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ABSTRACT

Pyrolysisis the technique for the breakdown of high mol wt substances into smaller components,
so that they can be separated and analysed by chromatographic techniques like Gas
chromatography. This technique offers various advantages like less sample requirement, easy
preparation and moreover easier reproducibility. Though the initial cost is high, its use is not
limited and follows varied applications which have been compiled in the paper.
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INTRODUCTION

Pyrolysis a technique that is used in the analgdidiological and synthetic polymers.In
pyrolysis, sample is heated up (mainly in vacuunmaorinert atmosphere) to decompose into
smaller units which are carried by a gas such d&rheto the next instrument for
characterization. Pyrolyzer is usually linked t&& which can further be connected to detectors
such as MS or FTIR [1]. Pyrolysis is ideally suitéat one stage combination with gas
chromatography. In pyrolysis-gas chromatographyG@)the fragments generated by pyrolysis
are passed through the GC for separation and faatiton. Different pyrolysis devices can be
directly connected to the gas chromatographic sysetem. Suitable gas chromatographic system
can resolve a pyrolysate mixture into a highly dpe@attern of peaks usually called a
pyrogram. For identification purposes Davison, 8laand Wragg applied gas chromatography
to analyse pyrolysate. Their work had significanportance in the development of PyGC since
it emphasized that the pattern of peaks in a pwragorovided a characteristic fingerprint which
could be used for identification of the originabstance [2].

The applications basically focus on structure deteation, qualitative and quantitative analysis

of low level additives in polymers and kineticstbérmal degradatiorPyGC is also useful in
Forensic areas like document analysis, classifinatind differentiation of photocopy toners and
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the analysis of inks. Analysis of biological macuetules like proteins, polysaccharides and
lipids in Food, petrochemical source and environmemone through PyGC. Paint, adhesives,
tapes, caulking, food packaging, rubber, plastitlé® paper, ink, coatings and a full range of
household and consumer products even are sucdgssialyzed usinyGC

Application

2.1 Polymer analysis

2.1.1 Sructure determination

Structure determination of the polymers by PyGQofe$ firstly structure determination for
copolymers through trimmers with the next step ¢paitnucture determination for homopolymers
through tetramers or high oligomers. The copolystencture or the monomer arrangement in
the polymer chain can be determined by the triaehsities that have been studied previously,
especially using &°C-nuclear magnetic resonance (NMR) technique. Ehiscept has been
adopted in PyGC study of the copolymer structufé® number average sequence length of a
monomer ‘A’ in an A—B copolymer chain can be defiasda , wheren equals the total number
of ‘A’ monomers in the polymer chain divided by ttegal number of blocks of monomer ‘A’.
The formula can be expressed as:

Na = Total number of ‘A’ Total blocks of ‘A" ... (1)

This definition and the formula associated with #@vé been used for polymer chain

characterization for a long time [3]. The total rhen of ‘A’ monomers can be expressed with
the triad terms as AAA+ (AAB+BAA) + BAB. The totadlumber of blocks can be expressed
with a triad term as (1 / 2) (AAB+BAA) +BAB. If theotal number of monomers ‘A’ and the

total number of blocks of ‘A’ can be expressed hssé triad terms, the number-average
sequence formula can be obtained based on the¢rnagd as follows

Na = (Naaa+ Naas + Baa + Neag) / (1/2Nang + Baa + Naas)

Ng = (NeeE+ NaABE + BBA + NABA) / (1/2NABE + BBA + NABA)

Based on the definition of the number average seguemgth, it is easy to derive the next two
formulas for the composition. The mole percentage e calculated from the number average
sequence length because, in a copolymer chairtptaenumber of block ‘A’ is either equal to
total number of block of ‘B’ or different by onehtis, the total number of blocks (either ‘A’ or
‘B”) will be cancelled in both numerator and denaoator, the mole percent of ‘A’ will be equal
to the total number of ‘A’ divided by the total nber of monomers in the copolymer which is
exactly the definition of mole percent. The composiformula in terms of the number-average
sequence length can be expressed as follows:

Mol % of A= nA/ (n/_\+ nB)
Mol % of B= nB/ (nA+ nB)

The study of the styrene and butyl acrylate copelyrmystem has demonstrated that the
statistical distribution of triad can be correlatedthe trimers obtained from PyGC. If all eight
trimers can be well resolved in the pyrogram alenth their peak area, the number average
sequence length as well as composition can belagddufrom these trimer peak intensities [4].
The trimers produced from pyrolysis of polymersmidd always exist as a component with three
monomer units bonded together. Sometimes, the itnmag go through a decomposition to lose
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certain easy to lose fragments to form more statepounds. An example is the vinyl chloride
and vinylidene chloride copolymer system [5].

In the structure determination method, the firstngxa is the stereo regularity study of
polystyrenes (PSs). PyGC MS was able to detectderdify diastereoisomers such as tetramers
and pentamers. The minimum requirement for a diagigomer is the inclusion of more than
two asymmetric carbons in the molecule. This mehas tetramers are the smallest possible
candidates. In order to allow quantitative intetatien of data, the PyGC method was calibrated
by a set of standards with known tacticity [6]. T$econd example is the determination of the
tacticity of various stereo regular poly(methyl heatrylate) (PMMA) which was done by
separating the associated diastereometric tetranrerthis study, stereoisomer with slightly
shorter retention times was also detected. Usiegcttmbination of two diastereoisomers, in
addition to other stereo isomers, the ratio ofedéht tacticity can be calculated. [7].

2.1.2 Qualitative and quantitative analysis

Recent development emphasises on the enhancedialeteicchemical species in the polymers
present in very low amount. The low amount of conomer or other additives which were
difficult to separate from the polymers may be ided by direct pyrolysis. In order to
effectively detect those chemical species, othehrtgjues along with pyrolysis can have added
advantages. Pyrolysis with a trapping scheme has developed in order to determine low level
acrylic acid and methacrylic acid in emulsion pogrmThe advantages of the trapping setup
involve the flexibility of trapping solvent seleatio sample accumulation and the option to
choose the separation technique after the traphiog. levels of acrylic acid and methacrylic
acid were gqualitatively detected in an emulsiornypar by this method [8].A similar technique
has been applied to determine the acryl amide menamthe emulsion polymer. The trapped
pyrolysate mixture was separated and identified IMS. Because many other low level
fragments elute at the same time, a single ion toong technique must be used to clearly catch
the peak. It has been demonstrated in this stuatytiie trapping technique is effective to detect
low levels monomers of the acryl amide and metHaoride in emulsion polymers [9].There is a
study of composition analysis of multicomponentylicrresins by PyGC. In this study, PyGC
was used to analyze the composition of ethyl ateyatyl methacrylate copolymers and ethyl
acrylate styrene ethyl methacrylate terpolymerse Tmaracteristic peaks of the pyrolysis
products, up to the pentamers, were almost conmyplstparated on the program [10].The
guantification of end groups in anionically polynmzed PMMA by PyGC has been studied and
molecular mass distribution was determined. Theradharistic fragments reflecting the end
groups on the pyrogram of the PMMA were identifigddomparison with those of a radically
polymerized PMMA together with the mass spectrahef characteristic peaks on the resulting
programs [11].

2.1.3 Kinetics of Thermal Degradation

Different types of polymers are continuously beipgrolyzed to investigate their thermal
behaviour and degradation mechanism under diffeémmperature conditions. In thermoplastic
polymers, sulphur containing polymers such as poigtienylene ether-sulfone) (PES) resin and
a polysulfone resin (PSR) were studied by PyGC wvitAame lonisation Detector, Flame
Photometric Detector and Mass Selective Detectiois $tudy was done to evaluate the kinetics
of Sulphur dioxide (S¢ formation from PES and PSR by sequential pyrsly$R].In thermo
set polymers, PyGC was applied to study the thebmbhaviour of some epoxy acrylic polymers
based on phenol and para alkyl substituted phéndle temperature range of 80-80(13].A
Curie-point PyGC has been applied to analyze tHanwe effects of stereo isomers of 2,4-
diphenylpentane (a styrene dimer) and other stymigomers [14]. PyGC has been used in
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kinetic measurements of PSs and PMMA to deduce theimal degradation mechanisms [15].
A thermocouple feedback-controlled resistive filateyprolyzer was used to study the kinetics
and rates of degradation. PyGC MS analysis of dlasg'vinyl ester has been reported [16].

2.2 Forensic Analysis

In forensic analysis, PyGC is often used by forenshemists for document analysis,
classification and differentiation of photocopy ¢os and inks analysis. Zimmerman and co
workers analysed 35 different photocopy tonersrasgective machine copied documents in an
attempt to establish a library of spectra from Wwh@n unknown toner extracted from a
guestioned document may be matched [17]. More thcemultivariate statistics is used for the
forensic discrimination of photocopy and printenecs [18]. Study of various proportions of
solvents in different inks used in inkjet printinggs also done by this technique [19]. Besides
ink and photocopy toners, PyGC was employed forfdhensic analysis of packaging tapes and
the adhesives which was described by Li and co &srkThey incorporated simultaneous
methylation to measure the polar compounds [2Haganagi and co workers used PyGC/MS to
identify 20 different products of colourless, trpasent, pressure sensitive adhesive
polypropylene tapes make this technique highlyaslgt for real forensic sample analysis [21].
Drugs like methamphetamine and its analogues wsoeravestigated by Takayasu and Ohshima
using PyGC/MS method for rapid analysis [22]. Feremetection and analysis of condom and
personal lubricants in sexual assault cases werelmen proposed. Additional applications of
PyGC in the field of forensic medicine and toxigptdnclude the post-mortem alcohol analysis
of the synovial fluid and its availability as a lmgical specimen for the prediction of blood and
urine alcohol concentration in medico legal cas23],[and the rapid analysis of pesticide
components in blood and urine [24].

2.3 Identification and differentiation of biological materials

Analysts have continued efforts to differentiated ardentify biological materials like
microorganisms. Goodacre and co workers detecsathale biomarker for the rapid detection of
Bacillus spores using Curie point PyGC/MS technifRf. A miniaturized PyGC system has
also been proposed for the rapid detection andifaerion of bacteria and other pathogens. An
interesting application described by Buckley andveorkers involves use of PyGC/MS to
analyse the complex organic balms on tissues aagdpings from paranoiac animal mummies in
a view to understand the mechanism of preserv§®®h The compositional analysis of Copoly
(dl-lactic/glycolic acid) generally applied to tlievices for wound closure, orthopaedics and
controlled drug release is also done by PyGC [27].

2.4 Analysis of biological macromoleculesin food

Because of the ability to analyse complex molecsiesh as lipids, proteins and polysaccharides,
foodstuffs have often been analyzed by PyGC. Haditet Schulten studied several whole
foodstuffs like ground roast wheat meal biscuiffe®, rosehip tea, chocolate drink powder, milk
chocolate etc. and were able to differentiate theimby examining the molecular weight
distributions of released volatiles and pyrolysisducts in their spectra [28]. The identification
and quantification of soy protein in ground beef Haeen reported [29]. Rapid PyGC/MS
derivatization method for profiling of fatty acids animal fats and vegetable oils is reported in
many papers [30].

2.5 Agricultural Applications

Soil chemistry, more specifically soil structuredasoil organic matter (SOM) dynamics and
composition is investigated through PyGC. Nierod ano workers found out the differences in
the chemical composition of SOM within one soiliseifrom three differently managed fields in
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Netherland [31]. Marinari and co-workers used carfraction pools and pyrolytic indices as an
indication of SOM quality under organic and convemil management in central Italy [32].
Rodriguez and co workers evaluated chemical andtstral properties of SOM under different
agronomical practices of the Venezuelan centrahplay measuring the relative abundance of
volatile organic products produced through pyr@dy&3]. A comparison between organic and
mineral fertilization in the investigation of chezal and biochemical changes in SOM had been
reported, in which the detection of high levelswadter soluble organic carbon and aliphatic
pyrolytic products confirmed that mineral fertilican caused greater alteration of native SOM
than the organic amendments [34].

2.6 Petrochemical Source Analysis

Pyrolysis techniques can also be applied for mddeaharacterisation of environmental kerogen
and humic substances [35]. Petsch and co workexysad the weathering profiles of organic
carbon rich black shales in order to determine aldgffon and loss of organic matter during
weathering and its role in the geochemical carbarecby PyGC [36]. Gonz alez-Vila and co-
workers analysed a set of kerogen concentratesy BYGC/MS both in the presence and
absence of tetra methyl ammonium hydroxide (TMA#&lstudy their structural characteristics.
Results show binding of considerable amounts ofctionalized compounds to the
macromolecular structure via ester and ether liakd87].Another area of geochemical research
which has been greatly explored includes the cortipnal analysis of coal materials. The
release behaviour of hydrocarbon components ofepizled coal has been investigated using
PyGC [38]. The co pyrolysis of coal and petrolewsidues had been studied by Suelves and co
workers in an attempt to examine the synergetiectsfon the yield of the main petrochemical
pyrolysis products [39]. Additional research usiPgGC includes the study of both volatile and
non volatile organic compounds in extraterreseialironments during planetary missions [40]

2.7 Environmental Analysis

Applications of PyGC in environmental science comé to grow, with the benefits in
fingerprinting of environmental samples [41].Partate organic matter (POM) suspended in
water have been analysed by pyrolysis techniquilizyYeand co workers used PyGC/MS to
investigate suspended POM in open and coastal svafethe southern Black Sea and found
evidence in the pyrograms of 23 marker compoundsacheristic of chlorophylls, lipids,
carbohydrates and proteins formed during pyrolf&23. Characterisation of particulate organic
matter in marine sediments was also done by Py&bbrd and co workers had compared
pyrolytic and lipid markers in the Adriatic Sea ngisemi quantitative PyGC/MS and classical
GC/MS [43]. PyGC/MS method was also applied for #maalysis of the UVb absorbing
compounds in small numbers of pollen, spores aherahicroscopic entities [44].

2.8 Characterizations of Art Materials

PyGC technique is applied for the characterisadioproteinaceous binders such as animal skins
or bones, egg and milk in artistic paintings [49&tural resins are used as a main ingredient in
varnishes and binding media which have also bealysed [46]. Several studies are done for
the analysis of different artist’s paintings. Claavand co workers analysed lipid materials used
in paint layers by an in situ pyrolysis and siligatmethod [47]. Natural dyes used in art work,
namely madder, curcuma, saffron and indigo, hage &een analysed by PyGC/MS [48].
Bonaduce and Colombini used PyGC/MS to charactésswax from a sculpture called “The
Plague” [49].
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2.9 Miscellaneous [50]

a) Analysis of hair samples.

b) Analysis of bathroom cleaners for surfactants.

¢) Human hair composition.

d) Identification of cosmetic filler substances (sues PMMA or siloxane) used for
augmentation purposes in human skin.

e) ldentification of chitin in sensory hairs of silkiimoolfactory sensilla.

f) Determination of sulfur in sulphur containing ameods: methionine, cystine, and cysteine.

g) Analysis of thermal decomposition by products dbbees.

h) Profiling of fatty acids in traces of lipids obtach from human skin, vegetable oil, and
cosmetic lotions.

i) FBI analysis of paint traces in hit and run invgstions.

J) Thermal degradation analysis of amino acids indipgnt residues.

CONCLUSION

PyGC has evolved to become a routine analyticdlftwdhe characterisation and differentiation
of macromolecules both biological and syntheticaltical scope of PyGC is improved by
using various thermal analysis equipments. Intrtdnf laser pyrolysis is a new phenomenon
for PyGC where laser energy is used as fragmentaaurce and has facilitated controlled
pyrolysis of specific regions on a sample, giviragadon the molecular compositional units of the
macromolecules. Also newer pyrolyzers have beerldped to address the issues of sample
losses and discrimination of high molecular weighinpounds and further research promises to
expand the horizons of the application of the tepin
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