Available online at www.sciencedirect.com

SCIENCE@DIRECT° ]OURNALOF
CHROMATOGRAPHY A

Vi

ol TSR
ELSEVIER Journal of Chromatography A, 1087 (2005) 131-141

www.elsevier.com/locate/chroma

Retention indices as identification tool in pyrolysis-capillary
gas chromatography

Monika Adamo\&?, Andrej Orital®*, Ladislav Hahe’

a University of P.JSatirik, Institute of Chemical Sciences, Department of Physical and Analytical Chemistry, Moyzesova 11, G6d.3%@/akia
b Technical University Zvolen, Faculty of Ecology and Environnjental Sciences, Department of Environmental Engineering,
Kolpasskd 9B, 969 01 BanskStiavnica, Slovakia

Available online 22 January 2005

Abstract

Pyrolysis-capillary gas chromatography (Py-cGC) represents important method to identify the analytes in the mixture after thermal degra-
dation. This combines high effective analyte separation on-line coupled with thermal degradation process that depends on analyte structure.
System of retention indices has been used for identification of the analytes after on-line pyrolysis and chromatographic separation. The
pyrolysate composition has been studied during thermal degradation of polymethylmethacrylate (PMMA) at different pyrolysis temperatures
and chromatographic column conditions. Homologues seriestifanes have been used for calculation of pyrolysateékénetention indices
(I) and compared with mass spectrometric (MS) data of pyrolysate model mixture. To identify PMMA thermal degradation products the high
density polyethylene (HDPE) as additive standard producing triplets of the olefin homologous series during co-pyrolysis has been used. These
homologous series enable to calculate programmed temperature retention ihgiggst@ identify the analytes present in the pyrolysate.
Calculated values were compared with publishiedalues databases to identify analytes yielded at different pyrolysis temperatures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction obtained during the analysis of our sample with that reported
in the library, selecting those spectra that are most similar
Analytical pyrolysis by breaking large molecules into or very close to that of the “unknown”. The identification
characteristic smaller fragments extends the use of gas chroperformed by Py-cGC-MS using commercial libraries can
matography to the analysis of polymeric materfats5], in- be limited for various reasons: the similarity of the spec-
cluding natural polymers such as celluldée8] as well as  tra of many different compounds; the inaccurate experimen-
synthetics. In Py-cGC, the non-volatile, liquid or solid sample ta| conditions used for the acquisition of the library spec-
is very fastheated and thermally decomposed at 500-1@00  tra; the presence of different spectra in the same library re-
in non-oxidative atmosphere. The resulting (semi-) volatile ported for the same component, or the same spectra reported
degradation products are on-line transferred to the capillary relatively to the same component but with different com-
column for gas chromatographic analysis. The coupling Py- mon names or systematic name. The obvious solution to the
cGC with MS (Py-cGC-MS) makes pyrolysate analyte iden- problem with MS identification is to incorporate additional
tification more Simple and accurate. The avallablllty of dif- tool into the process of identifying unknowns, either as the
ferent and specialized commercial libraries render available spectral matches are generated, or in the data review pro-
number of MS spectra, that should facilitate the identifica- cess. In fact, it is possible to determine the relative retention
tion of unknown components by comparison of the spectra time of target components by analyzing these under identi-
cal analytical conditions used for a reference solute, usually
* Corresponding author. Tel.: +421 556222605; fax: +421 556222124, a solution of th.e homologous series Oi hydrocarbons. This
E-mail addressorinak@Kkosice.upjs.sk (A. Giak). approach was first used by Katg[9] for isothermal analy-
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sis. The concept of retention indices was defined and its ba-ical grade of purity, purchased from Slavus s.r.o (Bratislava,
sic relationships derived. Isothermiare established by the  Slovakia); octane—decane, dodecane of chromatographic pu-

relationship9]: rity purchased from Roth GmbH (Karlsruhe, Germany);
, . nonane—eicosane with chromatographic purity supplied by
1StN(T) = 100 logry , —logry . 4100 1) Reanal (Budapest, Hungary); MMA (M.W. 100.12) standard
s logty (+1) — 1091 . purchased from Sigma-Aldrich GmbH (Taufkirchen, Ger-
many); naphthalene supplied by Lachema a.s. (Brno, Czech
where rf, (=retention time of unknown substratef, . = Republic); both of analytical grade of purity; HDPE (density
retention time ofn-alkane withz carbon atomsiy (1) = 0.95) reference material purchased from Alfa Aesar (Karl-
retention time oh-alkane withz+ 1 carbon atoms. Sruhe, Germany)_ Specia| low volume micro Syringe (0)5

As these indices, within a small margin of error are afunc- and solid sample pelletizer application unit from SGE Europe
tion only of the GC column and the operating temperature (in (Milton Keynes, UK) have been used for samples injection.
contrast with the simple retention timé)alue canbe appro- - Balance AE 240 purchased from Mettler-Toledo (Switzer-
priately reproduced in various laboratories by using modern |and) has been used for precision sample weighting. 0.5 mg
capillary columns. In the case of temperature programming of PMMA was applied in Py-cGC—MS analysis and for

equation developed by Van den Dool and Krt@]:

S oo, Tr(s) — Tr(2) L0a ) 2.2. Instrumentation and methods
Tocs = | Tee+ ) - 12 (@) ) @) y |
ki< The instruments and the conditions used in presented ex-
or equation developed by Golovnya and Uralét¥): periments are listed in thEable 1
pr, dI L .
Itoyp = Iy + > a7 (3) 2.3. Retention index calculation methods

by which have been obtained the satisfactory results in com-  The Kowats retention indices were calculated using pro-
parison with Van den Dool and Kratz. Also numerous work- cedures outlined for isothermal gas chromatography with
ers dealt with temperatures-programmed retention indicesalkanes (G-Cyp) as reference compounds under isothermal
(ITpco) i.e. Giddings[12], Guiochon[13] and Erdey et al.  conditions at 60C, 80°C, 100°C and 120C. Homologous
[14]. The direct use of hydrocarbon homologous series co- series were injected five times before and after analysis of
pyrolysis cannot be applied fbcalculation regarding to their ~ real sample. The retention index average was determined
decomposition at higher pyrolysis temperatures. To over- from five experiments. The values for retention indices were
come this problem some polymer standards addition to the calculated according to the E@.). Hold-up time was deter-
pyrolysed sample has already been described. Predominantlynined by mathematical equations proposed by Peterson and
HDPE[15-19]was co-pyrolysed to yield homologous series Hirsch[22], Toth[23] and Furi{24]. The retention indices at
of n-alkane n-alkene anch-alkadiene. In our paper the use of programmed temperatuitepcc were calculated according
ITpacfor identification of PMMA or cellulose pyrolysate an-  to the Eq.(2) by Van den Dool and Kratf10]. n-Alkanes
alytes composition has been described at different pyrolysiswere used as homologous series produced during pyrolysis
temperatures and polymer internal standards applied. Appre-of HDPE. The calculatetipgc values were compared with
ciation of these research and utilizationlggcin analytes those given in the used databaf®s,26].
identification is the conditions optimization in waste ther-
mal degradation and generous fuels as well hydrogen pro-
duction (often with direct addition of novel solid materials 3. Results and discussion
[20-21]as the conversion catalysts). In this process is neces-
sary to obtain immediate information about pyrolysis product 3.1. The results from Py-cGC-MS and cGC-FID
contents without use of expensive and time consuming MS analysis of pyrolysate analyte model mixture
analysis.
PMMA is known to depolymerize to give back the
monomeric units in the case of moderate pyrolysis temper-

2. Experimental methods atures (450-800C) [27—-30] PMMA was pyrolysed under
the Py-GC-MS-1 conditions shownTrable 1 Temperature
2.1. Standards and chemicals at what the maximum MMA-yields ranged between 550 and

600°C. At lower pyrolysis temperatures (500) were ob-
The compounds used in this study have been purchasedained more complicated pyrograms with MMA as a main
from the following companies: PMMA (M.W. 102,600) cer- product and a lot of the intermediates. At higher pyrolysis
tified reference material with p.a. purity, Acros Organics temperatures the formation of MMA slowly decreased, but
(Belgium); hexane, heptane, benzene, toluene, all of analyt-simpler pyrograms allowed us to prepare pyrolysate model
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Table 1
Operating conditions of Py-GC and Py-GC-MS PMMA pyrolysate analysis

Py-GC-MS-1 GC-2 Py-GC-3
Pyrolysis reactor SGE Pyrojector I - SGE Pyrojector Il
Pyrolysis temperature C) 500-850 - 400-900
Pyrolysis reactor volume (cth 0.43 - 0.43
Furnace nitrogen pressure (kPa) 137.93 - 137.93
Gas chromatograph Varian Saturn GC 9000 GC 9000

2100T Fisons Instr. Fisons Instr.
Detector MSD FID FID
Pre-column length (m) - 2.0 2.0
Pre-column i.d. (mm) - 0.32 0.32
Column length (m) 30 30 30
Column i.d. (mm) 0.25 0.25 0.25
Stationary phase DB-5 RTX-5 RTX-5
Stat. phase film thicknesg.fn) 0.25 0.25 0.25
Carrier gas Helium Nitrogen Nitrogen
Inlet pressure (kPa) 120.0 60.0 60.0
Air (kPa) 100.0 100.0 100.0
Hydrogen (kPa) 50.0 50.0 50.0
Make up gas Nitrogen Nitrogen Nitrogen
Initial temperatureqC) 70.0 - 40.0
Time at initial temperature (min) 2.0 - 2.0
B CCmin 1) 10.0 - 5.0
Stand by temperaturéQ) 170.0 - 300.0
Stand by final temperature (min) 2.0 - 10.0
Injector temperature’C) 150.0 220.0 220.0
Detector temperaturéC) 150.0 220.0 220.0
B, linear heating rate.
Table 2 cluded in this model mixtureTable 2. As an example of an-
Degradation products from PMMA pyrolysis (Py-GC-MS at 800 with alytes separated is presented pyrogram of PMMA, obtained
their retention timesg (min) at pyrolysis temperature 80C (Fig. 1), where MMA is the
Analyte in pyrolysate R main degradation product. For application tife model mix-
Benzene 1.024  ture was analyzed at different isothermal column tempera-
Q"O‘ng:é“ema”y'ate 1150645 tures 60°C, 80°C, 100°C and 120°C and under GC-2 condi-
Benzene 1,2-dimethyl 5134 tions (Table . Reteptlon data-retention time and calculated
Styrene 2372 | values are given iTable 3 The calculatedtpgc values
Benzene 1,3,5-trimethyl 3.359  were compared with the values from databd28s26], and
Indene 4.483 good conformance between measured and calculated values
Naphthalene 7.191 was obtained.

tr, retention time.

mixture on the base of MS identification results. The model 3.2. The results of HDPE analysis by Py-cGC

mixture was prepared from benzene, MMA, toluene and

naphthalene standards. Elution of them has been established The previous approach d¢fdetermination required pri-
in the order: benzene, MMA, toluene and naphthalene. Py- mary MS identification and it is not always possible to obtain
rolysate contained also another analytes that were not in-sample of pure standard compound. Direct applicatidrrof

Table 3
Retention characteristics—retention times (min) and retention indices (i.u.) for compounds of model mixture at different column tempef&yRS:G0
100°C and 120C, on RTX-5 column

Compound tr |

60°C 80°C 100°C 120°C 60°C 80°C 100°C 120°C
Benzene 4.480 .056 3936 3906 672.74 67403 68500 69474
Methyl methacrylate 5.066 419 4053 3959 716.28 7134 71430 71733
Toluene 6.246 450 4423 4186 774.14 7784 78529 79281
Naphthalene - 3614 18724 10720 - 11891 119425 121048

tr, retention timej, Kovats retention indices.
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Fig. 1. Pyrogram of PMMA at 800C. Chromatographic separation on DB-5 column. MMA identified with MS detector on-line: 1. benzene, 2. MMA, 3.
toluene, 4. benzene 1,2-dimethyl, 5. styrene, 6. benzene 1,3,5-trimethyl, 7. indene, 8. naphthalene. MS spectrum of MMA. For condiaigies] see

Py-cGC is not possible due to thermal degradation of the hy- dom scission mechanism and polyethylene is a good example
drocarbon homologous series at high pyrolysis temperatures of this behavior and can be used for this application. When a
The retention indices can be calculated in the case when theree radical is formed along the chain of polyethylene, chain
sample is co-pyrolysed with appropriate material generating scission occurs; producing a molecule with an unsaturated
a homologous series of reference standards during pyrolysisend and another with a terminal free radical may take hydro-
From known polymers the polyolefins degrade through a ran- gen from a neighboring carbon, producing a saturated end and
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Fig. 2. Pyrogram of high density polyethylene at pyrolysis temperaturé G50-alkanes with carbon number 9 and 14 are shown. Nonane—marked a;
nonadiene—marked d. For conditions, Jeble 1
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Fig. 3. Temperature dependence of HDPE decomposition at different pyrolysis temperatures® @G)6P600°C; (c) 700°C and (d) 800C. For conditions,

seeTable 1
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Fig. 4. Temperature dependence of PMMA decomposition at different pyrolysis temperatures:«@) é9)®600°C; (c) 600°C; (d) 700°C and (e) 800C.
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anew radical, or combine with another free radical to form an (Table J). Pyrolysis temperature effect on pyrolysate analytes
alkane. Multiple cleavages produce molecules small enoughdistribution is given orfrig. 4 Maximum number of the com-

to be volatile, with double bonds at ends, one end or neither. pounds formed during pyrolysis has been established at tem-
Since the scission was random, molecules are made with gperature 600C (over 50) while at 800C it was just 11. This
wide variety of chain lengths. These appear in the pyrogram situation is frequent used for fingerprint determination. As
as a series of triplet peakii@. 2). Each triplet consists ofan  mentioned above, PMMA is the polymer which depolymer-
alkane, an alkene and an alkadiene of a specific chain lengthizes to monomeric units. The most complicated pyrograms
The next set of three peaks contains one more carbon than thevere obtained at pyrolysis temperatures ranged between 500
triplet before[31]. On a RTX-5 column such as the one used and 700°C. The PMMA pyrogram at 400-50@ documents
here, the major peak in the centemislkene anch-alkane uncomplete degradation with intermediates presence. Pyro-
is eluted last of the three (nonene and tetradecene have beegram makes simpler at 700—800 of pyrolysis temperatures.
marked). As can be seen, pyrolysis of HDPE produces the Now, at these temperatures the ions re-combination occurs
series ofn-alkenes limited only by the upper temperature of and characteristic analytes were formed (benzene, cyclohex-
pyrolytical cell Fig. 3). The pyrolysis temperature have been ane, naphthalene, toluene, cresols, etc.).

changed from 300C to 900°C but only at temperatures rang-

ing from 500°C to 800°C were observed mentioned triplets. 3.4, The results of PMMA-HDPE co-pyrolysis and the

This temperature range is only suitable fpsgc use in py- products identification

rolysate identification. It was also confirmed that production

of the alkanes and the dienes decreases with an increase of Fig. 5is an overlay of PMMA pyrogram at 70€ and

the pyrolysis temperature. This effect has not been observed4ppE sample (each pyrolysed separately) at the same pyrol-
for n-alkenes and this fact dESignates them for identification ysis temperature. Itis evident that HDPE provides hydrocar-
at the higher temperatures when pyrogram is ussually morepon standard homologous series afsisc values for each
simple. Optimal amount of HDPE sample co-pyrolysed de- peak can be calculated. Over 60 constituents of the volatiles
pends on the sample behaviou and structure. This usuallywere preliminary identified by cGC—MS and Py-cGC-MS
ranges from 0.5t0 0.1 mg. methods, which amounted to 83% of the total peak separated
areas. The majority of all these compounds were further ver-
3.3. The results of PMMA thermal degradation products ified by measuring their temperature-programmed retention
analysis indices (this amounted 62% of the total peak area). The ana-
lytes in pyrolysate were verified by making comparison with
PMMA sample was pyrolysed under different pyroly- the data from twd or Itpgc values databasd5,26] Py-
sis temperatures and separated under Py-cGC-3 conditionsogram from co-pyrolysis of PMMA with HDPE mixture
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Fig. 5. Overlay of PMMA and HDPE pyrograms at pyrolysis temperature’@@a) HDPE; (b) PMMA. For conditions, sdable 1
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Fig. 6. Real pyrogram of PMMA and HDPE co-pyrolysis at temperature°@@®MMA pyrogram shown at right upper corner. For conditions, see
Table 1

Table 4
Comparison of rpgc data with data taken from two databases
Retention time (min) Retention indebpcc Compound ITREe— I$S‘GC
Measured (i.u.) From database (i.u.)
6.88 7347 730 Methyl-2-pentanon,4- —4.7
730 Trimethyl-2-pentane,2,4,4- —47
8.15 7856 779 Methyl-2-butenol —6.6
7802 Toluene -56
789 1-Hexenol <’
15.33 10051 1013 Cycloheptanone 9
1000 2,4-Heptadienal -51
1006 Octanal 09
17.00 10541 1052 Isometheptene —-21
1056 Dimethylheptenal 19
18.90 111®8 1116 Phenylpropanone -0.3
1110 2,4-Octadienal -0.3
22.55 1223 1225 Ethylphenylacetate A
23.92 12687 127¢ Thymol 13
24.43 1282 128% Dibutoxyethyl adipate -0.2
24.56 128% 129G Tridecene, |- ®
25.59 13251 1324 Methyl decanoate -31
25.93 13374 1338 p-Methoxystyrene Q6
26.16 134% 1344 Diethyl adipate -15
1343 Butyl benzoate -25
26.55 135@ Unknown

Pyrolysis temperature: 50€, RTX-5 stationary phase column. In bold letters are assigned characteristic compounds.
a Referencd16].
b Referencd15].
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Table 5
Comparison of rpgc data with data taken from two databases
Retention time (min) Retention inde;pgc Compound ITEE— I?Stec
Measured (i.u.) From database (i.u.)
5.75 6874 7007 Cyclohexene 1%
700 2,3-Pentandione 16
6.93 7382 73¢ 3-Methyl-1-butanol 2.2
739 2-Methyl-1-butanol ®
7.93 7792 780¢% Toluene Q8
7P Toluene -6.2
8.27 7929 79C¢ Octene, 1- -2.9
792 Hexanone -09
14.03 9686 965 Benzaldehyde -3.6
968 Benzaldehyde —-0.6
14.43 9802 982 6-Methyl-5-hepten-2-one a
980P Phenol -0.2
981P Octanol 08
15.36 10075 Unknown
1568 10169 101% Ethyl-1-hexanol,2- -1.9
1012 3-Octanol —49
15.83 10212 Unknown
16.32 10357 Unknown
16.56 10427 104G Cresolo- 2.7
17.00 10557 1052 Isometheptene -3.7
17.23 10624 106G Cresolp- —-2.4
106G Indene 24
1065 Acetophenone %
1063 Cresolm- 2.6
17.41 10679 Unknown
17.56 10722 Unknown
1079 p-Cresol 28
17.73 10773 108F Diethylmaleate ¥
2252 12249 1228 Ethyl phenylacetate .0
23.88 12694 Unknown
24.52 12904 Unknown
2553 1325 133¢ Dimethoxytoluene 50
1324 Methyl decanoate -1.0
25.88 13371 Unknown
1338 p-Methoxystyrene Q9
26.12 13454 Unknown
26.49 13583 Unknown
27.66 13991 1398 Ethyl decanoate -11
1400 Tetradecane 9

Pyrolysis temperature: 60€, RTX-5 stationary phase column. In bold letters are assigned characteristic compounds.
a Referencd16].
b Referencd15].

(50/50, wiw) is given aFig. 6. Characteristic is the structure an unambiguous identification, or at least, limit the number
of homologous series of n-alkanes and other hydrocarbonsof possible structures to a few compounds. At 50(yrol-

and between them the peaks of PMMA degradation prod- ysis temperature there were verified compound as toluene,
ucts. Thdtpgcvalues were calculated for all analytes formed hexanol, cycloheptanone, octadienal and others intermedi-
during PMMA pyrolysis at pyrolysis temperatures: 5@ ates (sedable 4. Pyrolysate does not contain characteristic
600°C, 700°C and 800 C. The use of GC retention indexes, degradation products as mentioned in Tiable 2 Increas-
particularly in combination with MS can provide substantial ing pyrolysis temperature to 60C the pyrolysate compo-
information about trace amounts of unknowns. Comparison sition get more dominant, containing cyclohexene, toluene,
of | or ltpgcof an unknown with those of the standards gives phenol, benzaldehyde, cresols and inddkb{e 5. There is
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Table 6

Comparison of rpgc data with data taken from two databases

Retention time (min) Retention indelpgc Compound ITe&e— I{'igtec

Measured (i.u.) From database (i.u.)

5.85 701.1 7007 Cyclohexene -1.1
700 2,3-Pentandione -1.1

8.40 796.8 780% Toluene -16.8
798¢ 4-Methyl-3-penten-2-one 1.2

12.01 909.7 905 Xylene -4.7
9102 Ethyl acetoacetate 0.3
914 Cyclohexen-3-one 4.3

12.65 928.3 Unknown

14.48 981.4 980 Phenol -1.4
981° Octanol —0.4

15.31 1005.6 Unknown

15.65 1015.5 105 Cycloheptanone -0.5
1012 3-Octanol -35

17.31 1064.1 1060 Cresol p- —-4.1
106G Indene —-4.1
1063 Acetophenone 0.9

17.56 1072.2 Unknown
1079 p-Cresol 2.8

21.75 1199.2 119¢ Naphthalene -9.2

Pyrolysis temperature: 70€, RTX-5 stationary phase column. In bold letters are assigned characteristic compounds.
a Referencd16].
b Referencd15].

also evident the increase of the analytes number presented inives were identified in the pyrolysate at 8GD (Table 7.

the pyrolysate as well the contents of unknown constituents. From the results obtained it was found that high pyrolysis
Number of analytes separated at 7@0decreased and naph- temperature effects re-combination of the ions in gaseous
thalene was identified the first tim&gble §. Styrene deriva- phase. The MMA dimers, trimers, tetramers and pentamers

Table 7

Comparison of rpgc data with data taken from two databases

Retention time (min) Retention inded;pgc Compound ITR&e— I%%tGC

Measured (i.u.) From database (i.u.)

6.61 729.6 739 Methyl-2-pentanon,4- a
7307 Trimethyl-2-pentene,2,4,4- o

8.36 799.0 80% Octane,2- 152
792 Hexanone —4.8
798 4-Methyl-3-penten-2-one -1.0

9.95 848.2 84% Butanediol,1,3- —-3.2
846 Ethyl,methyl butyrate —22

13.01 940.0 949 Dietyl oxalate 0
945 Methyl-p-xylene 50

17.49 1070.6 10722 Octanol 14
1069 p,a-Dimethylstyrol -16

21.84 1203.0 1243 6-Decanal 0

25.16 1312.0 13® 2-Methylnaphtalene 0

25.70 1330.0 Unknown

29.67 1471.7 147 Isophentyl phenyl acetate -17
1469 Butyl decanoate —2.7

Pyrolysis temperature: 80€, RTX-5 stationary phase column. In bold letters are assigned characteristic compounds.
a Referencd16].
b Referencd15].
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