.6. a temperature

profile diagram is given of temperatures inside the 

reactor. It shows that in the middle part of the oven 

almost isothermal conditions exist over a length of 
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1 Micro swagelock 

coupling. 

2 Reactor. 

3 Oven. 

4 Sample carrier. 

5 Coupling. 

6 Cylinder. 

7 Viton rubber 

0-ring. 

8 Piston. 

9 Silicone rubber 

0-ring. 

10 Piston. 

11 Injector. 

12 Teflon stopper. 

fig. 4.5. 

Werking drawing of pyro

lysis reactor (mounted 

and unmounted) designed 

and used by the author 

for the investigation 

on PGC. 

(measures in mm) 
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2 cm. One side of this tube is connected to the gas 

chromatographic column with the aid of a conneetion 

tube heated to 150-200°C. In this tube very high-boilfng 

700 

600 

500 

400 

300 

200 

100 

OL------L------~----~-------L ______ L_ ____ _L ____ ~ 

0 10 20 30 40 50 60 70 

-----. distance in mm 

fig. 4.6. Axial temperature profile measured inside t~e 
reaction zone of an isothermal oven reactor. The distance 

indicates the distance in mm from the entrance of the 

reactor to the measureme nt point. 
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compounds will be trapped which prevents contamination 

of the first part of the analytical column and thus 

changes of its separation and elution properties. The 

ether side of the reactor tube is connected to a 

broader and cold quartz part of the reactor and to 

the device which enables the transport of the sample 

into the hot zone. The resulting pyrolysis products 

are swept into the analytical column by the preheated 

carriergas. 

4.2. THE INFLUENCE OF PYROLYSIS END-TEMPERATURE AND 

HEATING RATEON THE DEGRADATION VELOCITY. 

As could be seen in the previous part of this chapter 

literature mentions many pyrolysis reactors the tempe

rature of which éould be controlled. Especially care 

is given to obtain a reproducible end or equilibrium 

temperature. The reproducibility of the end-temperature 

proved to be better for the isothermal reactors than 

for the temperature-programmed reactors, with the 

exception of the high-frequency induction-heating 

reactors. On the contrary little is known about the 

influence of the heating rate on the pyrolysis process, 

because rates of thermal degradation of polymers are 

too high and therefore not measurable at the pyrolysis 

temperatures used in practice (600-800°C). Plotting 

the half-decomposition times (ref. 4.15.) of poly

styrene, polytetrafluoro-ethylene and polyethylene

glycoladipate against temperature (see fig. 4.7.) 

shows that the half-decomposition times are several 

orders of magnitude smaller than the temperature-rise 

time of pyrolysis reactors, even of the fastest one. 

This suggests that in most cases pyrolysis of the 

polymer is completed befere the equilibrium tempera

,ture has been reached. The values of the half-de-

composition time in fig. 4.7. can be used as an 
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!:::. polystyrene 

D teflon 

0 polyethyleneglycoladipate 

EQUILIBRIUM TEMP. °C 

···3afl=---- --L------',,-, -------'----------'10-0 ------'-------', .. 

fig. 4.7. Half decornposition tirnes of three polyrners in 

dependenee on the equilibrium temperature Te. 

The horizontal lines in the diagram bracket 
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the time vJhich sample carriers of several 

reactor types need to reach the endternperature. 



illustration only, since they were calculated assuming 

a first order pyrolysis reaction and by·extrapolation 

of pyrolysis rate constants beyond the temperature 

range in which they have been measured . Although the 

error of the values of the half decomposition times 

is in this sense high the plot shows that at 600°C 

the half decomposition time of polyetrafluoroethylene, 

one of the most stable industrial polymers, is lower 

than the shortest possible heating up time. 

From fig. 4.7. it is clear that not the end-tempera

ture of the pyrolysis reactor is the parameter which 

determines the pyrolysis process but some temperature 

characteristic of and therefore different for every 

polymer. For explanation of the thermogravimetrie 

behaviour of polymers Horowitz and Metzer (ref. 4.14.) 

defined a characteristic temperature T • When the sample 
s1 

reaches the temperature Ts' a fraction ë of the inital 

sample remains uridecomposed. 

Farre-Rius and Guiochon (ref. 4.13.) extended this 

approach to pyrolysis of polymers, starting from three 

approximative assumptions: 

l. k = Ze-E/RT is valid far beyond the temper at ure 

at which the frequency factor z and the activatien 

energy E are measured. 

2 . The heating rate q dT is constant for the total dt 
heating up period. 

3. The temperature of the polymer is equal to the 

temperature of the heat source. 

Further Farre-Rius (ref. 4.15 . ) defined a temperature 

increase 0 necessary to decrease the amount of unde~ 

composed sample from 1/e t o l/e 4 . This means that at the 

temperature Ts + 0 only 1,86% of the polymer sample 

remains undecomposed or that at Ts + 0 pyrolysis may 

be assurned complete. 

Farre-Rius derived from the Arrhenius equation an 

expression for the dependenee of k upon q a nd Ts 
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For 0 

0 

and T 
s 

RT 2 
s 

E:" 

he derived the relation: 

1n 4 
2.76 T 2 

s 
E 

(eq. 4 .1.) 

(eq. 4.2.) 

If Z and E are known it is possible with the aid of 

eq. 4.1. to calculate the heating rate q of a polymer 

sample, corresponding to a characteristic temperature 

Ts. On the ether hand it is possible to calculate 

Ts for a given value of the heating rate q. This 

approach is more practical because the heating rate 

q for little samples is strongly dependent on the 

type of pyrolysis reactor used and a good estimate 

of the values of q for some reactor types is possibl~. 

From eq. 4.2. 0 can be calculated for the obtained 

value of Ts. The temperature Ts + 0 at which pyrolysis 

is nearly complete can be calculated for several I 
reactor types by using their corresponding possible 

values of the heating rate q. 

The calculation of Ts values from given values of q 

appeared to be very time consuming when classica! 

calculation methods had to be used. With the aid of 

the Algol Procedure REGULA FALSI calculation of Ts 

values for 20 different polymers for 4 values of q 

was carried out. 

The values of E and of z for nearly all polymers were 

taken from pyrolysis experiments from Madorsky (ref. 

4.18.) except the value for poly tetrafluoroethy

lene (2) and polyethyleneglycol adipate (3) which 

were taken from experiments by Andersen (ref. 4.17.) 

and Farre-Rius (ref. 4.13.) respectively. 

Table 4.2. gives the values of Ts, 0 and Ts + 0 for 

the four chosen values of q for twenty commonly used 

polymers. The value of q=300°C/sec applies to samples 

which are coated as a thin film on the spiral surface 

of the temperature-programmed hot-wire reactor. (see 
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No. Polymer. 

1. Polystyrene 

2. Poly tetrafluoroethylene 

3. Poly ethyleneglycol adipate . 

4. Poly methylene 

5. Branched polyethylene 

6. Poly propylene 

7. Poly isobut.ene 

8. Poly methylmethacrylate A 

9. Poly methylmethac.rylate B 

10. Poly methylacrylate 

11. Poly acrylonitrile 

12. Poly butadiene 

13. Natura! rubber 

14. Natura! rubber crosslinked 

15. Poly ethylene oxide 

16. Poly propylene oxide (isotactic) 

17. Poly propylene oxide (atactic) 

18. Polybenzyl 

19. Poly p-xylylene 

20. Phenol formaldehyde resin 

00 
l1l 

E 

55000 

77000 

45000 

72000 

64000 

58000 

49000 

30000 

52000 

34000 

31000 

62000 

56000 

63000 

46000 

45000 

20000 

50000 

73000 

18000 

z 
TABLE 4. 2. 

1 No. q=50°C sec-
0 -1 

q=300 Csec 0 -1 
q=2000 Csec q=20000°Cseë1 

1019. 4 

1020.6 

1013.64 

l. 

2. 

3. 

T s 

1023.5 
1020.65 4. 

5. 

364 

562 

465 

414 

422 

388 

340 

269 

329 

10 19.7 
ia 6

· 
10 7. 

8. 1012.5 

1019.44 

1 
9. 

10 3.35 10. 301 
10l2.8 

1020.0 

1020.86 

1023.61 

1016.5 

1017.1 

1o 8 • 
1015.4 

1023.4 

106.4 

11. 274 

12. 422 

13. 331 

14. 327 

15. 354 

1.6. 320 

17. 288 

18. 454 

19. 426 

20. 348 

0 T +0 T s s 

20 

25 

33 

18 

21 

21 

21 

27 

19 

27 

27 

22 

18 

16 

24 

22 

43 

29 

18 

59 

384 390 

587 594 

498 508 

4 32 4 37 

443 449 

409 415 

361 36 7 

296 304 

348 354 

328 336 

301 308 

444 450 

349 354 

343 347 

378 384 

342 347 

331 343 

483 492 

444 450 

407 423 

0 T +0 T s s 

22 

27 

37 

19 

22 

23 

23 

31 

21 

30 

30 

23 

19 

17 

26 

24 

52 

32 

20 

74 

412 

621 

545 

456 

471 

438 

390 

335 

375 

366 

338 

473 

373 

364 

410 

37 1 

395 

524 

47 0 

497 

420 

631 

559 

463 

479 

445 

398 

345 

382 

377 

349 

482 

380 

370 

420 

380 

413 

536 

477 

523 

0 T +0 T s s 0 

24 

29 

42 

21 

24 

25 

25 

35 

23 

34 

34 

25 

21 

18 

29 

26 

65 

36 

21 

97 

444 461 27 

660 680 33 

601 630 50 

484 498 23 

50 3 520 27 

470 486 27 

423 440 29 

380 404 42 

405 420 25 

411 434 41 

383 407 41 

507 524 28 

401 415 23 

388 400 20 

449 468 33 

406 423 30 

478 522 87 

572 596 42 

498 512 23 

620 685 141 

T +0 s 

488 

713 

680 

521 

547 

513 

469 

446 

44 5 

475 

448 

552 

438 

420 

501 

453 

599 

638 

535 

826 



fig. 4.2.), whereas the value of q = 50°C/s. 

applies to a polymer sample inside a glass or quartz 

boat or tube inserted in the spiral of this type of 

reactor. These low values of q apply also to reactors[ 

of the oven type of large dimensions in which the sample 

is transported into the hot oven zone in a large sample 

boat. The values of q = 2000°C / sec can be obtained 

in hot-wire reactors fired by a high current pulse 

through the filament from a battery of capacitors, inl 

oven reactors of little internal volume and conse

quently short distance of the sample to the oven-

wal!, in combination with a low value of the heat 

capacity of the sample and sample carrier. The value 

of q = 20000°Cfsec is claimed in high frequency in

duction reactors. 

From the calculations in table 4.2. some obvious con

clusions can be drawn: 

1. l·Vhen the equilibrium temperature Te of hot-wire 

reactors or the isothermal temperature Ti is 

sufficiently high, the temperature Ts + 0 at which 

pyrolysis is complete, is not dependent on Te or Ti; 

pyrolysis appears to be completed at temperatures 

T s + 0 , which in most cases are substantially lov1er 

than Te or Ti. 

2. With increasing values of the heating rate q the 

pyrolysis of polymers is completed at higher values 

of Ts + 0 . In this way the choice of a pyrolysis 

reactor influences the temperature at which pyrolysis 

is complete. 

3. For high values of the heating rate q some polymers 

show a high value of Ts + 0 (e.g. polytetrafluoroethyr 

lene, poly ethyleneglycol adipate, polypropylene o x idb , 

polybenzyl and phenolformaldehyde resin) . For these 

polymers it is necessary to choose the equilibrium 

temperature •re higher than the calculated values of 

Ts + 0 . For the high frequency induction pyrolysis 

of phenolformaldehyde resin the usually used ferro

magnetic material iron (Fe) shows a Curie temperature 
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of 770°c which is about 60°c lower than the value of 

Ts + 0 given in the table for q = 20000°C/sec. 

4. Small changes in heating rate have almost no effect 

on the values of Ts and 0. Changes in these tempera

tures can only be effected by changing the heating 

rate q one or more orders of magnitude. 

This effect explains why under certain circumstances 

changes of the equilibrium temperature of say 100°C 

have little influence on the pyrolysis products compo

sition. 

It is necessary now to consider in what way the con

clusions drawn are influenced by the three assumptions 

made to set up this coarse model of flash pyrolysis 

of polymers. 

1. The rate constants cannot be extrapolated beyond 

the temperature range at which they were measured. 

The values extrapolated according the Arrhenius 

equation are in most cases lower than the actual 

ones. According to eq. 4.1. and 4.2. this results 

in lower values of Ts and 0 than the values given 

in table 4.2. This even amplifies the conclusions 

drawn from this table as discussed above. 

2. 

3. 

The heating rate q will decrease instead of remain 

constant at higher temperatures. Th is again will 

lower the values of T s and 0 . 

The assumption that the temperature of the sample 

equals the temperature of the heat souree is in

correct. 

The temperature of the sample will be lower for 

several reasons: 

The pyrolysis reàction is strongly endothermic. 

- Only when a very sma ll amount of sample is coated 

as a thin film ·the temperature difference between 

the heat souree and. the sample may be expected to 

be small. In this case the reaction rate is princi

pally determined by the heating rate of the heat 

source. In other cases heat transport phenomena 

will determine the reaction rate even more. 
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Although the three assumptions made are not correct 

the conclusion that pyrolysis takes place at a tempe

rature lower than T and T. is reinforced. e ~ 

For tiny samples in the form of thin coated films the 

pyrolysis is complete' at temperatures given in table 

4.2. or at lower temperatures. For samples of larger 

size and other form the pyrolysis takes place too at 

a lower temperature than Te and Ti of the reactor. In 

this case however the pyrolysis may not be completed 

before the heat souree has reached its equilibrium 

temperature. 

This is due to the fact that the polymer decomposition 

is being controll~d now by heat transfer phenomena from 

the heat souree to the sample and inside the sample. 

Experimentally it could qualitatively be shown that 

these heat transfer phenomena are indeed complex; a 

slow motion cinematographic recording of pyroiysis of 

polyethylene samples inside a conventional filament 

reactor, demonstrated this clearly. This recording 

was shown by Guiochon and Farre-Rius (ref. 4.12.) at 

the symposium on thermal Reaction Gaschromatography 

in 1966 in Paris. Inside the molten sample violent 

movements were visible indicating an inhomogeneous 

temperature distribution. Fumes of pyrolysis products 

erupted and this emission ended before the filament 

attained its equilibrium temperature Te. For large 

samples, however, the reaction does not end before 

the filament reaches its equilibrium temperature Te. 

In this case the sample often melts in the form a 

droplet floating inside the pyrolysis coil, causing 

a low heat transfer from coil to the sample. From the ; 

foregoing it is clear that impravement of reproduci

bility of pyrolysis results may be expected hy a good 

control of the temperature and the heating rate and the 
' choice of tiny samples in the form of thin coated films. 

For larger samples good control of the temperature and 

the heating rate are necessary by centrolling the sample 

size and position in the reactor. 
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The application of high frequency induction heating 

gives an almast constant and high value of the heating 

rate of the ferromagnetic wire. Sirnon (ref. 4.19 .. ) and 

Giacobbo (ref. 4.6·.) have measured heating rates of 

about 20.000 - 30.000°C/sec. 

Coupe and Me Keown (ref. 4.20.) under practical con

ditions of an application laboratory claim a maximum 

heating rate of 4000°C/sec. 

This difference may be caused by differences in power 

output and frequency of the high frequency generators 

used. 

These high values of the heating rate of the heat souree 

suggest very high heating rates of the sample and very 

short pyrolysis times (25 - 125 ms). In practice how

ever substantially langer pyrolysis times are needed 

to decompose very smal! amounts of sample as has been 

shown by Coupe and Me Keown (ref. 4.20.) who measured 

times of 1-2 seconds to decompose completely samples 
-6 

of 0.3-0.4 x 10 g of polystyrene and polymethyl-

methacrylate. Consequently the heating rates of these 

samples varied from 200°C/sec to 350°C/sec and are 

some orders of magnitude lower than the heating rates 

of the ferromagnetic wires as given by the manufacturers 

of high frequency induction reactors for pyrolysis of 

polymers even when very smal! amounts of samples are 

used. An important conclusion can be drawn from fore

going: 

Shorter reaction times for polymer degradation than in 

the order of 1 sec cannot be obtained even for very 

smal! sample amounts in reactors with very fast heating 

rates. Consequently· the standard deviation of the plug 

of degradation products cannot be expected to be shorter 

than 1 second. 

To follow the pyrolysis process further the process 

can be divided in three steps or periods: 

1. The heating up period described best by the coarse 

model in 4.2. and resulting in primary pyrolysis 

products. 
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2. A more or less isothermal period in which the pyro

lysis products stay in contact with the heat souree 

and secondary products may be formed. 

3. A period in which the pyrolysis products have left 

the reaction zone and the mixture of pyrolysis 

products does not react further because the tempe

rature is much lower. (frozen equilibrium). 

4.3. SECONDARY REACTIONS, REACTOR TEMPBRATURE AND MEAN 

RESIDENCE TIME. STANDARD DEVIATION OF THE 

INJECTION PEAK AND SAMPLE SIZE. 

If the isothermal period is long enough it may be ex

pected that at least a part of the complex mixture of . 

reaction products reaches the equilibrium temperature . 

causing further thermal decomposition of the primary 

products. In fact this thermal decomposition must be 

considered as gas-fase pyrolysis. 

An estimation of the further degradation of pyrolysis 

products obtained during the heating-up period may be 

obtained by calculation of the fraction of a model 

compound which is thermally decomposed under similar 

circumstances. 

Postema (ref. 4.21.) studied the thermal degradation 

of dodeeene-l in a gasphase pyrolysis reactor designed 

by Cramers. (ref. 4.22.) . Because the temperature, 

residence time and concentratien could be measured 

and controlled accurately and because 1-alkenes are 

among the chief primary pyrolysis products of polymers, 

data obtained in Postema's study were used to calculate 

the ~raction F of the reactant which is thermall y de

composed. 

The value of F can be calculated according to: 

kt = ln - 1
-l-F (eq. 4.3. ). 

The values of F are calculated for a temperature range 

from 500-727°C, for residence times t typical for pyro

lysis reactors for polymers from 0.2 seconds to 25 

seconds. 
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For the reaction constants k were taken the values 

measured by Postema (ref. 4.21.) and the calculated 

values of F are given in table 4.3. 

TABLE 4.3 

F (%). Percentages of conversion 

Temperature 
oe 

k (sec-1 ) t=0.2 t=1 t=5 t=15 t=25 

500 0.0035 2 0.1 0.3 1.7 5 .1 8.4 

543 0.0224 0.4 2.2 10.6 28.5 4 2. 9 

567 0.0548 1.1 5.3 24.0 56.0 74.6 

590 0.1146 2. 3 10.8 43.6 82.2 94.3 

609 0.1982 3.9 18.0 62.9 94.9 99.3 

727 4.4* 58.5 98.8 100 100 100 

770 9.0x 83,5 100 100 100 100 

850 54* 100 100 100 100 100 

!t These values are obtained by extrapolation of the 

Arrhenius plot. 

From t his table it i s obv ious that s econdary cracking 

can be neglected for residence tirnes smaller than 1 

second at temperatures of the pyrolysis mixture lower 

than 600°C. For larger residence times and higher 

temperatures a considerable part of the prirnary pyro

lysis products will be dec omposed further, especially 

whe n bot h c riteria are e x ceede d. 

In the pyrolysis of polymers the rupture of honds 

causes a conversion into volatile products. To make 

an estimation of the maximum allowable amount of 

sample and residence times of these products in the 

reaction zone, it is nece ssary to know the volume of 

the product mixture . A F ID does not detect pyrolysis 
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products such as hydrogen, carbon monoxide, carbon 

dioxide etc. In out set-up, pyrolysis products charac

terized by retentien indices higher than say 1300-140~ 

are not considered because they are trapped by conden

satien before entering the chromatograph. Therefore a 

complete analysis of all pyrolysis products is im

possible and the volume of the pyrolysis mixture can

not be calculated. 

To get an impression of the product volume we consider 

the complete conversion of natura! rubber into its 

monoroer isoprene at a pyrolysis temperature of about 

600°C. The volume of the isoprene would be about 

1000 times the volume of the solid polymer. This volume 

increase is two tó three times too high because of the 

absolute carriergas pressure of 2-3 atm in the reacto~. 
I 

In the calculations of maximum allowable sample amount 

and mean residence times a value of 1000 will be used. 

The reaction zone of the reactor has a volume of 16 mm3 . 

If the volume of the volatile product mixture is re

quired to be equal or less than the reaction zone volume, 

the maximum volume of polymer sample which is allowed, 

is 16.10-3 mm 3 , or assuming a density of the polymer 

equal to 1000 kg/m3 a maximum amount of 16.10- 6 g. 

Because of the carrier gas pressure larger samples can 

be taken. Much larger samples however will give a gas 

the volume of which not only exceeds the reaction vo

lume but even the volume of the thin part of the 

reactor. As the consequence the volatile pyrolysis 

mixture may be expected to be blown out partly into 

the broader part of the reactor causing a broad in

jection peak. 

The effect of sample size on the standard deviation 

of the input function was measured by cracking samples 

of natura! ruhber in the reactor and coupling it withl 
I 

a short piece of heated capillary tubing directly to 

the detector. The pyrolysis products were swept into 

the detector with astreamof nitrogen of 1 cm3/min, 

a value which is used also in pyrolysis experiments 
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with the reactor coupled to the analytica! column. The 

detector signa! was written on a potentiometric recor

der and the peak surface was determined with an elec

tronic integrator. In fig. 4.8. and fig. 4.9. the in

jection functions of two polymer samples are shown. 

According to fig. 4.8. the minimum standard deviation 
-6 was 0.5 sec corresponding to a sample amount of 5.10 g. 

For a much larger sample a peculiar injection function 

fig. 4.9. was obtained. 

The peak is tailing due to backflush of the products 

in the broader part of the reactor. A quantitative 

picture of the effect of sample sizes on the standard 

deviation of the corresponding injection peaks was 

obtained by measuring the diameter of the samples to 

be cracked, with the aid of a microscope and the 

corresponding standard deviatión by dividing the peak 

fig. 4.9. fig. 4.8. 

5 sec. 

H 
detector 

signa! 

1 
I 

5 .sec. 

H 

-time (sec.) 

fig. 4.8. and 4.9. Typical injection peaks obtained 

by pyrolysis of little and large sample 

amounts .in the pyrolysis reactor coupled 

directly to the flame ionisation detector. 

93 



surface by the peak height. The results of these 

measurements areplottetin fig. 4.10. It may be 

concluded that the standard deviation of the injection 

peak is almost constant for polymer particles varying 

from 0.1 to 0.4 mm diameter, which corresponds to 

sample weight of 0.5. 10-6 g to 32. 10-6 g, assuming 

a density of 1 g/cm3 for the polymer and a spherical 

form of the polymer particles. 

fig. 4.10. 
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fig. 4.10. Diagram showing the broadness of the 

injection peak in dependenee of the 

diameter of the pyrolyzed polymer 

partiele when the reactor is coupled 

directly to the detector. 
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As shown in fig. 4.8. a standard deviation of 0.5 sec 

was measured for the direct injection of pyrolysis 

products into the detector. An impression of the 

broadness of the injection peak may also be obtained 

from the length in time (tRP) of the plug of reaction 

products. In the case the volume of the reaction products 

does not exceed the reaction volume of the reactor, 

this value of tRP can be calculated by dividing the 

reaction volume of the reactor by the flowrate through 

this reactor. In this way a value of tRP = 1 sec ~s 

obtai~ed. The lower value of the standard deviation 

of 0.5 sec can be explained by the injection procedure. 

Pushing the sample into the reaction zone increases 

the pressure inside the reactor causing a higher 

carriergas velocity, a lower residence time and cor

respondingly a lower standard deviation. When the 

reactor is coupled to the analytical capillary column 

a pressure of 2 àtm is necessary to obtain a carrier

gas velocity of 1 cm 3/min at 1 atm and the influence 

of the injection procedure will be lower. In pyrolysis 

experiments a value of 1 second for the standard devi

ation will be a better estimate than the value of 0.5 

sec, measured under idealized conditions. 

In table 4.4. several examples are given which eluci

date the potentialities of three reactor types depen

dent on carriergas flowrate, sample amount and reaction 

volume. From this table may be obtained an impression 

of the fraction of primary pyrolysis products which 

reacts further in depence of residence time and tempe

rature. The standard deviations of the injection or 

input functions are compared with the maximum allow

able standard deviations as given by Cramers (ref. 

4.22.) for two column types in use for this kind of 

analysis. 

In this way it is indicated which reactor can be coupled 

directly to certain separation columns. 
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The standard deviation of the input function is cal

culated according to the equation: 

0 
= Volume of reaction products 

volumetrie flowrate 

The mean residence time of the reaction products is 

calculated according to the equation: 

T 
0.5 volume of the reaction zone 
volumetrie flowrate 

In several of the examples the volume of the reaction 

products exceeds the volume of the reaction zone con

siderably (examples 4, 5, 9, 10 and 13). As was de

monstrated in fig. 4.9. a major part of the gaseous 

primary pyrolysis products will flush back and the 

mean residence time may have a value up to two times 

higher depending on the extent of back flushing. 

The values of F obtained for filament reactors and 

high frequency induction reactors may be lower than J 

given in the table because inside these reactor types 

the temperature profile is imhomogeneous (a hot-wire 

or spiral enclosed by relatively cold walls (see fig. , 

4.4a.) and only a part of the primary pyrolysis pro

duc ts will reach the temperature of the hot-wire. Th~ 

products near the cold wall will not decompose furthe'r 

and these products can be considered to have left theJ 

reaction zone. 

From the table 4.4. it is obvious that all types of 

reactors can be coupled with packed columns, except 

whe n a low flowrate is combined with a high sample 

amount (example 9). Capillary columns of 0.25 mm can 

be coupled directly without streams splitter only to 

reactors of low reaction volume, using small sample 

size (example 3, 6 and 7). 

Secondary reactions can be avoided almest completely 

by application of low reaction zone temperature and 

low residence time, i .e . high carriergas flowrates in 

96 



c 
0 ..... c 

Q) Q) .jJ 8 
1--1 1--1 fll Q) ::l 

Q) Q) Q) ::l ::l .... u Q) c c .-I 
c c c Ul Ul :> c c c 0 3 0 

TABLE 4 .4·. ""0 0 0 .j.JU) .j.JU) Q) 0 Q) 0 Q) ..... u 
0 N N N fll Q) Ul fll Q) '0 ..... 0 '0 N 1--i Ul .-I 

"" "" "" Ul ~ 1--1 fll 1--1 .jJ ..... ::l 1--1 0 :>.. 
1--1 c 0 c 0 c o· ..... p. b>QJP. 'OU~': Ul IO:.j.J Q) u 1--1 

Q) Q) 0 0 0 Ul Q) 1--i.j.J 1--1 Q) 0 Q) 0 fll :> fll 
.-I ..., ..... ..c: ..... Q) ..... Q).j.J Q) :>..1--1.--1 QJ<ll.--1 f"d "ïl·r-1 1--1 .... . .... 1--1 c '0 .-I 
p. Q).j.J .j..).j.J 3t .-I c 3 .-I ;:lol ..... 1--1 fll 'OC.j.J .j.JQ) 0 Q) .-I 

~ ~g b>U P.::l O.j..)~ 1--1 ;3: 8 c ..... u c Q) UP. u ..><: ..... 
c fll .-lol ~ 0 .-I 1--1 x 1--1 0 1--1 fll c fll 8 ~@ 

~ u p. 
x .,..j <!) Q) <!) 0 Q) 

Ul ~ 0 :>..·.-1 0 f{j.--1 0 ..., ... ::l Q) ..... fll fll 
r>l '0 1--1 .-Ilo-i :> 1--1 :> P.8C u"" c UlO'~-< 8.j.J 1--i.j.J "' p. u 

No. 3 cm 3 cm 3 /min oe % cm cm cm mg. sec sec 

1 oven 1 2 116 2 2 30 4 116 609 27 + + 

2 oven 011 2 01016 0101 0101 30 0103 0102 609 013 + + 
with stream 
splitter 

3 oven 011 2 01016 0101 0101 1 1 015 609 911 + + 

4 oven 011 2 01016 011 011 1 6 015-110 609 9-18 + 

5 oven 011 2 01016 011 011 1 6 015-110 727 80-100 + 

High 
6 frequency 0112 2 01022 0101 0101 1 1132 017 59o** 714 + + 

Induction 

7 reactor 0112 2 01022 0101 0101 1 1132 017 770* 100 + + 

8 filament 015 015 011 0101 0101 1 6 3 609 40 + 
9 filament 015 015 011 1 1 1 60 3-6 727 100 

10 filament 0 15 015 0 11 1 1 30 2 011-012 609 2-4 + + with stream 
splitter 

11 filament 015 015 011 0 101 0101 30 012 0 11 727 36 + + with stream 
splitter 

12 filament 015 015 011 0101 0 101 30 012 011 770 59 + + 
with stream 
splitter 

13 filament 015 015 011 1 1 30 2 011-012 850 99 + + 
with stream 
splitter 

* Curie temperature of iron 

**curie temperature of Ni/Fe. 



the reactor. Combination wi th a capillary colWlm is riow 

only possible by application of a stream splitter (ex

ample 2, 10, 11, 12 and 13). 

From these examples it is clear that our ovenreactor 

can be coupled without split to a capillary column. 

However a fraction of 9% of the primary pyrolysis 

products may be thermally decomposed further. 

4.4. INTEGRATED PYROLYSIS-GASCHROMATOGRAPH WITH DATA 

HANDLING SYSTEM. 

The integrated pyrolysis gaschromatograph, sample 

handling and data handling will be described by refe~ 

rence to a scheme.given in fig. 4.11. It consists of:! 

Pyrolysis reactor with measuring and cantreling in

struments for carriergas pressure and oven temperatur,e, 

gaschromatograph with cantreling system for detector 

air and hydragen and for the sub ambient cooling 

system and data-processing system. 

4.4.1. The reactor. 

The pyrolysis reactor which has been described earlier 

in this chapter is directly coupled to the entrance 

of the capillary column._ Pressures at the reactor inlet 

and at the column inlet are kept constant at a value 

of 2.22 atm + 0.01 ~:m by means of a Negretti and Zambra 

pressure controller and are measured with a manometer! 

which allows pressure reading with an accuracy of 0.061 

atm. The carriergas flow through the reactor and the 

column was about 1 ml/min at NTP. As was pointed out 

in chapter 3 precise constant flow control is not 

feasible. The gasflow is measured by means of a U-tubF 

manometer filled with silicone oil which shows the 

pressure drop during flow over a capillary resistance .. 
' This manometer also signalizes immediately any appear~ 

ing leaks and partial or total obstructions in the system 

through which the carriergas flows. The decrease in 

carriergas flow due to temperature programming could 
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be detected with the U-tube manometer. Especially tiny 

leaks were difficult to detect by the normally used 

soaping method as the part of the system inquestion was 

kept at a temperature of about 150°C to prevent condensa

tion of components having retention indices less than 

1300-1400. 

The needle valves before and after the U-tube manometer 

were used to control the carrier gas flow through thb 

manometer during pressurizing the reactor. 
I 

The introduetion o~ the sample in the cold part of tne 

injector asks for a procedure described as follows: 

- The needLe vaLve v2 is cLosed. 

-Turn the turnabLe part no. 10 (fig. 4.5.) of the 

plunger one turn to the left. This opens the 0-ring 

seal (part no. 9) and the carriergas preesure fallf 

of. Open needle valve in such a way that nitrogen is 

vented to atmosphere thus preventing air oxygen to 

enter the reactor. [ 

- The s ampL e tube (part no. 11) and needle (part no. 4) 

now aan be pulled out of the injector and a sample, 

aan be fitted upon th e needle. 1 

The sample tube is pushed into the injector in such 

a way that the point of the needle is in a positio7 

J cm befare the beginning of the hot oven zone. 

- Part no. 10 of the plunger is turned to the right. 

This closes the 0-ring seal and fixes the sample t Jbe. 
I 

The needle valve v2 is opened further sLowly by which 

the reactor is pressurized and the column flow stal 

bilizes gradually. This aan be chequed by reading ~ he 

U-tube manometer. 

After 15 minutes the sample tube is pushed quickly 

into the injector. The needle is now in the middle 

of the hot reaction zone of the oven. 

The sample is cracked now and the gaseous mixture ~s 

transported through a short heated conneetion capil

lary to the entrance of the capillary column. 
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4.4.2. Chromatographic system. 

The gas chromatograph used throughout the whole in

vestigation was the Perkin Elmer model 226. 

This instrument is especially adophed for use with 

capillary columns and temperature programming makes 

it suitable for analysis of complex mixtures having a 

wide boiling-point range (see chapter 3). The sensitive 

flame ionisation detector combined with the injection 

without streamsplitting allows the application of sample 

sizes of 10-9 g. In practice sample sizes down to 10- 6 g 

were used. In this way the use of an attenuation setting 

of the FID-amplifier of say 1000 is possible. Baseline 

drift due to temperature programming and instability 

of the baseline due to noise are negligible. 

The pyrolysis mixture is separated on a stainless steel 

capillary column of 100 m length and an inner diameter 

of 0.25 mm which was coated with the apolar stationary 

fase silicon oil Embaphase of May and Baker. In most 

cases, the program started with an isothermal part at 20°C 

varying in time up to 15 minutes. The program rate was 

chosen 2.1°C/min for almost all experiments. In many 

cases an isothermal period of 170°C was added the length 

of which depended of t~e presence of high-boiling com

pounds. 

Operatien at column oven temperature below 50°c appeared 

to be unsatisfactory because of pooL temperature control 

in this temperature region. 

Moreover the temperature of the laboratory was sometimes 

higher than 20°C. In order to improve the setting of the 

initial temperature a cooling with air mixed with liquid 

nitrogen has been installed. In this way the apparatus 

was undercooled and the initial temperature was reached 

by the heating system of the chromatograph which is 

more precise than reaching this temperature by the air 

cooling system built in the commercial version of the 

chromatograph. This way of cooling also shortened the 

time between two subsequent experiments from 25 minutes 

to about 5 minutes. 
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The column was capable of separation of the mixture 

be twe en retentien index values of 100 and 1300. Detec

tion was possible in the same range except for water 

and permanent gases. 

4.4.3. Column preparation. 

I 
The column was coated according to the procedure known 

as the plug method, in which a plug o f 10% of the 

column length of a 10% silicone oil solution in hexane 

(no b e nzene!) is pressed by nitrogen pressure at con

stan t speed through the column. When the f i rst drop 

of stationary phase solution appears .at the end of the 

column the nitrogen pressure is decreased to prevent 

a too high nitrogen gas flow blowing out the thin filb 

of stationary phase salution on the inner wall of the 

capillary. After excess of solvent is removed by a low 

nitroge n flow the temperature is raised slowly to 60°C 

to remove all solvent. This results in a thin layer o~ 

stationary phase on the innerwall of the column. Aftet 

removing tra ces of low molecular volatiles by heating l 

the column with a temperature program of 0.4° C/ min from 

60 to 190°C and keeping the column at this temperatur~ 
for one night, a stable column is ob tained. 

This column has a life of about 1 year in whic h retentien 

times and separation power gradually decrease to a po~nt 
I 

at which the c o lumn has to be cleaned and rec oated. Thi s 
I 

procedure proved to give satisfactory results. I 

In the Zi terature af ten benzene in propos ed as a soZvent 

for s tationar y phases of the siZicone type. In foZZowi ng this 

augge s tien t he obta ined coZumn showed very poor separ ation 

power and t he ques tion arose what the in fZuence of the 

soZvent on t he re suZting Zayer of stati onar y phase on 

t he waZZ of t h e coZ umn couZd be. The inn er surface of 

t he coZumn was i mitated by a st ain Zess steeZ cyZinder 

t he b ase of which was tu r ned on a Zathe in such wa y 

t ha t the fZat side showed ve r y Zi t tZe grooves compa r abZe 

t o th e grooves originating fr om dr awing o f the capiZZary . 
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On the flat grooved surfaae a.few drops of the siliaone 

oil solution were applied in a thin layer. A striking 

differenae in the behaviour of the siliaone oil solution 

layers wae observed. From the siliaone oil solution in 

n-hexane the solvent evaporated leaving a smooth sili

cone oil layer on the grooved surfaae of the aylinder. 

From the siliaone oil solution in benzene, however, the 

solvent evaporated leaving tiny drops of siliaone oil 

on the surfaae. Appliaation of surfaae aativa aompounds 

like alkaterge T did not give any impravement in this 

respeat. 

The use of this test aan be an indiaation to whiah extent 

some aoating solution will result in a proper aoating. 

The neaessity to reaoat a aolumn several times, before 

a good stationary phase film is obtained, thus will be 

avoided. This is speaial of interest for siliaone-gum 

aoatings whiah are notoriously diffiault stationary 

phases to apply. 

Reaently a more detailed investigation has been started 

by Rutten (ref. 4.28.) dealing with the phenomena of sur

faae tension in aonneation with optimal aoating proce

dures for aapillary aolumns. 

4.4.4. DETECTION AND ELECTRONIC INTEGRATION SYSTEM. 

The separated components of the pyrolysis mixture are 

detected by measuring changes in the electric conduc

tivity of a hydrogen flame (Flame ionisation detector) 

in which the compounds are burned. 

This destructive behaviour and the insensitivity of 

this detector for hydrogen, carbonmonoxide and carbon

deoxide are the main drawbacks. In almost all pyrolysis 

mixtures the last three compounds are present. 

The current changes in the FID result in voltage changes 

over a very high resistance. An electrometer amplifier, 

its function being best described as that of an impe

dance convertor, allows the voltage changes to be roea

sured and registered by a potentiometer recorder and an 

integrator. 
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Besides the visual display in the form of a chromate

gram the obtained peaks can be processed in a digital 

electronic integrator which converts the analog result 

of the chromatogram to a list of peak retentien times 

and peak areas. 

Graphical or mechanica! procedures for accurate and 

reproducible determination of peak areas appear to be 

unsatisfactory. 

The dynamic range of electronic integrators is orders 

of magnitude larger than potentiometric recorders. There

fore with electronic integrators changes in attennation 

settings are not necessary. The instrument may run . unat

tendedly. At the end of the chromatogram the peak. areas 

are added and division of individual peak areas by the 

obtained sum gives the area percentage of every peak. 

These relative data are used throughout the investigation. 

4.5. SAMPLE PREPARATION. 

The polymer under investigation may be present in any 

form e.g. in granules, in a foliate form, fibre, powder 

or in solution. From the point of view of sample pre

paration use of solutions is straightforward because 

thin films of polymer samples can be coated on a 

sample carrier. It h as been shown that this fine distri

bution of the sample over a relative large sample cartier 
I 

surface can give a maximum of valuable information ab9ut 

the pyrolysis mixture and thus about the sample invol~ed. 
I 

Application of diluted polymer solutions with the aid 

of injection syringes enables quantitative handling of 

very little amounts of sample. The main difficulty with 

a thin polymer film is the remova l of the solvent from 

this film. Complete removal of traces of solvent has 

been proved possible only in vacuum ovens. Although 

in this way sample preparatien becomes cumhersome it 

must be stressed that the homogeneity of the samples 

is ensured better than with other techniques. 

Some polymer forms can be used as such e .g. thin sheets, 
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fibres and powders. Several polyrners however are cross

linked and cannot be brought into solution without 

severing bonds. 

Polymers in the form of pieces can be reduced in size 

by one of the following procedures in which the sample 

is made millable by cooling it in liquid nitrogen under 

the glass-transition point. 

In this way it was tried to grind samples in equipment 

normally used for such purposes such as a mortar, a 

coffeegrinder and other mills. However it appeared that 

with a clean cocled file much better results were obtain

ed in a simpler way. The first three methods asked for 

rather large amounts of sample and a wide partiele size 

distribution was obtained. With a cocled file it was 

even possible to grind samples of sticky polyisobutene 

to a sample diameter of less than 0.1 mm. In this way 

a small sample yields a large amount of particles of 

a fairly narrow partiele size distribution. 

After grinding the sample in this way the file is placed 

for thirty minutes in a dessiccator to prevent the pre

eipitatien of moisture on the file and sample particles 

while they are heated up to room temperature. Under a 

microscope with measuring occular the desired amount 

of particles of a specified sample size can be picked 

up from the file with a pair of tweezers and fixed to 

the sample carrier. 
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CHAPTER 5. 

IDENTIFICATION OF POLYMERS AND OTHER LARGE MOLECULES 

WITH THE AID OF PYROLYSIS GAS CHROMATOGRAPHY. 

("FINGERPRINTING. ") 

5.1. INTRODUCTION. 

Pyrolysis gas chromatography of polymers and other organic 

substances has found widespread use, especially in the 

confirmatien or negation of the identity of two or more 

samples. 

Advantages of the method are primarily speed and the rela

tive simplicity of the instrumentation. In certain cases 

the extremely smal! amounts of sample required may be con

sidered as an additional advantage. In many cases a simple 

pyrolysis reactor coupled to a gas chromatograph with a 

packed column yields sufficient information to distin

guish between samples. In this way PGC has been used as a 

routine method for polymers (ref. 5.1., 5.2., 5.3., 5.4., 

5.5., 5.6., and 5.7.). In biochemistry the pyrolysis 

of little amounts of amino-acids and peptides is recognized 

as a technique for obtaining the characteristical data 

of egg and other protein bodies (ref. 5.8., 5.9., 5.10., 

and 5.11.) ~ Tooth enamel has been pyrolyzed by dentists 

as a procedure in determining the causes of decay (ref. 

5. 12.) . 

Micro organisms which may cause diseases have been posi

tively identified by pyrolysis and in this way the method 

is of value in cernbatting outbreaks of virulent diseases 

(ref. 5.13. and 5.14.). 

In a similar manner pyrolysis will be used as a method for 

life detection in space exploration projects (ref. 5.15.). 

The "fingerprints" of a large variety of drugs, polymers, 

paints, peisons and human hair can be used in crimina! 

evidence before a court in the U.S.A. (ref. 5.16.). 

In the petroleum industry pyrolysis is used for differen

tiating between crudes, asphalts and asphalt sands 

(ref. 5. 17.) . 
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In some cases however it has proven necessary to use more 

sophisticated separation techniques to differentiate 

between samples of close resemblance. 

Voigt (ref. 5.18.) could not distinguish between poly~ 

ethylene samples made according to the high and low pres

sure process because the c olumns used had too low sepa

ration power to detect the smal! differences in the pyro

lysis mixtures. Wyga (ref. 5.19.) and Van Schooten (ref. 

5.6.) however could differentiate between several typ~s of 

polyethylenes and even make an estimation of the degr~e 
of branching, by hydragenation of the pyrolysis products 

in a micro reactor between the pyrolysis oven and the : 

column. Deur-Siftar (ref. 5.1.) was able to calculate the 

degree of branching by an accurate analysis of all pyro

lysis products with retention index values between 100 

and 600. The obtained quantitative data on branching and 

density calculated from the latter were in good agree6ent 

with the results obtained by other methods. 

Groten (re f . 5 .3.) wa s able to see sig ni f icant difference s 
between atactic and isotactic polypropylene samples. I 
Noffz (ref. 5 . 20.) improved on Groten's work. He used: a 

temperatureprogrammed reactor of the high frequency i~duc

tion type (chapter 4.) which was coupledtoa column of 

high resolution. Eluting peaks were identified by mass 

s p ectromet ry. Dia s ter e o isomerie alkenes could be sepa

rated and ide ntified. I n this way diffe r e nces in ste ric 

arrangement of the methylgroups in the three types ofl 

polypropylene could be detected and explained. 

5. 2 . I DENT I FI CATION OF RUBBERL I KE POLYMERS. 

Out of the l a rge amount s of pyrolysis e x p e riments with the 

isothermal pyrolysis reactor described in chapter 4, ,some 

examples will be taken in whic h we used pyrolysis for the 

purpose of identification of elastomers. In table 5.1. a 

list of the investigated polymers is given. 

Ra the r than discussing t his table in det ail, we will con

fine ourselves to t hos e cases where differen t iation was 

di f ficult or even non conclusive. 
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The pyrolysis chromatograms of the ethylene-propylene co po-

lymers are shown in fig. 5 .1. and fig. 5. 2. At first sight 

almast no significant differences could be detected. A 

closer investigation however showeçl. differences in the 

relative peak are as of peaks no. 21, 22, 23, 25 and 26 

shown in table 5. 2 . 
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TABLE 5.1. 

Natura! Rubber (Crèpe) 

Polyisoprene (Natsyn 200) 

Polyisobutylene (Vistanex L 120) 

Butyl rubber (Enjay 268) 

Polychlorobutyl (MD 551) 

Ethylene-propylene rubber (EPR P3l2) 

Monomer • 
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98% isobutylene 

2% isoprene. 

98% isobutylene 

2% chloroisobutylene. 

fig. 5. 3. 

fig. 5.8. 

fig. 5.9. 

fig. 5.10. 

fig. 5.1. 



7. 

8. 

9. 

Ethylene-propylene 

terpolymer 

polybutadiene 

Styrene-butadiene

rubber ( SBR) 

(EPT 707) 

(budene 50 1) 

CH2=~H 
CH

3 

CH 2=cH 2 

CH2=~H 
CH

3 

CH 2=CH-CH=CH
2 

(Cariflex 51500) CH
2

=CH-CH=CH
2 

GR-S 

CH=CH
2 é 

10. Butadiene-acrylonitrile (Krynac 800) 

rubber (NBR) 

CH
2

=CH-CH=CH 2 

11. Polychloroprene 

12. Chlorosulfonated 

polyethylene 

..... 
w 

13. Polyurethane 

(Neoprene WRT) 

(Hypalon 40) 

(Dal toflex) 

CH
2

=CH-CE:N 

CH 2=CH-~ =CH 2 
Cl 

CH2=~ H 

so
2
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fig. 5.2. 

fig. 5.4. 

fig. 5.6. 

fig. 5. 7. 

fig. 5. 5. 
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Table 5. 2. 

Peak No. EPT 707 EPR. P312 

21 l. 43 1.27 

22 0.97 0.24 

23 1.09 0.80 

24 0.81 0. 3 4 ~ 

25 0.36 0.38 

26 0.42 0. 36 , 
! 

These differences were reproducible and thus enabled to 

conclude to the non-identity of the two copolymers. 
i 

From table 5.2. it is clear that the differences in the 

chromatograms are most significant for the peaks no. 22 

and no. 24. One can see from the chromatograms that peaks 

no. 22 and no. 23 are not completely separated. Peak no. 24 

is situated fairly close to peaks no. 25 and no. 26. Use 

of packed columns in this case would have caused a l~ss 

of separation and therefore a loss of much of the infor

mation about peaks no. 22 and no. 24. This stresses again 
i . 

the need for good separation techniques even when PGÇ 1s 

used for identification of polymers. 

A comparison between the pyrolysis chromatograms of ~atural 

and synthetic linear isoprenes showed little differehce. 

In table 7.3. a quantitative analysis of the pyrolysis 

products is given. Only the amounts of monoroer and diroer 

(Limonene) differ considerably making differentiation 

possible. However elementary analysis is a better method 

here because of the nitrogen content of natural rubbèr. 

It was easy to differentiate between the poly soprenes and 

the other two polydienes viz. polybutadiene and polyT 

chloroprene because of the different position of the mono

roers in the pyrolysis chromatograms, as shown in fig. 5.3., 

fig. 5.4. and fig. 5.5. 

From the three butadiene containing samples (sample no. 8, 

9 and 10) it was easy to distinguish SBR fig. 5.6. (~o. 9) 

from polybutadiene fig. 5.4. (no. 8) and NBR fig. 5.?. 

(no. 10). Differentiation between polybutadiene and buta-
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fig. 5.3. Pyrolysis chromatagram of 

natura! rubber (crèpe) 

fig. 5.4. Pyrolysis chromatagram of 

polybutadiene (Budene 501) 

fig. 5.5. Pyrolysis chromatagram of 

polychloroprene (Neoprene WRT) 

Isöprene-

Butadiene...._ 

- ~ A A • JChloroprene. ~ j 

Lil .... .... 



diene acrylonitrile rubber was more difficult as there was 

only one little extra peak identified as acrylonitrile. 

Polybutadiene and butadiene-acrylonitrile were also studied 

by Madorsky (ref. 5.21.). In the analysis of the pyrolysis 

products no compounds characteristic of acrylonitrile 

showed up due to repolymerization of the pyrolysis products, 

in the time between pyrolysis and mass spectrometry. As 

the pyrolysis reactor is coupled on line with the gas

chromatograph, the injection of the pyrolysis mixture in 

our experiments takes place immediately after pyrolysis. 

Moreover the products are diluted immediately by carrier 

gas. For these reasons there is less chance for repoly

merization and a smal! peak, characteristic of polyacryloni

trile, is present. 

Differentiation between butadiene and isobutylene polymers 

asks fora good separation of their monomers, otherwise 

one for the other might be mistaken. 

Three polymers and copolymers of isobuty1ene (sample no. 3, 

4 and 5) at first sight could not be differentiated by 

pyrolysis gaschromatography because the pyrolysis mixtures 

of all three samples had almost the same composition . The 

reasons that differentiation of these polymers almost 

failed, were: 

1. The amounts of isoprene and chloroisobutylene are low. 

2. Isoprene is also present in the degration mixture of 

polyisobutylene which makes the detection of an additio

nal low amount of isoprene in the copolymer very diffi

cult. In chapter 6 it will be shown however that there 

is a smal! difference in isoprene content between the 

two polymers. This even made a quantitative determi~ 

nation of the isoprene co ntent of butylrubbers possible. 

3. Chlorine containing po1ymers tend to split off hydro

chloric acid before further depolymerization of the 

chain to low-boiling compounds occurs and also these 

are essentially the same as those of polyisobutylene. 
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fig. 5.6. Pyrolysis chromatogram of 

styrene-butadiene rubber (Cariflex 

S 1500 GR-S) 

Styrene 

fig. 5.7. Pyrolysis chromatogram of butadiene

acrylonitrile rubber (Krynac 800) 

fig. 5.11. Pyrolysis chromatogram of chlorosulfonated 

polyethylene (Hypalon 40). 

fig. 5.12. Pyrolysis chromatogram of 

polyurethane (DALTOFLEX). 

,Cyclopentanone 

Butadiene, 

Butadiene 
\ 

r..... 
..... 



isobutene + butene-l 

fig. 5.8. Pyrolysis chromatagram of 

polyisobutene (VISTANEX L 120). 

isobutene + butene-l 

fig. 5.9. Pyrolysis chromatagram of 

butylrubber (ENJAY 268). 

isoprene 

isobutene + butene-l 

fig. 5.10. Pyrolysis chromatagram of 

polychlorobutyl (MO 551). 
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Styrene-

Styrene-

Styrene 

fig. 5.13. Pyrolysis chromatagram of polystyrene. 

L-----~ L--------~------~--------~----~~~--------~ 

fig. 5.14. Pyrolysis chromatagram of the copolymer 

of styrene and acrylonitrile (1,47% 

acrylonitrile). 

Acrylonitrile 
' 

fig. 5 . 15. Pyrolysis chromatagram of the copolymers 

of styrene and acrylonitrile 

(18.38% acrylonitrile). 

Acrylonitrile, 

fig. 5.16. Pyrolysis chromatagram of polyacrylonitrile. 

Acry~------~·ui~--------~ 
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In the pyrolysis chromatogram of the polyurethane Daltoflex 

(fig. 5.12.) a typical broad peak (cyclopentanone) 

appeared which is a pyrolysis product of the adipate group, 

adicip acid being one of the main materials used in the 

synthesis of many polyurethanes. 

From the pyrolysis of these samples it is obvious that 

pyrolysis gaschromatography may serve as a tool for t~e 

characterization of a large variety of synthetic rubbers. 

Sometime the differences are found in details which might 

disappear when separation is poor. 

5.3. IDENTIFICATION OF STYRENE-ACRYLONITRILE COPOLYMERS. 

In order to improve chemica! resistance, erazing resistance, 

weatherability and impact strength, styrene is copolymerized 

with acrylonitrile. Because the amount of acrylonitrile 

within certain limits determines the extent of the improve

ment of the properties mentioned a quantitative estimation 

of acrylonitrile in its copolymer with styrene certainly 

would be useful. It was already known that polyac ryloni

trile was a "difficult" polymer because on heating, the 

polymer tends to stabilize by cyclization and the monomer 

and other pyrolysis products readily repolymerize partly 

to products which are not volatile enough for gaschromato

graphic analysis. Further a standard plot for a qualitative 

determination of acrylonitrile in its copolymer was avai

lable from Lebel (ref. 6.8.) and forthese reasens it 

seemed interesting to compare our results with the 

standard plot mentioned. 

Pyrolysis experiments were done with the pure homopolymers 

and with 2 copolymers with 1.47% and 18.38% acrylonitrile 

respectively. The four chromatograms (fig. 5.13., 5.14., 

5.15. and 5.16.) show that differentiation is possible, 

even for acrylonitrile content as low as 1.47%. It should 

be observed that the quantitive results did not fit at all 

with the resu1ts by Lebel. From our results and the . re

sults of Lebel it can be concluded that comparison of 

PGC-results from different laboratories is disappointing. 

Much work leading to agreements about reactor type and 
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analytica! conditions appears to be more necessary than 

discussions and descriptions of new refinements in PGC 

condi,tions. 

5. 4. PYROLYSIS OF COMP",UNDS USED AS STATIONARY PHASES IN 

GAS CHRO~ffiTOGRAPHY. 

Polymers and other non-volatile organic liquids used as 

stationary phases, can be characterized by a given spectrum 

of retentien data for standard compounds as was suggested 

by Berezkin (ref. 5.24.) and Walraven (ref. 5.25.). 

Changes of the stationary phase might thus be detected by 

changes in the obtained "spectrum". It seemed useful, 

however, to investigate the possibility of characterization 

of stationary phases by pyrolysis-gas chromatography. 

It is wel! known that after some time the separation capa

city of a gaschromatographic column may change. Evaporation 

of the stationary phase e.g. may cause a decrease in sepa

ration and an increase in the tailing of peaks; oxidation 

of the stationary phase changes the retentien behaviour 

due to changes in polarity. Also condensation of high 

boiling compounds in the column may cause changes in the 

measured retentien parameters. Capillary columns are rather 

sensitive in this respect because of the low amount of 

stationary phase present in this column type. Because of 

the high sensitivity and the smal! amount of sample 

necessary for obtaining a pyrolysis chromatogram this method 

seemed wel! suited to characterize changes in stationary 

phases by cernparing the pyrolysis products of a used statio

nary phase with the original one. The method might be used 

for other purposes as wel! e.g. as a check on the cleani

ness of the walls of a new or old capillary column before 

coating it. For this application a separation column is 

superf luous and the reactor can be coupled directly to the 

sensitive flame ionisation detector. 17 of the most used 

stationary phases were pyrolyzed (table 5. 3 .). 
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Silicone oil Embaphase. 

Silicone rubber SE-30. 

Silicone rubber OV-1. 

Octadecene -1. 

Apiezon. L. 

Squalane. 

Benzyl-diphenyl. 

PEG 400. 

PEG 4000. 

Table 5.3. 

Polypropyleneglycol Ucon 50LB550X. 

PEG 4000 dioleate. 

Carbowax 4000- monostearate. 

PEG - succinate. 

Triereasyl Phosphate. 

Dimethyl sulfolane. 

STAP. 

Polyphenylether. 

From the obtained pyro1ysis data it could be concluded 
I 

that even large differences in molecular weight of p9lymers 

and some crosslinking do not cause qualitative changes in 

the pyrolysis products and effect only little changes in 

the quantitative product distribution. Therefore dif~eren

tiation based on pyrolysis data between the methyl silicones 

Embaphase and SE 30 and between PEG 400 and PEG 4000 was 

not very reliable. On the other hand the data given by 

Walraven (ref. 5.25.) are much more sensitive for diffe

rentiation of polyethyleneglycols of different molecular 

weight. 
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CHAPTER 6. 

QUANTITATIVE PGC. 

6.1. INTRODUCTION. 

A review of successful applications of pyrolysis gas 

chromatography as a quantitative tool in polymer analysis 

is given by Levy (ref. 6.1.). Quantitative determinations 

can be made in homopolymers, polymer mixtures and copo

lymers. For copolymers a further subdivision in random 

copolymers, blockpolymers and graft polymers appears 

desirable. 

An example of quantitative application in polymers, given 

by Deur-Siftar (ref. 6.2.) is the determination of micro

structural properties such as degree of branching, cristal

linity in polyethylene, whereas Groten (ref. 6.4.) and 

Noffz (ref. 6.5.) used PGC for the estimation of the degree 

of stereoregularity of polypropylene. 

Pyrolysis gas chromatography is widely used for the assay 

of the composition of copolymers and of mixtures. A list 

of copolymers in which pyrolysis found application for this 

purpose was given as early as 1965 by Brauer (ref. 6.6.). 

In many cases the appearance of monoroers or other charac

teristic peaks and a suitable calibration with standards 

is the basis of these determinations. Measuring of peak 

areas or peak heights of sample·s of known weight can be 

used for fairly large samples. For smal! soluble samples 

( < 10- 5 g) the cumhersome task of weighing the samples can 

be avoided by application of diluted solutions of the sample 

with the aid of a syringe. 

In most cases the concentratien of the component in question 

in the copolymer or mixture is in the range of 10-90% and 

in this range a relative precision of 1-3% can be obtained. 

The calibration procedures are fairly easy for mixtures and 

for copolymers of the block and graft type. For this pur

pose homogeneaus mixtures of the constituents must be made 

in various monomer ratios. Each mixture is pyrolized ánd 

the peak areas and heights of compounds typical for the 

constituents are measured. The pyrolysis is repeated seve-
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ral times for every component ratio to improve accuracy 

and to avoid deviations due to inhomogeneous samples ·. 

The relative peak areas or heights are plotted against 

the composition; in this way the results become indepen

dent of smal! varations in sample size. It can be 

expected that the standard plots made for polymer mi~tures 

are applicable also for bleek polymers and graft polYmers 

and this expectation has been shown to be true for several 

polymers by Bombough (ref. 6.2.) and Voigt (ref. 6.7 ; l. 

RPHS 

t 

----~.-.. % Styrene 

fig. 6.1. Standard plot by Lebel (ref. 6.8.) for the 

quantitative analysis of styrene in mixtures 

of polystyrene and polyacrylonitrile (a) a~d 
I 

in copolymers of styrene and acrylonitrile (b) 

by measurement of RPHS 

peak height of styrene 
peak height of styrene + peak height of acrylonitrile 
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For the determination of monomer ratio in random copolymers 

standard samples must be also available. For the preparatien 

of these standard samples we have been in the fortunate 

position to be able to cooperate ~ith a few laboratories 

for polymer research. Thus mainly standard samples are 

prepared close to the desired composition which often may be 

determined independently by chemical analysis, infra-red 

analysis, elementary analysis, N.M.R., Neutron activatien 

analysis, a.o. 

In fig. 6.1. a typical example is shown of a standard plot 

for the determination of styrene and acrylonitrïle in 

styrene-acrylonitrile copo1ymers and mixtures as given by 

Lebel (ref. 6.8.). 

The most striking phenomenon in this p1o:t is the absence 

or very low concentratien of styrene in the pyrolysis 

products of copolymers in the range of 0-25% styrene. 

Moreover it appears that no linearity exixts between the 

content of styrene in the pyrolytic product and the compo

sitions of the mixture of both homopolymers. 

This result can be interpreted by typical differences in 

the degradation reactions of polystyrene and polyacryloni

trile. Polystyrene decomposes mainly according to the unzip

ping mechanism resulting in fairly large amounts of monomer. 

Polyacrylonitrile decomposes more according to a random 

decomposition process resulting in monomer and other pro

ducts. 

In the copolymers of low styrene content every styrene unit 

will be surrounded from both sides by segments of s everal 

acryloni trile units and therefoï:e unzipping is not possible. 

Decomposi tion of these segme!'ts takes place in a random 

way typical for polyacrylonitrile leaving a unit which is 

not necessarily a styrene unit. 

In the decomposition of the styrene segments in copolymers 

of high styrene content each acrylonitrile unit is between 

segments of styrene units. The styrene segments "unzip" 

to monomer, leaving a free acrylonitrile unit . In this way 

the acrylonitrile will be present in the pyrolysis mix ture 
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as monoroer resulting in a higher amount of acrylonitrile 

in the products of copolymers of low acrylonitrile content. 

From this it can be concluded that in this copolymer the 

degradation mechanism of the constituent of the higher 

concentratien predominates. It is obvious that the standard 

plot for mixtures differs considerably from the plot for 

random copolymers. This can be explained by one of th$ 

degradation reactions taking place in polyacrylonitrile 

as described in chapter 2. In this reaction (eqn. 2.13.) 

a stabilization of the linear polymer to a ladderlike 

structure by cyclization occurs. From this equation i f is 

clear that cyclization only can occur when the series ' of 

acrylonitrile units is sufficiently large and not inter

rupted by styrene units. In the mixtures of polystyrene 

and acrylonitrile the chains are not interrupted, in the 

copolymers however the chain is interrupted more or less 

regularly. 
I 

For these reasons the amount of acrylonitrile must be l lower 

for the copolymers in comparison with the mixtu res. o1 : 
expressed in another way: in a polymer mixture more acryloni-

trile must be present than in a copolymer to give the same 

amount of acrylonitrile in the pyrolysis chromatogram. In 

table 6.1. the percentages of acrylonitrile are given for 

copolymers and mixtures for several values of the rel~tive 

peak h e ight of acrylo nitrile RPHA. The s e data are take n 

from the plots in fig. 6.1. 

In table 6.1. also the ratio of the two given percentages 

is given and it appears from these data that this ratio 

is almost constant in the given concentratien ranges . i 
I 

This indicates tha t the in f luence of cyclization in the 

mixture is almost constant and independent of c oncen

tratien which supports the proposed mechanism. 

The behaviour given in the example of the styrene-acrylo

nitrile copolymer is an exception to the main rule which 

says that the amounts of monoroer liberated from mixtures 

are higher than the a mounts from r a ndom copo lymers. 

The no rma l behaviour we f ound whe n s t udying the possi~ility 
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TABLE 6 .l. 

% acrylonitrile in 

RPHA Copolymers. Mixtures. Ratio B/A. 

A. B. 

0.9 52 93 1.8 

0.8 37 82 2.2 

0.7 26 68 2.6 

0.6 18 48 2.7 

0.5 12 27 2.2 

0.4 7 14 2.0 

0.3 4.5 8 1.8 

RPHA 12eak hei~ht of acrylonitrile (ACN) 
peak height of ACN + peak height of styrene 

of the quantitative determination of natural rubber (NR) 

in a mixture with butyl rubber (BR) and of the determina

tion of the isoprene content of butylrubbers. 

6.2. QUANTITATIVE ESTIMATIUN OF NR IN MIXTURES WITH BR. 

Mixtures of 0.4 and 1.2 mol% of NR with BR were made at the 

laboratories of the Kunststoffen and Rubber Institute TNO 

at Delft. Samples of these mixtures of about l0- 5g were 

pyrolyzed and the peak heights of isoprene (typical for 

NR) and 2 methyl-I-butene (typical for polyisobutylene) 

were measured from the obtained chromatograms. From these 

results the peak height of isoprene relative to the peak 

height of 2-methyl-1-butene was calculated (RPHI). 

A standard plot for these mixtures was set up for the low 

concentrations of NR mentioned. 

Each point of the plot was obtained as the average of three 

analyses. In fig. 6.2. the standard pldt for the mixtures 

is given. (plot A) 

In the linear plot drawn through the obtained points, some 

scattering of the points may be observed, which may be due 

to inhomogeneity of the small samples. The point of inter-
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section for a 0.0% NR content at a relative peak height 

of 0.88 indicates a fairly high isoprene yield of the BR 

i tself. 

Nevertheless it may be concluded that a quantitative deter

mination of amounts lower than even 1~% of NR in BR is 

possible. 

6.3. QUANTITATIVE DETERMINATION OF ISOPRENE IN BUTYLRUBBER. 

In chapter 5 the identification of synthetic and natura! 

rubberlike polymers was described. At first it appeared 

that it was impossible to differentiate between the polymer 

polyisobutylene and its copolymer with isoprene (butyl 

rubber). Upon closer investigation however it was shown 

that differences between the pure polyrner and butyl ~ubber 
' could be detected by comparison of the ratios of isoprene 

and 2 methylbutene-l in bath polymers. The amount of iso-

prene in butylrubber is an important quantity because iso

prene introduces into polyisobutylene unsaturation and thus the 

possibility of curing and influences the curing velocity. 

The isoprene content of butyl rubbers varies from 0 to 3% 

and this raises the question of the possibility of a quan

titative measurement o f isoprene in butylrubbers. 

In a s imilar manne r as for mixtures a s tandard plot was 

set up. For this purpose three samples were available' viz: 

Polysar 100, Polysar 301 and Polysar 402, containing 

0.7 mol%, 1.6 mol% and 2.2 mol% isoprene respectively,, 

according to d a ta given by the manufacturer. The samp;les 

were applie d as spheres of about 0.25 mm diameter, c or

r e sponding 'to a samp l e a mount of about l0-5g. Th is samp le 

farm was obtained by the "cooled file method" as described 

in chapter 4. 

For the three isoprene c oncentrations in butylrubber, the 

peak heights of isoprene relative to the peak heights of 

2-me thylbutene-l (c haracteristic for po lyisobut ylene) are 

plo tte d in fig. 6 .2 .(plot B) 
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fig. 6.2. Standard plot for the quantitative analysis 

of NR (expressed in mol % isoprenel in mix

tures with butylrubber by measurement of 

relative peak heights (RPHI) in pyrolysis 

chromatograms (Plot A). 

Standard plot for the quantitative analysis 

of the isoprene content in butylrubbers by 

measurement of relative peak heights RPHI 

in pyrolysis chromatograms (plot B) . 

From the plot it can be concluded that even in a low range 

of concentratien the determination of isoprene in butyl

rubber is possible. It seems that for the low concentratien 

range this plot is almost linear. 

A comparison of the two plots shows that an amount of iso

prene present as natura! rubber in a mixture with butyl

rubber gives higher amounts of isoprene than in the copo

lymer, expressed by the more steep slope of the plot for 

mixtures. 
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With the aid of the standard plot for butylrubber the iso

prene content of two butylrubbers of different origin was 

investigated. 

Table 6.2. shows the results of these analyses in compa

rison with data given by the manufacturer. 

TABLE 6.2. 

Isoprene content in mol % 

Butylrubber type. Found by P.G.C. According to data by 
the manufacturer. 

ENJAY 035 1.02 0.6-1.0 

ENJAY 217 1.65 1.5-2.0 

The relative standard deviation for the quantitative lmea

surements necessary to set up the standard plot for Jutyl-
1 

rubber was better than 10%. The relative standard deviation 

of each of the three points in this standard plot, which 

were obtained as the average of 5 or 6 measurements, 

appeared to be ' better than 4%. 

To investigate the point of intersectien for butylrubber 

containing no isoprene, and to extend this standard plot 

for concentrations lower than 0.7% isoprene a sample iof 

polyisobutylene was analyzed. The experiments with the 

Polysar samples were repeated and some measures were taken 

to try to improve the accuracy: 

1. The samples were applied as small spheres and in ~he 

form of solutions. The accuracy of the results from 

solutions did not improve, in several cases it even 

decreased. Therefore we did see no reason to discontinue 

the solid sample experiments. 

2. The number of analys.es for each point was increased to 

7-10. 

3. Peak areas were measured insteadof peak heights. 

4. Fluctuations in sample size were kept smaller. 

5. Separation was improved by a fresh capillary colUrnn. 
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fig. 6.3. Standard plot for the quantitative analysis 

of the isoprene content in butylrubbers by 

measurement of relative peak areas (RPAI) 

in pyrolysis chromatograrns. 

Fig. 6.3. shows the standard plot resulting from these 

experirnents. 

In this plot three phenornena are fairly striking viz: 

1. The plot appears to be not exactly linear. 

2. The plot fits better to the obtained points. 

3. Polyisobutylene yields also a fairly high amount of 

isoprene which explains the initia! difficulties of 

differentiating butylrubber and polyisobutylene. 

The measures to increase accuracy improved the relative 

standard deviation of the quantitative measurements to 

a constant value of 6% and the relative standard deviation 

of the points of the plot to a constant value of 2%. 

Sumrnarizing the described experiments it appears: 

The quantitative determination of isoprene in mixtures and 

copolymers with polyisobutylene has been shown to be 

possible by choosing good analytica! conditions. 
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The obtained accuracy as expressed by a relative standard 

deviation of 6% as such seems not very striking. 

In judging these results however, the following facts and 

unfavourable conditions must be kept in mind: 

1. The existing chemical qualitative and quantitative 

tests for natural rubber in mixtures With butylrubber 

and for isoprene in butylrubber all fail when the 

isoprene content is lower than 10-20%. Also by I.R. 

analysis differences between polyisobutylene and butyl

rubber cannot be detected. 

2. The concentratien range in which these ~easurements 

have been done, is substantially lower than in most 

copolymers analysed until now. 

3 . The monoroer isoprene is also present in fairly lar~e 

amounts in the pyrolysis products of polyisobutylene. 

As advantage of the described technique can be con- J 

sidered the low sample amounts required, the easy sample 

preparatien and the short analysis time (20 min). 
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CHAPTER 7. 

PYROLYSIS OF HEAT RESISTANT LADDER POLYMERS. 

7.1. INTRODUCTION. 

The experiments so far have been confined to pyro

lysis of polymers consisting of linear chains. For 

most of these polymers pyrolysis can be considered as 

a cleavage of covalent carbon-carbon bonds. In some 

cases the chains contain double bonds or atoms other 

than carbon; in some cases the chain is branched 

giving rise to sites at which thermal cleavage takes 

place preferably. Some polymers of this type can be 

more or less cross-linked resulting in stiffer pro

ducts. Within the class of linear polymers polytetra

fluorethylene is the most stable. Recently however 

a class of polymers has been developed or is in the 

development stage, which show considerably higher 

thermal stability than the linear polymers. The in

corporation of more heat resistant aromatic rings 

into the polymer chains lowers the amount of the 

relatively weak carbon- carbon covalent honds and at 

the same time increases rigidity due to the geometri

cal form of the units. Besides this, a polymer chain 

can also be stiffened and made more refractory by 

the addition of bulky side chains to the molecule, 

by the induction of cross-links between the chains 

and by increasing cristallinity in the polymers mole

cule. In table 7.1. some examples (ref. 7.13.) are 

given of high temperature resistant polymers in which 

the amount of covalent carbon-carbon honds is dimi

nished considerably resulting in high thermal stabi

lity. The covalent carbon-carbon bonds still left, 

present however sites at which the chain preferably 

will break by thermal atack. 

In the development stage work has been done to syn

thesize polymers in which all carbon-carbon covalent 
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TABLE 7 .1. 

POLVloiER 

POL YBENZIMIDAZOLE 

POL YBENZOTHIAZOLE 

POLYBENZOXAZOLE 

POLYIMIDE 

POL YOXADIAZOLE 

POL YPHENYLTRIAZOLE 

POL YQUINOXALINE 

POL YTHIADIAZOLE 
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MELTING POINT. IN AIR 
(DEGREES CELSIUS) 

690' 

600' 

600' 

Above 460° 

Above 480° 

Above sooe 

Above 460' 

WEIGHT LOSS IN AIR 

Moderate. up to 560° 

Moderat~. up to 670° 

Moderate, up to 600° 

Moderate, up to 460° 

Begin a t~ loee weight at 426° 

Moderate, upto 600° • 
Retaina 80 percent of ite weight 
at 800° in nitrogen. 

Moderate, up to 800° . 



bonds are completely absent. (See fig. 7.1.). In this 

figure polyimidazopyrolone is shown, consisting of 

chains of aromatic and heterocyclic molecule rings 

joined such that bonds between some atoms are rungs 

and other bonds form the sides of a rigid ladderlike 

fig. 7.1. Structure of a heat resistant "ladder" 

polymer Polyimidazopyrolone containing 

aromatic and heterocyclic rings. 

fig. 7.2. Examples of the severing of bonds of ladder 

polymers by thermal attack. 
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structure. Polymers of this structure are also called 

ladder polymers. This structure is very rigid and 

heat resistant because each reach ring is joined 

to the next ring at two points instead of at just 

one and the ladder cannot be broken simply by severing 

a single bond or even by severing two honds as is 

shown in fig. 7.2. a, band c. To severe the ladder 

molecule completely it would be necessary to cut 

both sides between the samepair of rungs (fig. 7.2.d). 

In the case of single breaks or breaks between diffe

rent pairs of rungs (fig. 7 . 2.b, c) it is probable 

that the molecule will repair itself (self healing) 

since the rigid structure holds both sides of the 

break in near proximity. 

It is regretted that no memher of this promising cla~s 

of polymers was available. However we had available a 

type of polymers that may be conceived as to consist 

of an appreciable amount of ladderlike elements, 

probably connected to each other by a pe rcentage of 

linear segments. 

These polymers are built up from conjugated dienes 

as butadiene, isoprene and chloroprene. The polymeri - , 

zation of these monoroers yields cyclopolymers con-

taining few linear unsaturated segments but having 

structure s consisting predominantly of f used cyc lic 

rings. 

I 

The cyclo polymerization of alkadienes is promoted by 

catalysts (Ziegler catalysts, Grignard reagent etc. 

ref. 7 .1. to 7. 6.) . 

A description of the various proposed reaction meeha

nisros is given by Gaylord , KÖssler, Matyska and Mach 

(ref. 7.7.). In this p a pe r are described also the 

reactions with aromatic solvents and cyclohexene which 

lead to the incorporations of these solvents into 

the polymer. Both reactions lead to highly branched 

cyclopolymers in which a perhydro-anthracene or the 

less probable perhydro -phenanthrene struc ture pre

domina t es . 
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Several of the structural el~ents mentioned could be 

confirmed by infra-red analysis e.g. the presence 

of linear unsaturated segments and of methyl groups 

in cyclobutadiene as well as excessive methyl groups 

in cyclopolyisoprene. Further confirmatien was found 

by u-v spectrometric analysis and by mass~spectro

metric analysis of a mixture of low-molecular-weight 

polymers by Matyska e.a. (ref. 7.8.). They showed 

that in the rnass-spectrum only peaks were present in 

which toluene was incorporated in the chains ends. 

It was impossible however to establish by infra-red 

spectroscopy whether the polymer is of the perhydro 

anthracene or perhydro phenanthrene structure. 

Dvorák (ref. 7.9.) showed that the oxidation of cyclo

polydienes at elevated temperatures differs conside

rably from the oxidation of linear single chain poly

dienes by measurements of the absorbed amount of 

óxygen and of the release of acidic products by elec

trical conductivity measurements and infra-red spectros

copy. It proved impossible to propose a complete mecha

nism of the oxidation because the reaction-products 

could not be identified by the methods used. It could 

be shown however that polymers in which the cyclic 

segments end in double bonds (polymers prepared in 

heptane or carbontetrachloride) are less resistant 

to oxidation than those whose cyclic segements end 

in phenyl groups (polymers prepared ·in aromatic sol

vents) . Large differences in heat resistance and 

density of the linear and cyclopolydienes were observ

ed by Gaylord e.a. (ref. 7.2.) and are summarized in 

table 7.2. 

Upon heating the white insoluble powdered cyclo poly

diene samples inside an open capillary tube show no 

visible change untill a sudden melting is observed. This 

change is irreversible since the material remains liquid 

af ter cooling to room temperature. The. infra-red spectrum 

of the sample after heating to 350°C in vacuum indicates 

only minor changes in the range of C=C vibrations and 
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TABLE 7. 2. 

Polymer 

Hevea rubber 

Cyclopolyisoprene 

Cyclopolybutadiene 

poly butadiene 

Cyclopolychloroprene 

Decompositon range 

oe. 

370-388 

405-413 

422 

the presence of a new weak band at 1620 cm- 1 

Density 

g/cm3 

0.92 

1.082 

0.966 

0 .9!0 

Upon heating for 1 hour at 525°C in vacuum the polyrcier 

partially decomposes and methane and hydrogen could be 

identified. The only change in the infra-red spectr~ 

however was a slight increase in the intensity of t~e 
1620 cm- 1 band. 

The content of cyclic segments was also determined by 

infra-red speetrometry (ref. 7.5., 7.6. and 7.14.). ! 

This was performed indirectly by measurement of the amount 

of linear parts in cyclopolyisoprene. 

However because of the lack of reliable model substances 

natura! rubber was taken for this purpose and the a\Jsorp

tion coefficient of natura! rubber was used. As the ' value 

of the absorption coefficient of natura! rubber was high 

the content of linear segments was estimated low an9 conse

quently the amount of cyclic segments was estimated high. 

It can be concluded that there are few true analytital 

methods for the elucidation of structure of polymers 

Pyrolysis followed by gaschromatographic analysis of 

the . resulting mixture was expected to contribute toi the 

solution of the structure of cyclopolydienes. The aha

lysis of the pyrolysis mixture was performed, qualitatively 

and quantitatively, as described in chapter 3. 

140 



7.2. CYCLOPOLYBUTADIENES • DISCUSSION OF PYROLYSIS 

PRODUCT DISTRIBUTION. 

Two samples of cyclopolybutadiene and a sample of normal 

linear polybutadiene were pyrolized. The two cyclopolymers 

differed in the degree of cyclyzation (ref. 7.10.). sample 

F 122 and F 128 having a high and low degree of cycly

zation respectively. 

The results of the analysis of the pyrolysis products 

are given in table 7.3. 

Comparing these results with the pyrolysis products of 

cyclopolyisoprene and cyclopolychloroprene the relatively 

high butadiene concentration is striking. 

The results in table 7.3. show that an increasing con

centration of butadiene in the pyrolysis mixture points 

to an increasing amount of linear segments in the polymer 

and to a lower degree of cyclyzation, as might be expected. 

Also the concentrations of trans and cis 2 butene point 

to this direction. 

A striking feature in all pyrolysis products is the high 

concentrations of aromatic hydrocarbons as benzene, tolueen 

and xylenes and the total absence of cycl.ohexenes. 

Two explanations of the high concentration of aromatic 

compounds can be considered : 

1. Thermal cleavage and dehydrogenation of hydraaromatic 

structural units. The aromatic compounds in the pyro

lysis products can be thought to be originated from 

the condensed cyclohexane units as follows. 

@) 
XXX) 

Benzene 
~~I 
~ metaxylene 

\ I 

\ I 

~~I 
~ paraxylene 

I I 

tol u ene 

orthoxylene 
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1 2 3 4 5 6 7 8 9 10 11 

1. methane 6.30 4. 96 4.04 3.61 2.73 8.18 8.32 7.34 

2. Ethylene 9.16 6.49 7.40 3.13 3.10 4.97 4.23 4.73 

3. Ethane 4.84 4.55 3.30 1. 40 1.14 2.92 2.32 2.76 

4. propylene + propane 8.44 6.90 6.31 3.34 3.37 6.21 6.86 5.98 

5. 

7 . 1-Bute ne + 2-methyl-propylene 3.38 3.02 4.04 2.12 2.30 4.40 6.59 5.00 

8. butadiene 3.83 8.42 19.39 0.86 0.73 1.17 1.05 1.57 

9. n-butane 0.74 

10. trans -2- butene 1. 00 3.27 3.76 Q.68 0.41 1.01 0.88 1. 44 

11. cis -2- butene 0.76 2.90 2.68 0.49 0.32 0.77 0 .59 1. 06 

12. 3-methyl -1- butene 0.17 1. 24 1. 03 0.79 0.49 1. 52 0.90 

15. 1-pentene 1.10 1. 50 0.86 0.30 0.12 0.27 0.31 0.76 

16. 2-methyl -1~ butene 495.6 0.41 0.57 2 .74 2.26 1. 66 1.97 2.42 

2-methyr----== r --:-T=- butadiene ( isoprene) 5-04~ - ï---:-~ Ó.46 
.- - "---

T 7 . 0.4 8 12.46 19.49 3.55 4.46 4.79 

18. trans - 2- pentene 506.5 0.48 1. 30 1. 35 0.43 0.45 

19. cis -2- pentene 513.6 0.29 0.86 0.78 0.27 0.30 0 .21 

20. trans -1.3- pentadiene 518.0 0.31 0.46 2.28 4.36 4.21 2.53 3.30 3.00 

21. 520.9 0.95 2.05 0 . 76 0.54 0 .59 0.56 



1 2 3 4 5 6 7 8 9 10 11 

22 . 531.6 2.39 4.61 4.42 0.41 0.51 1.15 0.65 
30. 2-methyl -2- p e ntene 606.3 0.22 0.52 1. 98 1.83 0.66 1. 25 1.22 
31. 609.6 1. 06 0.40 0.44 
35. 620.1 0.38 1. 21 0.97 0.41 0.37 0. 71 
37. 632.3 0.36 0.51 1. 32 0.92 0.80 0.74 
38. 2.3.3. trimethyl -1- butene 635.9 1.09 1. 41 2.48 2.30 1. 76 1. 71 2.72 
39. 638.9 0.79 1.06 1. 33 1.17 1.07 0.91 
42. 650.3 1.11 0.70 0.82 0.66 0.66 0.59 
43. benzene 653.7 4.86 7.57 8 . 14 1.50 0.77 3.06 1. 76 2.46 
45. 699.1 1. 38 0 . 34 0.52 0.41 0.32 0.45 
53. 737.0 0 . 31 1.15 1.13 0.59 0.60 
56 . 746.7 0.47 0.92 0.89 0.62 0.48 
57 . 753.6 1.03 1. 01 0.58 0.55 
58. toluene 762.2 6 . 08 7 . 37 6.42 6.61 5.59 8.36 9.54 6.45 
60. 770.7 1.03 0.90 0.99 0.92 0.40 0.55 
63. 856.7 4.38 1. 84 0.89 0.58 1. 51 1.08 
64. paraxylene + metaxylene 866.2 7.96 1. 89 8.81 8.60 5.82 7.32 6.19 
66. Styrene 884.8 2.68 2.54 0.52 2.24 1.20 0.75 
67. Ortoxylene 890.9 5.01 2.31 2.14 1.08 3.09 2.26 2.87 
69. 957.1 0.54 0.30 3.15 2.23 1.48 1. 24 
70 . 959.6 0.70 0.94 1. 22 1. 34 
71. 964.4 4.08 l. 32 1.06 
75. 993.1 3.16 1. 77 4.52 5.71 3.35 5.22 1.90 
77. Limonene 1022.2 1.97 6.37 2.04 0.36 

78 . 1037.0 
79. 1043.3 
80. 1051.7 
81. 1074.7 



This explanation is very unlikely because this scheme 

asks for the rupture of four c-c bonds in this ladder 

polymer segment. 

Moreover the absence of cyclohexenes and methyl sub

stituded cyclohexenes cannot be explained according 

to this scheme. Also the presence of aromatic com- I 
pounds among pyrolytic proqucts of linear polybutal 

diene is not explained by this scheme and also ask~ 

for another explanation. I 
2. A secend scheme can be propored: 

The cyclopolydienes consist of bleeks of condensed 

cyclohexane rings connected to each ether by linear 

segments. In this structure the linear segments ar~ 

the weak links in which carbon-carbon bonds can be I 
breken fairly easily. The cyclic segments however 

do not break at all or only to a very small extent 

which explains the total absence of cyclohexenes. 

The thermal stability of cyclic segments is confirmed 

qualitatively by the higher thermal stability of the 

polymers in Which they are built in (ref. 7.2.). 

According to the secend scheme, after breaking of bonds 

in the linear parts of the polymer, the heat resistant 

cyclic segments are transported away from the reaction 

zone. Their residence time in the zone is too small to 

be cracked at all. The cyclic segments containing two 

ore more cyclic rings cannot be found in the pyrolysis 

mixture because they have too high boiling points and 

are not eluted from the column. 

This would mean that the crigin of the obtained pyro

lysis products is to be sought mainly in the linear 

parts of the po"lymer. 

In this way the small differences in the qualitative 

product distribution of the linear and cyclo polybuta

dienes can be better understood. 

A quantitative confirmatien of the thermal stability is 

possible also. An estimation can be made of the fraction 
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of the cyclic segments which may be expected to be ther

mally decomposed under the conditions of residence time 

and reaction temperature used in our experiments. 

Fabuss e.a. (ref. 7.15.) studied the pyrolysis of deca

hydronaphtalene which may be considered as a model of 

cyclic segments in cyclo polydienes. The authors re

viewed also older expe'rimental data. Thermal decompo

sition reactions in general obey a first order relation

ship and the fraction F which decomposes can be calcu-

lated from the equation for the first order rate const a nt k. 

1 
kt = 1n 1 _F (eq. 7 .1. l 

For the reaction time t is taken the value of the resi

dence time of 0.9 sec as calculated in example 3 of table 

4.4. (chapter 4). In table 7.4. are shown also values 

of F calculated for two larger residence times and for 

three values of the rate constant k at 610°C. 

Rate Constant k 
(sec.-1) 

10-4 

2.8 10-3 

8.3 10-3 

k 

TABLE 7.4. 

t=0 . 9 sec 

0.01 

0.25 

0.72 

F (%) 
t=10 sec 

0 .10 

2 .8 

8.0 

t=10 0 sec 

1. 0 

24.4 

56.4 

These v alues of k, taken from an Arrhenius plot by Fabuss 

show large scattering b e cause t he experimental conditions 

like reactor type and pressure differed considerably. 

From the calculated values of F however it is obvious 

that at 610°C much longer residence times than 0.9 sec 

are needed to crack a large part of the decahydronaph

talene e ven for t he largest v alue of the rate constant. 

Secondary c rac king of t h e cyclyzed s e gme nts there fore 
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may be expected to play only a minor role as well in 

contributing to the pyrolysis products of the cyclic 

segments. 

According to this pyrolysis scheme the formation of 

aromatics must be the result of secondary reactions 

of radicals and unsaturated fragments formed in the 

pyrolysis of the linear segments of the cyclopolybuta~ 

dienes and of the linear polybutadiene. 
I 

A similar cyclization reaction is known in the pyrolyl;;is 

of polyvinylchloride, polyvinylalcohol, polyvinylacethte 

and polyvinylpropionate which give large amounts of 

aromatic compoundsas shown in table 7.5. (ref. 7.10.) 

which can be explained according to the reaction. 

Cl Cl Cl Cl 
I I I I """ / 

CH2-CH-CH2-CH-CH2-CH-CH2-CH~~H=CH-CH=CH-CH=CH-CH=CH 

eH 

HC~ "'eH 
-....J.--t ... ~ I 11 

HC,/CH 

H 

+ 4 HCl. 

and other aromatic compounds. 

(See also eq. 2.10.) 

This reaction shows that linear segments containing 

conjugated double bonds easily give rise to the f or

mation of aromatic compounds. In the linear unsutu

rated segments of the primary pyrolysis products all 

conditions are fullfilled to explain cyclization to 

aromatic compounds. 

7.3. PYROLYSIS PRODUCTSOF CYCLO AND LINEAR POLYISO

PRENES. 

Cyclopolyisoprenes prepared by cationic polymerization 

with different catalysts and in different solvents 

gave almost identical chromatograms of the pyrolysis 

products. This shows that the cyclopolyisoprenes 

prepared under different conditions. possess identic al 

microstr ucture. 
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TABLE 7.5. 

FRAGMENT POLYVINYL-

FOrmula Constitution Alcohol Acetate Propionate Chloride 

C6H6 Benzene 

C2H402 Acetic Acid 

C7H8 Toluene 

C3H602 Propionic Acid 

C8Hl0 Ethylbenzene + xylenes - - -
C8H8 Styrene -
C6Hl0°3 Propionic Acid Anhydride 

C9Hl0 Alkylbenzene 
+ Methylstyrenes - - -

C9Hl0 Indane - - -
c

7
H

6
0 Benzaldehyde -

C9Hl0 Indene -
c10H12 Methylindane - - -
c

8
H

8
o Ace tophenene -

ClOHlO Methylindene - - --ClOHB Naphtalin 

Cll HlO Methylnaphtaline - - -
c12H10 Diphenyl - - -- - -cl3HlO Pluoren 

TABLE 7.5. The distribution of the pyrolysis productsof 

four linear vinylpolyrners shows the relatively 

large amounts of aromatic compounds. 

-
• 

--
• -
-
---
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Besides these high-molecular-weight cyclopolyiso

prenes two lowmolecular weight substances were stud

ied by pyrolysis gas chromatography. One of these 

substances (sample M300) was a brown oil containing 

a mixture of dimers, trimers and other eligomers 

may be up to 10 isoprene units. Besides pyrolysis 

direct gas chromatographic analysis of this mixture 

was tried on a siliconegum capillary column. These 

chromatograms showed the presence of peaks with 

retentien indices between 1000 and 1100 and between 

1500 and 1600, suggesting eligomers with 2 and 3 

isoprene units. Lack of reliable pure references 

prevented an exact identification of the dimers and 

trimers. 

The composition of the pyrolysis products of sample 

M 300 given in table 7.3. was almost the same as the 

composition obtained from the polyrners of a mole

cular weight of more than 100000. This demonstrates 

the mechanism of the decomposition o.f these low 

molecular weight compounds is the same as that of 

the cyclopolymers. This again means that the polyrner 

chains consist of segments formed by molecules of 

cyclo terpenic hydrocarbons connected by linear 

parts. The bonds connecting the cyclic segments are 

split first and in this way radicals are formed which 

are of the same type as the radicals forrned ir. pyro

lysis of the eligomers of isoprene. A second conclu

sion may be that the formation of low molecular weight 

eligomers is a process not very different from the 

mechanism of formation of high molecular weight 

cyclopolyisoprenes. The main difference may be in 

the rate of terminatien only i.e. during the poly

merization of isoprene catalyzed by sulfurie acid 

and tripenyl methylchloride (3:1) the formation 

of long chains is suppr~ssed or even stopped. 

A comparison of the pyrolysis products of the samples 

M 309, M 300 and two linear polyisoprenes viz. natura! 

rubber (white cr~pe) and synthetic polyisoprene 
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(Natsyn 200) can be made now with reference to table 7.3. 

This table shows that, qualitatively, also the linear 

polymers of isoprene give identical decomposition products 

as the cyclopolymers. The same was noted for the butadiene

polymers and the same explanation given there for poly

butadienes holds for polyisoprenes also. 

Differences between linear and cyclopolymers lie in 

the quantitative composition of the pyrolysis pro-

ducts only. The two investigated 1.4-cis-polyiso-

prenes liberate the monomer isoprene in appreciably 

larger amounts in comparison with all investigated 

cyclopblyisoprenes. The linear polymers give larger 

amounts of monomèr because in these polymers the 

bonds in S - position with respect to the double 

bonds are weakest. 

From this it can be concluded that double bonds are 

less frequently present in the cyclopolymers. Monomer 

formation cannot be expected from the cyclic seg

roents but can originate from the linear segments 

coupling the cyclic ones. This conclusion is strength

ened by the higher amounts of lower-boiling pyro

lysis products in the cyclopolymers (peak 1-12). The 

high amounts of aromatic compounds in linear and 

cyclopolyisoprenes can be explained in the same way 

as for the polybutadienes. 

7.4. SOME CONCLUSION ABOUT THE STRUCTURE OF POLY

CYCLODIENES OF BUTADIENE 1.3, ISOPRENE AND 

CHLOROPRENE. 

A comparison of pyrolysis products in table 7.3. 

shows that all polycyclodienes give the same pro

ducts in almost the same quantities. This indicates 

a similar degradation process and also a similar 

structure of these polymers, although the monomers 

and polymerization conditions vary considerably. 

The higher production of monomers in synthetic poly

isoprene (NATSYN) in compa rison with natura! rubber 
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(crèpe) may be due to traces of catalyst in this 
technical product which we did nat purify. 

From the camparisen of the amounts of methane in 

the pyrolysis products it can be concluded that 

cyclopolydienes give higher amounts of methane than 

the linear polydienes. For the polyisoprenes this 

can be explained by a lower stability of of angular 

methylgroups in linear chains. From the results of 

linear and cyclopolybutadienes it appears that· higher 

amounts of cyclic segments (and therefore lower 

amounts of lineé'.r chains) causes a higher production 

of methane. 

In 7.1 . we mentioned already that the amount of 

cyclic structures estimated by infra-red analysis 

might nat be reliable. From the relative peak areas 

of monoroer for cyclo polyisoprene and linear poly

isoprene an estimate about the amount of linear 

chains can be made. The mean value of the relative 

peak area of isoprene for 10 samples of cyclopoly

isoprene investigated was 4.5%. From the camparisen 

of ~his value with the value of 12.5% for natural 

rubber it may be concluded that the isoprene content 

in linear segments is nat lower than 35%. Recently 

high-resalution NMR analysis (ref. 7.11. and 7.16.) 

of cyclopolyisoprene samples showed that the content 

of cyclic segments is at most 50% and that these 

segments consist of 2-4 condensed rings. 

Also the higher production of propene in the pyro

lysis products of cyclopolyisoprene confirms the 

conclusion drawn in ref. 7.16. about the presence 

of isopropyl and isopropenyl groups in the cyclic 

segments. 

From the NMR analysis could be concluded also that in 

the cyclic segments besides perhydro-anthracene structures, 

also rings with 5 carbon-atoms, i.e. indanlike structures 

were present. Thus the heat resistant cyclic segments in 

cyclopolydienes show a structure which is similar in geo-
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metry to the heat resistant structure of polyimidazopyro

lone (fig. 7.1.). This analogy in geometry accounts for 

the heat resistance of the cyclopolydienes. 

It can be concluded also that in the interpretation 

of these results great caution in necessary, other

wise wrong conclusions about structure of the polymers 

under investigation are difficult to avoid. The 

large amount of aromatic compounds in the pyrolysis 

products of linear polydienes and cyclopolydienes 

at first was confusing and initially led to wrong 

conclusions. 

In the investigation of the structure of cyclopoly

dienes in comparison with linear polydienes, the 

real differences between these classes of polymers 

are larger than those suggested by the pyrolysis 

results. Some important structural elements may be 

hidden because they are thermostable. and are not 

eluted and thus not detectable by the analytica! 

system used. Especially in this case a~ analysis 

of the higher boiling compounds could have revealed 

more about the high-boiling thermo-resistant cyclic 

segments. An example of the opposite behaviour viz. 

an amplification of small structural differences 

of two polymers in their pyrolysis products has 

been given in chapter 1 (nylon 6 and nylon 6.6.). 

Sumarizing the structure of all polycyclodienes 

consists of heat resistant cyclic se~ents inter

connected by unsaturated linear parts which are less 

heat resistant. The pyrolysis product distribution 

reflects especially the linear parts of the polymers 

which essentially give rise to monoroer and low boiling 

products and to aromatic compounds. If any pyrolysis 

of the cyclic parts takes places this could not be 

detected because these products had too high boiling 

points. 
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A 
B 

b 

blo; 

LIST OF SYMBOLS. 

constant in equation 3.1. 

B~, A', B': constantsin eq. 3.10. 

heating rate of the temperature program of the 

GLC separation. 

Broadness of a peak at half height. 

concentratien of eluting substance in gaseous 

and liquid fase respectively. 

c1 , Cg= resistance to mass transfer in the liquid and 

gasphase respectively. 

C, D 

E 

F 

F c 

F z 

constants in eq. 3.14. 

activatien energie 

Fraction of reactant which is decomposed. 

volumetrie flowrate. 

factor defined according eq. 3.22. and eq. 3.23. 

H=HETP=height equivalent t o a theoretica! plate. 

I retentien index in isothermal GLC. x 

I~ retentien index in TP-GLC. x 

I" retentien index of a 1-alkene with z carbonatoms. z 

k rate constant. 

L length o f separation column. 

M variabie in eq. 3.15. 

n number of theoretica! plates per meter. 

pi pressure at column inlet. 

p
0 

pressure at column outlet. 

q heating rate of the sample carrier in a pyrolysis 

reactor . 

R 

r 

SEPN 

T 

g as constant. 

relative retention. 

standard effective peak number. 

temperature. 

temperature of column. 

starting tempera ture of the temperature program 

in GLC s eparation. 
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TE end or equilibrium temperature of a pulse mode 

reactor. 

TF final temperature of the temperature program 

in GLC separation. 

R 

TR Retentien temperature. 

Ts Characteristic temperature (see eh. 4.2.). 

TZ Trennzahl. 

Ti Temperature of isothermal reactor. 

t time. 

t, half decomposition time of polymers. 

tR retentien time in GLC. 
t

0 
retentien time of not retarded compound in GLC. 

t' adjusted or netto retentien time in GLC. 

t" and t" z z+1 retentientimes of bracketing 1-alkenes 

with z and z+1 carbonatoms respectively. 

u linear carriergas velocity. 

Vg Specific retentien volume. 

Wb broadness of the peak at the baseline. 

z number of carbonatoms. 

Z frequency factor. 

n viscosity of carriergas. 

o standard deviation of injection peak. 

0 temperature increase according to eq. 4.2. 

T residence time in the reaction zone of a 

pyrolysis reactor. 
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SUMMARY. 

In the last ten years PGC has gained acceptance as 

a tool in the analysis of polymers among other meth

ods used in this field. Although objections can he 

made against the thermal degradation of polymere for 

analytical purposes, many authors used the methad 

when other methods failed. 

From the many results obtained however it is obvious 

that agreement of pyrograms of one polymer obtained 

in different laboratories is disappointing. This 

is caused by the fact that the pyrograms are strongly 

influenced by factors of two types viz.: 

factors influencing the degradation process 

factors influencing the separation process. 

A too large number of reactortypes and methods of 

thermal degradation in combination with bad reaction 

conditions and too high sample amounts have almast 

caused the methad to fall into disrepute. 

The use of packed columns with relatively low sepa

rations is used for pattern recognition of polymers 

only. This "fingerprint" technique can give much 

more information when the higher separation power 

of capillary columns is used and still more when 

the eluting peaks are also identified. 

Application of programmed t e mperature gas chromato

graphy with these columns is desirable for the ana

lysis of the comple complex pyrolysis mixtures of 

fairly large boiling point range. The use of sensi

tive flame ionisation detectors makes small amounts 

of sample possible, even to such an extent that the 

samples had to be measured and handled under a micro

scope. Temperature-programmed separation in c r eases 

the speed of the analysis but makes the use of al

ready tabulated isothermal retentien data for peak 

identification impossible. 

This drawback and the absence of n-alkanes in the 

pyrolyzed mixture could be ever eome by the meas ur e

ment of a t ernperatur e programmed ret e ntien ind ex 
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based on 1-alkenes as referenc~ points. This metbod 

gives equal numerical results as the metbod proposed 

by van Dool and Kratz. The application of this ana

lytica! system asks for a narrow injection function 

which normally is obtained by a streamsplitter. We 

have achieved the direct coupling of a reactor of 

low internat volume to a capillary column (0.25 mm i.d.) 

without a streamsplitter when small sample amounts 

were used. 

An important factor in pyrolysis is the heating up rate 

and the reactiontemperature of the reactor and the po

lymer. The influence of these parameters upon the degra

dation of polymers and upon the probability of further 

degradation of primary pyrolysis products has been cal

culated for several types of reactors and polymers. 

After the investigation of optimum conditions the pyrd

lysis properties are demonstrated by using this reaction 

gaschromatographic arrangement for three purposes: 

1. ldentification of polymers with rubberlike 

properties. 

This proved to he successful for most samples. 

Distinction between related polymers often was 

possible due to the high resolving power of the 

analytica! system. The metbod is not sensitive for 

differences between polymers of different molecular 

weight (At least for two types of these polymers). 

This has the aduantage that the results of the 

identification are not influenced by the degree of 

polymerization. 

2. Quantitative analyses of the isoprene content in 

butylrubber and in mixtures of butylrubber and 

natura! rubber. 
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These have been achieved with a fairly high accuraicy, 

especially when it is taken into account that the 

concentrations were low and that all other methods 

fail. 



3. Structure elucidation by comparison of linear and 

cyclopolydienes. 

This was done in order to make an estimate of the 

amount of heat resistant ladderlike structures in 

several types of cyclopolydienes. From this in

vestigation can b~ concluded that no pyrolysis 

products typical for the cyclic structures could 

be detected because temperature and residence time 

in the reactor were too low and because these pro

ducts had too high boiling points to be eluted from 

the column. 

The second conclusion is that the amount of cyclic 

ladderlike structure is lower than was estimated 

before by I.R.-analysis. Recently this was con

firmed by NMR analysis of these polymers. 
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SAMENVATTING 

In het laatste decennium heeft pyrolyse gaschromato

graphie erkenning gekregen als een methode in de poly~ 

merenanalyse. Ondanks de bezwaren van thermische degra

datie van polymeren werd de methode door vele onder-

zoekers toegepast als andere a~alytische methoden 

faalden. 

Deze resultaten tonen echter ook aan dat overeenstemming 

van pyrogrammen van een polymeer afkomstig van ver

schillende laboratoria veel te wensen overlaat. De 

resultaten worden nl. sterk heinvloed door de twee 

volgende factoren: 

factoren die de thermische afbraak heinvloeden 

factoren die de scheiding van de producten beinvlo~den. 

Een zeer groot aantal typen reactoren en methoden van 

thermische degradatie, gecombineerd met slechte react f e

condities en grote monsterhoeveelheden hebben de methode 

een slechte naam bezorgd. 

Het gebruik van gepakte kolommen met een relatief laag 

scheidend vermogen is ervoor verantwoordelijk dat pyrp-
' lyse gaschromatographie meestal slechts wordt toegepast 

ter vergelijking van de analoge afbeeldingen typisch 

voor de polymeren. Deze ''fingerprint" techniek kan echter 

veel meer informatie verschaffen by toepassing van eep 

hoger scheidend vermogen. Door piekidentificatie komt 

nog meer informatie beschikbaar. Temperatuurprogram

mering van deze kolommen is gewenst voor de analyse van 

deze ingewikkelde mengsels met lang kooktraject. Een 

gevoelige vlamionisatiedetector vraagt dermate kleine 

monsters dat de meting en de manipulatie ervan onder 

een microscoop plaats vinden. De temperatuurprogrammering 

versnelt de analyse maar maakt het gebruik van getabel-
! 

leerde isotherme retentiegegevens voor piek identificatie 

onmogelijk. Mede daarom en wegens het ontbreken van nor

maal alkanen werden temperatuurgeprogrammeerde retentie

indices gemeten, gebaseerd op de I-alkenen als stan- I 
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daarden. Deze metingen gaven numeriek identieke resul

taten als de methode volgens van Dool en Kratz. 

Het gebruikte analytische systeem vereist een smalle 

injectiepiek, die meestal wordt verkregen door middel 

van een stromingsdeler. De directe koppeling van een 

reactor met klein dood volumen aan een capillaire kolom 

met een i.d. van 0,25 'mm gaf goede resultaten zonder 

stremingadeler by gebruik van kleine monsterhoeveel

heden. 

De opwarmingasnelheid en de reactietemperatuur van het 

polymeer bepalen in belangrijke mate het pyrolyse ver

loop; De invloed hiervan op primaire en secundaire kra

king werd voor enige reactoren en polymeren berekend. 

Na aldus de pyrolyse omstandigheden optimaal te hebben 

gekozen werden de eigenschappen van deze reactie gas

chromatografische opstelling als volgt gedemonstreerd: 

1. Identificatie van rubberachtige polymeren. 

Voor de meeste polymeren verliep deze identificatie 

zonder moeilijkheden. Het onderscheid van polymeren 

die in samenstelling op elkaar lijken was vaak 

slechts mogelijk dank zij het hoge beschikbare 

scheidende vermogen. De methode bleek ongevoelig 

voor verschillen in moleculair gewicht. Een voordeel 

daarvan is dat de identificatieresultaten dan ook 

niet door de polymerisatiegraad worden beinvloed. 

2. Kwantitative analyses van het isopreengehalte in 

butylrubber en in mengsels van naturrubber en 

butylrubber. 

Deze analyses vertoonden een redelijke nauwkeurig

heid, vooral als men daarbij rekening houdt dat de 

concentraties laag waren en dat andere methoden 

faalden. 

3. Structuuropheldering door vergelijking van lineare 

en cyclopolydienes. 

Een bepaling van het gehalte van hittebestendige 

laddervormige structuren in enkele typen cyclopoly-
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dienen leek wenselijk. Uit dit onderzoek mag ge

conclud~erd worden dat degradatieproducten typisch 

voor de cyclische "stukken" ontbreken omdat de 

verblijftijd en de temperatuur in de reac~or te liag 

waren; bovendien werden deze producten wegens de hoge 

kookpunten ervan niet uit de kolom geëlueerd. De 

tweede conclusie is dat de hoeveelheid ladder~orm ~ge 

structuren lager is dan de hoeveelheid die bepaald! 

werd met behulp van infra-rood analyse. Een recente 

NMR analyse bevestigde deze conclusie. 
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STELLINGEN: 

1 De degradatie van polymeren door UV straling en met 

behulp van lasers wordt sterk bepaald door. de 

absorptie-eigenschappen van het polymeer bij de 

toegepaste golflengte. Thermische degradatie van 

polymeren wordt meer bepaald door de thermische sta

biliteit van het polymeer. De invoering van beide 

eerstgenoemde methoden draagt niet bij tot een bete

re onderlinge overeenstemming va~ pyrogrammen van 

verschillende herkomst. 

Juvet R.S. e.o. Anal. Chem. 1 44 1 No. 1 

49-56 (1972). 

Fanter D.L. e.o. ibidem 

43-49 (1972). 

1 44 1 No. 1 

2 Het voorschrift (NEN 3382) voor de analyse van 

tabaksrook is wat betreft de nicotinebepaling 

al verouderd bij de publikatie ervan (maart 1972). 

3 Het gebruik van inverse gaschromatografie voor de 

karakterisering van polymeren stuit voor veel 

polymeren op praktische bezwaren. 

Berezkin V.G. e.a. Lh. Fiz. Khim 1 39, 

2001 (1965). 

4 De methode van de competitieve eiwitbinding zal 

in de naaste toekomst onvoldoende blijken voor de 

te verwachten vraag naar steroid analyses. 

5 De huidige maatschappij vraagt een steeds veran

derende opvoedings- en studieaanpak. De inspanning 

om deze veranderingen door te voeren zou meer 

vruchten afwerpen als deze inspanning gericht werd 

op de laagste leeftijdgroepen. 



6 De koordinerende invloed van ZWO op het weten

schappelijk onderzoek aan universiteiten en 

hogescholen dient vooral in vele gebieden van de 

natuurwetenschappen, belangrijk te worden uit

gebreid. 

7 De zozeer gewenste mobiliteit van wetenschappe

lijke medewerkers aan instituten van wetenschap

pelijk onderwijs, wordt al te vaak belemmerd door 

de sociale implikaties. 

8 Iedere poging tot afbakening van de grenzen tus

sen onderwijs en onderzoek in het wetens chappe

lijk onderwijs dient met klem te worden afgewezen. 

9 De huidige reiskostenverg oeding ( 11 ct. per km.) 

voor het gebruik van de fiets door rijksambte

naren dient te worden opgetrokken tot boven het 

niveau van onkostenvergoeding voor de auto. 

Reisbesluit 1971. 

Eindhoven, 2 mei 1972 P . M.G . van Stratum 




