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SUMMARY

A system of chemical amalysis has been developed which enables both the
permanent gases and -organic -decompositivqp products from fires and other thermal
decomposition processes to be studied with a single chromatographe, It consists
of molecular sieve and silica gel columns with individual injection ports built

into the inlet of & conventional organic research chromatographs

A simple method of peak arem normalization is suggested for caiﬁula’cing
the percentages of oxygen, nitrogen, carbon monoxide and carbon dioxide in dry
combustion gases which avoids the need for accurate sample injection and
frequent sensitivity checks. The general method is demonstrated by using
sensitivity factors &vailable in the literature and analysing air and also
two commercial gases of known compositionse Por convenience, all -
normalizatians of the integrator counts in this work have been undertaken
using & short programme in an electronic desk computey.
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A VERSATILE CHROMATOGRAPE FOR COMBUSTION: GAS ANALYSIS

by

Wo Do Woolley

1. INTRODUCTION

& research gas chromatograph, fitted with simultaneous flame ionization
and thermal conductivity detectors with electronic integration faeilities,,
was available for the studies of various organic decomposition products

1923 e permanent gases (oxygen,

from fires and related laboratory tests
nitrogen, carbon monoxide and carbon dioxide) from these tests were analysed
using @ small laboratory chromatograph with 2 poor sensitivity and output not

readily compatible with the electronic integrator.

The first section of this note outlines a simple system, consisting of
a molecular sieve column for the separation of oxygen, nitrégen and carhon
monoxide and a silica gel column for earbon dioxide analyses, which has been
attached to the inlet of the research chromatograph without altering the
normal perfofmance,of the instrument. In this way, both the permanent gases
and organie materials from fire teats ean be enalysed with the one instrument,

backed with full integration facilities.

During the chromatography cf the permanent gases it has been the normal
préctiee, particularly with carbon dioxide analyses using silica gel, to
ezlibrate the instrument for each specific gas and hence analyse unknoﬁn
mixtures by reference to the calibration graphs rather than by using direct
normzlization methodss This has been necessary since the composite peak
(oxygen, nitrogen and carbon monoxide), eluted very rapidly from the silica
gel during analyses of carbon dioxide, is a sharp peak and not easily
integrated by standard methods.

With the introduction of automatic elecfronic integrators the peak areas
of these relatively sharp peaks can be determined easily.

The second part of this report outlines a simple normalization technique
for emleulating the percentages of oxygen, nitrogen, carbon monoxide and
carbon dioxide in combustion gases direcily from integrator areas. For the
method a,gaé sample is analysed. by molecular sieve giving areas for oxygen,
nitrogen and carbon monozide, & second sample is then injected into silica

gel and the areas of the composite and carbon dioxide peaks are obtained,



Anr ovarall normalization then gives direetly the percentagesm of the four gases

in the mixture.

The normalization method eliminates the need for aceurate gas injections:
gince the two samples injected into the chromatograph ezn-be of different,
and if necessary of unknown volumes, Further, the method automatically
compensates for day to day changes in the sensitivity of the chromatograph
and hence avoids fregquent sensitivity checks, The method is limited,
however, in that the cmleulated percentages of the four gases are based

on the assumption that no other gases are present.

Finally, the general repeatability and. accuracy of the normalizztion
method is demonstrated by repetitive analyses of air and two commereial gas’

mixtures,
2o . EXPERIMENTAL AND RESULTS
a) The chromatographic system

The layout of the chromatograph is shown diagrammatically in Fig. 1.
PFor the modification, one of the normal helium flow lines from the flow
metexr F1 to the,injection port I1 is split and taken externally from the:-
chromatograph with copper tubing (3.2 mm o0.d.)s Two columns (molecular
sieve and silica. gel resPectively), each fitted with separste injection
ports (X and Y) are fitted in series in the loop as shown. The helium
ecarrier gas passes through the two columns, enters the research chromatograph
via the injection port I1 and then flows through the main column (Porapak Q)
of the chromatograph in the normal manner, The molecular sieve (5&,. 30-60
mesh) and the silicm gel (30-60 mesh) are packed in copper tubing (4.8 mm 0.d.)
of lengths 0.2 andi 0,25 m resPéciively, coiled and strapped %o thé siaes of-
the chromatograph. The columns were operated. at room temperature without
any temperature controle No extermal reference columns were required.
The injection ports,(x and Y) were constructed simply by inserting a
rubher diaphram into one arm of a brass 'T! union and coupled to the column

with compresaion fittings.

Fige 2 shows the traces, obtained with the modified single chromatographic
gystem, of the permanent gases and also the general phenélic.products
obtained during the thermal decomposition of a phenol-formaldehyde resin
in air. For this study the main columns of the chromatograph were Porapak Q
columns (2 m x 3.2 mm 0,de in steinlesa steel) with overall flow rates of
30 ml/min as monitored by flow meters F, and F, as shown in Fig. 1.
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In Fig. 2(a) oxygen, nitrogen amd carbon monoxide are separated by the
molecular sieve by injection at X, pass unchanged through the silica gel
and Porapak Q (operated isothermally at 80°C)" amd are detected by the
thermal conductivity detector. Carbon dioxide is retained permanently by

the. molecular sieve.

In Pig. 2(b) carbon dioxide is separated from the oxygen nitrogen and
carbon monoxide (composite peak) by the silica gel column by injection at Y.
The carbon dioxide and the composite peak pass unchanged through the Porapak Q
(again at 80°C) and are analysed by the thermal conductivity detector.

In Fig, 2(c) the phenolic materials are separated by conventional
temperature programming (at,4°Q/min) with the Porapak Q column by injecting

& golution of the materials in methanol into injection port I In this

1o
case the organics vere analysed by flame ionisation detectiona

b) Gas analysis by & normalization method

The response factors fior the gas chromatographic analysis of many common
materials by flame ionizétion and thermal conductivity detectors have
recently been recorded Py Dietz4. The walues for oxygen, nitrogen, carbon
monoxide and carbon dioxide for thermal conductivity detection have been
extracted from this data and are shown in Table 1. For conveniénce the
regpanse factors havewbegn.corrected.to give. a response factor of nitrogen
as unity. All response facters guoted in this report will refer to these
modified figures, During the chromatographic analysis of the materials,
the peak area divided by the response factor gives the true peak area.

Normalizing the true peak areas then gives the volume percentages of the

gﬁSESo
Table 1
Regponse factors of permanent gases
v0 thermal conductivity detectors
Permanent . Response factors as Regponse factors
Gas given by Dietz with nitrogen as unity

Oxygen 40 . 0,953
Nitrogen 42 1,000
Carbon monoxide 42 14000
Carbon dioxide 48 1143

Exeesaively high temperatures of the Porapak column were avoided in order
to prevent any oxidation of the column packing taking place during the
analysis of oxygen-containing gases. No evidence of oxygen remcval by
the Porapak Q was detected below. 150%C.
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&s outlined earlier the injection of a mixture of gases into the molecular
sieve column gives & separation of oxygen, nitrogen and carbon monoxide with:
earbon dioxide being permanently retained on the column as shown in Fig. 2(&).
The relative percentages of oxygen, nitrogen and carbon monoxide (i.e. ‘
assuming carbon dioxzide to be absent) may be directly determined by correcting
the. three peak areas to true peak areas, followed by a simple normalization;
For example, if the peak areas of oxygen, nitrogen and carbon monoxide
are. 93, 5000 and 1000 units respectively then the true: peak areas are
1000, 5000 and 1000 units with relative percentages ('P1) of 143, 71e4 and
1443% respectively,

With the silica gel column oxygen, nitrogen and carbon monoxide are
eluted. as a composite peak followed by carbon dioxide, as shown in Fige. 2(v).

The response factor (R) for the composite peak is given by:-
R = 0.953 A + 1.0 (B + C) [ AN X NN NN N ] (1)

where A, B and C are the fractional amounts (by volumes) of oxygen, nitrogen
and carbon monoxide respectively (i.ce A + B + C = 1)e In combustion gases,
A& is invariably less than 0.2 (ieee 20% oxygen) and the response factor (R)
of emation (1) may be approximated to unity with a maximum error of less
than 1%.

Thus the percentage of carbon dioxide can be determined using response
factors of 1.00 and 14143 for the composite and carbon dioxide peaks
reapectively. The percenfage of carbon dioxide calcuiated.in this way
is the true percentage in the mixture. For exzample if the peak areas for
the composite and the carbon dioxide peaks are 6000 and 1143 units
respeetively then the true peak arems are 6000 and 1000 units with true

percentages of 85,7 and 14,3% respectively.

The. relative percentages (P1) of oxygen, nitrogen and carbon monoxide in
the mixture determined on the molecular sieve column may now be converted to
true percentages by normalization to P composite or (100 - PCO )e Thus the

true percentages (P) of oxygen, nitrogen and carbon monoxide afe given by:=-

P = P (100 - P.. )
o, o, c0,,
100
1 ,
P = P (100 - P,..)
w, u, ¢o,
100
P, = P »
ca = co (100 - Poo )
. 100 2
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Thus in the above example- the true percentages in the.mixture are 12.2, 61.3,
12.2 and 14,3 for oxygen, nitrogen carbbn monoxide and carbon dioxide
respectively, calculated from peak areas only obta;ned from the injection of
two unknown (but approximately 0,5 ml) quantities of gas into the chromatograph.
&he total analysis time as shown in Fig. 2(&) or 2(b)'is approximately 12

minutes.

Finally, it should be emphasised that although molecular sieve separates -
oiygen; hiffogeh‘ahd carbon monoxide, argon (approximately 1% of the
atmosphere) is eluted with oxygen. Dietz4 records the response factor of
argon to thermal conductivity detectors as 42 (i.e. the same as nitrogen).
Since. the percentage of argon is small and the response factor approximately
the same as for oxygen, the total oxygen and argon of combustion gases can

be determined assuming the whole peak to have the response factor of

OXygena

In combustion gas analysis, the oxygen content of the gas is often
expressed as the oxygen - argon content. If necessary, this can be.
corrected to oxygen content alone since in air the nitrogen - argon ratio

is & fized quantitye.
c) Analyses of air and commercial gas mixtures

In order to demonstrate the general method of area normalization, a series
of chromatographic analyses were undertaken using firstly air and secondly two
commereial gas mixtures containing oxygen, nitrogen, carbon monoxide and

carbon dioxide at concentrations typically encountered in fire gases.
(i) Oxygen-nitrogen analyses of air

The integrator counts (in arbitrary units) for 5 repetitive analyées of
air (&@IEDximately 0.5 ml) with the molecular sieve column are shown in
Appendix 1. The percentages of oxygen and nitrogen in each samﬁlg is giveﬁ‘
in Table 2, obtained simply by dividing the oxygen and nitrogen areas by
0.953% and 1,000 respectively and then normalizing the true peak areas to
obtain the percentages of each gas. It should be noted that the values
quoted for oxygen are total oxygen and argon percentages, &ir contains
nitrogen, oxygen and argon as 78,09, 20.95 and 0.93 per cent reSpectively5.
For the'purposes of this report, air will be: regarded asm containing nitrogen
and total oxygen and argon as 78.1% and 21,89 per cent respectively in order

to ensure a complete total of 100 per cent.
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Table 2.

Chromatographic analyses of oxygen and.

nitrogen in ajr by the normalization method

Chromatogrﬁphic values. gian EXP;:i:é " Brror
: (per cent) valuss VELUSS . iper cent
{ (per cent (per cent) U
l T .
! * -
1 Oxygeﬁ 21 -33! 21 .40 21 045 21 -40 21 543 21 040 t 0-0‘7 21 089 - 253'
: - { .
3 Niﬁmgen;.78.67i78.60 78.55178.60 78.57!78.60 ¥ 0.05| T78.11 + 0.6
i S

*
&s. oxygen and argon

Alsb recorded in Table 2 are the mean chi'omatographic values with the
maximum experimental deviations, the expected values and the error percentages
for the two gases. In each case the maximum experimental deviation: is small

but the mean value of oxygen is somewhat lower (2.3%) than expected.
(ii) A.na._iysés of commercial gas mixtures

Two commercial gas mixtures containing oxygen nitrogen, carbon monoxide
and carbon dioxide were obtained for these tests. The integrator counts
(i.e. peak areas) obtained during 5 repetitive chromatographic analyses of gas
mixture 1 using the molecular sieve and silica gel columns in turn as

outlined in & previous section are recorded in Appendix 2 (a).

The pei‘_ceﬁfages of each gas in the mixture calculated directly from the
peak areas using the complete normalization technique with sensitivities as.
recorded by Dietz are given in Table 3.

Ghromatographic analyses of gas mixture |

Table 3.
. by the complete normalizmation method.

. Meam Expected
Ghrome(a.togrzle)ﬁg. values values values Brror
pe { per cent) (per cent) per cent
Garbon {12449 [12.61 [12.60[12.63[12.44 11255 £ 0.11{12.4 £ 0.1 |+ 1.2
dioxide : :
Oxygen | 5.08| 5.07| 5.08| 5.09| 5.10| 5.08 ¥ 0.02| 5.35 2 0.05|~ 5.3
. . »* .
Nitrogen|76.01 |75.86|75.98(76.09 7625 [76.04 £ 0.18|75.80 + 043
Carbon | 6e41] 6e47| 6033| 6018} 6622 6432 X 0.15] 6045 £ 0,05| - 2.1
| monoxide ! .
L |

- -
B;_r difference



In a8ll cases the normelization ealculations have been undertaken using an
electronic desk computer with programming facilities, The programme, which
is stored indefinitely on @ magnetic-card is designed to display the final

true percentages of the mixture directly from the -peak areas, For comparison,
the relevant hand caleulation of one of the 5 gas analyses is shown in
Appendix 2(Db). ‘ 7

-Also recorded in Table 3 are the mean chromatographic values with the
maximum experimental -deviations, the expected values with the manufactﬁrer's
stated tolerances and the error percentages of the gases, It should be noted

that the error percentages are based upon expected values without tolerances.

The equivalent data: of 5 repetitive analyses of gas mixture 2 are .
recorded together with the relevant expected walues and error percentages in
Table 4. '

Table 4. Chromatographic analyses of gas mixture 2
by the complete normalimation method

. Mean Expected .
Chrom&?ogiagzig)values ' values valles jErzog;nt
APeZ (per cent) (per cent) Per.
Carbom [11.23|11.25[11.20[114.23[11.16]11.21 £ 0,05 [10.9 £ 0.1 | + 2.8
dioxide _ _ ‘
Oxygem |12.91}12.89{12.9012.91{13.01 }12.92 ¥ 0.09|135.6 £ 0.1 | = 5.3
. :
Nitrogen|75.00(74.97|75.01 | 74492 |T494 [T4.97 b4 0.05 |T4.677 - 04
Carbom | 0.87| 0.89] 0.89| 0.95| 0.90| 0.90 = 0,05 | 0.85 % 0.05 + 7.8
Monoxide ' ' B ) '

* .
By difference
3,  DISCUSSION

The system clearly demonstfaﬁes.that a resemrch gas chromatograph, fitted |
for general organic snslyses, can'bé modified with a speciai inlet Systeﬁ‘ i
for the study of the permanent combustion gases, The modification ddes-npt
interfere in any way with the'gene?&l.perfOrmance of the instrument, although
organic and inorganic eamalyses canmot, of course, be undertaken at the same

timees !
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The repetitive analyses of air and‘the-commefemal'gas:mixtures show the
general method of ‘peak arem normalization to be a fast and reliable way of @
analysing the compositions-of ecombustion gases. - The repeatability of
analyses is gdod but there are cerfain trends in-the mean chronmatographie -
valuese For example oxygen is 2.3 per cent low in the analyses of air and”
5«3 per cent low in both commercial gases. Garbom dioxide tends to be’
slightly larger than expected (1.2 and 2.8 per cent for gas mixtures 1 and
2 resPeetively). The error per cent of nitrogen is good and varies only .
between - 0.4 and + 0.6 per cent throughout the analyses. _Farbon
- monoxide is 2.3 per cent lower and 7.8 per cent larger than expected with .
gas mixtures 1 and 2 respectively. The. large error in this,latter value
may be due partly to the low absolute value of the carbon- mon011de 1nvolved;
For example, the electronlc integrator automatieally integrates all ’
chromatographic signals above the base line during the elution of a componeﬁt.
With small peak areas, background electronic noise, which is autoﬁétically
integrated, may be signifieant. It should also be noted.that the.efror
per cent of the manufacturer's stated composition of carbon monoxidé in this
gas.is A 6%

A pOSSlble solution to the relatlvei§ Iow oxygen values, asg ipdicated
by the normalization method, is fo modify the respomse factors of oxygen
given in Table 1 on the basis of a specific instrumental bias. In this way "
the oxygen content of air by chromatography could be corrected to the '
expecﬁed value, This would reduce, but not eliminate the error perceﬁtagés:

of oxygen in gas mixtures 1 and 2.

In conclusion, the normalization method is a fast and reliable method’
of gas analysis., Without modification it is ideally:.suited for the'analy$is
‘of combustion gases from fires and related experiments where speed and ease

of apalysis rather than high accuracy are the dominating factorsa

Uith care and by introducing certain experimental modifications to the
response factors, the general accuracy of the method could, if necessary,
be improved.
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S5« APPENDIX

Appendix 1.

Peak arems (arbitrary units) of oxygen and nitrogen recorded during
analyses of air with the molecular sieve column,

Oxygen Nitrogen
86680 . : 335900 ' e
82830 319600
88440 340200
87570 337800 .

84520 . 325500
Appendix 2(a). |

Peak arems (arbitrary units) of composite, carbon Qigxidé, oxygen,
nitrogen and cerbon monoxide recorded during analyses of gas mixture 1.

‘Composite gi-g:loge Oxygen Nitm:éen' ’ ii;g:fde
305000 49730 21290° 334500 28220
428000 70510 . - 21130 332200 28330
353300 58190 20460 321500 26800
400600 66160 21440 336500 27340
361100 58570 © 20780 326600 26640

* .
Used in Appendix 2(b).




Appendix 2(b).

Calculation of gas composition by the complete normalization method of the
firgt analysis given in Appendix 2(a).

(i) Silica gel analysis
area of composite peak
area of carbon dioxide peak
thus

true arem of composite peak

true area of carbon dioxide peak -

thus

true percentage of co'niposite ‘gases

true percentage of carbon diozide

(ii) Molecular sieve analysis_’.‘_
area of oxygen peak

area of nitrogen peak

ares of ’carbon :r:n‘o.noxide pe&l.::
thus

true area of oxygen péék

true area of nitrogen peak
true area of carbon monoxide peak
thusa

relative percentage of oxygen

relative percentage of nitrogen

relative percentage of carbom monoxide

41l areas are quoted in arbitrary units,

143

305000 + 43508

. 21290

o

305000

49730

305000 ..

49730 _ 43508

305000 x 100 " -
305000 + 43508 =

&2508 x 100

87451

L 12.49

. 21290 -

334500
28220

= 22363

334500
28220

22363 x 100
22363 4+ 334500 + 28220

234500 x 100
22363 + 334500 + 28220

28220 x 100
22363 + 334500 + 28220

= 5 081

= B6.86

= 7433

- 114- .




and
87 .51

true percentage of oxygen = 5.8 x 100 = 5,08
. 8751

true percentage of nitrogen = 86.86 X350 = 7601
. 87.51

true pereentage of carbon monoxide = 733 5060 = 6ol

and directly from (i)

12,49

true percentmge of carbon diomide

Appendix 3,

Peak areas (arbitrary units) of composite, carbon dioxide, oxygen,

nitrogen and carbon monoxide recorded during analyses of gas mixture 2.

Composite g?i:;g; Oxygen Nitrogen gi;&;?de
344000 49690 45950 280500 3239
341800 49480 46320 283000 3357
302500 43590 46990 287100 3397
341000 49240 44540 271600 3427
342000 49060 46340 280400 3354
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