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Introduction

During the last few decades much attention has been paid to the
way and the amount in which gases and vapours are exchanged at
the lungs and distributed over the body. Not only physiologists (Kety
1951), but also clinicians as for instance anaesthesiologists (Papper
1963) and pulmologists (Comroe 1954) are interested. Naturally gasanalyses play an important part in these investigations, and in addition
to the classical gas-analysers (v. Slyke ; Haldane ; Scholander) new
analysers have come to the fore, e.g. paramagnetic oxygen-meters,
Golay-detectors for carbon dioxide and nitrous oxide, nitrogen-meters.
All these new devices are direct-read ing instruments suitable for continuous measurements, though they can measure the concentration
of only one specific gas*. Consequently, there is still a search for
more universal analysers.
Dealing with gases gas chromatography is an obvious method of
analysis. And accordingly, different authors (see for instance : Hill
1 9 6 0 ; Hamilton c.s. 1 9 6 0 ; Jay c.s. 1 9 6 0 ; Smith c.s. 1 9 6 2 ; Lawson
c.s. 1 9 6 2 ; Smith 1966) have demonstrated the applicability of gas
chromatography to medical purposes. Even two firms (Fisher Scientific
Company, Pittsburgh, Pa, U.S.A. ; Beckmann, Pasadena, U.S.A.) have
put on the market instruments especially designed for the analysis of
clinical gases.
However, gas chromatography is still not in common use for this
purpose, largely because it is very difficult to achieve and to maintain
the required accuracy. Consequently one can find numerous articles
dealing with the factors and instrument components affecting the
accuracy of an analysis. Thus, Sawyer (1962) gives a full account of
the accuracy of different types of integrator. Nelson (1962) and
Daneman c.s. (1962) together review more than 300 recorders.
Schmauch c.s. (1960) discuss the behaviour and the limitations of
thermal-conductivity cells while Ettre c.s. (1962) describe the influence
of variations in carrier flow. Nevertheless what French said at the
Edinburg meeting (1960) still applies: 'However, it has been our
experience that within a laboratory agreement usually is satisfactory,
but as soon as several laboratories get together for joint tests appalling
* Although it is common practice to distinguish between gases and vapours, we shall only use the
term gas, unless it is necessary to make a distinction between a gas and a vapour.
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reproducibility is achieved'. Also the statement of Smith c.s. (1964)
is still valid : 'Accurate quantitative analyses by gaschromatographic
units are difficult because of the day to day changes in instrument
components
and the inevitable variation in operating conditions.'
It has been our intention to prove that a gaschromatographic unit is
an analytical tool that solves many of the problems encountered in
physiological and clinical gas analysis. We also wanted to prove that
gaschromatographic analyses can be very reliable in spite of the
inevitable variations in experimental conditions. And finally w wanted
to prove that these results can be obtained with some skill by anyone
in any place.
Because of this last aspect we shall not go into questions as to what
is the maximum obtainable accuracy, etc. but we shall confine ourselves to what can be easily achieved m routine analysis.
Chapter 1 summarizes the essentials of gas chromatography and of
a gaschromatographic unit. But m view of the importance of the
quantitative aspects the choice of the right detector is a most essential
one. Hence Chapter 2 is devoted to a more detailed description of the
detector we used ultimately, and to the influence of experimental
conditions on its behaviour. Chapter 3 then discusses the effect of
experimental conditions on the overall performance of the gaschromatographic unit. The next three chapters are devoted to the gaschromatographic analysis of clinical gases (oxygen and carbon dioxide ;
neon, acetylene and carbon monoxide ; volatile anaesthetic agents)
in respiratory air.
Against the original planning, we yet have decided to add a seventh
chapter devoted to the analysis of volatiles in blood and in other
body fluids. The reasons for this are twofold : these analyses are
growing in importance and undoubtedly gas chromatography will
here become the method par excellence. However, gas chromatography
offers so many possibilities (alcohol ; aceton ; oxygen ; carbon dioxide ;
anaesthetic vapours, lipids, steroids) and there are still so many
difficulties to be overcome that we have confined ourselves to two
examples (fluothane in blood and oxygen m blood) elucidating the
possibilities on the one hand and the difficulties on the other hand.
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1.

Gas chromatography

This chapter summarizes the essentials of gas chro
matography. For a more detailed description the reader
is referred to handbooks.
(Dal Nogare 1962; Littlewood 1962.).

1.

Introduction

Gas chromatography is an analytical method of separating volatiles.
The separation is achieved by carrying a sample of a gas mixture with
a so-termed carrier gas (moving phase) through a column filled with
fine grains either of an inert material soaked in a well-chosen liquid
or of an adsorbent (stationary phase), so that there is a large area
of contact between both phases. Due to the interaction between the
stationary phase and the gases the various components in the sample
will not emerge from the column simultaneously. A component that
does not dissolve in the solvent or alternatively is not adsorbed by an
adsorbens (for instance the carrier gas itself), will appear at the end
of the column after a time τ 0 determined by the gas volume in the
column and the volumetric gas flow. If for a component the ratio
between the amount of molecules in the stationary phase and in the
carrier gas is independent of its concentration and equal to //, then
this component will reach the end of the column after a time τ =
(1 + μ) то.
From the above it may be concluded that all the molecules of a
component introduced into the column at the same time also leave
the column at the same time. However, there appears to be a spread
around the average time, because the molecules tend to diffuse away
from each other and because the effective path through the grainfilled column is not the same for all molecules. Both factors give rise
to a symmetric spreading of the band (Fig. I a ) . However, if the capa
city-ratio μ is not independent of concentration, or if there is in the
gas circuit some place where mixing takes place (dead volume), the
spreading will be more or less asymmetric (Figs. 1 b , I e ) .
If we watch the end of the column, at first only pure carrier gas
appears, but after some time the first sample-component will leave
the column, its concentration will rise steadily, reach a maximum and
9
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Fig. 1 Schematic representation of three different types of detector response to the passage of a component
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decrease thereupon. The same will happen to the other components
in the sample.
To extend this method of separation to one of quantitative analysis
it is necessary to add some devices so that eventually the apparatus
consists of the sample port, the columns, the gas circuit, a detector
and a read-out system.
2.

The columns

The kind and number of columns necessary for a complete separation
is, of course, determined by the composition of the mixture in question.
As we shall see later, only two columns are necessary for the analysis
of clinical gas mixtures, never more and seldom less. This allows us
to perform almost all experiments with mixtures containing only
oxygen, nitrogen and carbon dioxide, as the separation of this mixture
also requires two columns : a column, either a silicagel column or one
filled with 20% hexa methyl phosphoramide on kieselguhr 60-70
mesh (HAMPA), separating carbon dioxide from a composite of
oxygen and nitrogen, and a second column filled with a molecular
sieve, either 5A or 13X 30-60 mesh, separating oxygen and
nitrogen, but adsorbing all carbon dioxide. In principle these columns
can be operated in series or in parallel. But, since carbon dioxide is
completely adsorbed by the molecular sieve, two detectors have to
be used if the columns are placed in series, while only one is required
if they are placed in parallel. As we shall see in Chapter 3, the required
accuracy necessitates serial operation.
In choosing the length of both columns one has to take into account
that, if one uses one read-out system, two components should never
give a signal at the same instant. Two components should not succeed
each other too rapidly, as then the fractions will overlap sooner or
later, because every column, but especially the molecular-sieve column
adsorbing all incoming carbon dioxide, gradually loses its separating
power. Should the signals overlap, the columns have to be replaced.
We use a HAMPA- column with an inner diameter of 4 mm and a
length of 2000 mm and a molecular sieve 5 A column with the same
inner diameter but with a length of 1000 mm and then excellent
separation is achieved.
3.

The carrier gas

When choosing the carrier gas it should be borne in mind that the
11

carrier gas cannot be one of the components to be determined and
that there must be a sufficiently large difference between the carrier
and the components in the sample concerning the quantity the detector
measures. Furthermore it must be considered that the carrier gas may
affect the separating-power of the column adversely, and that the
carrier gas should not react chemically with one of the components.
For our purposes helium appears to be suitable.
There should also be some control over the carrier gas flow, for it
is a well-known fact that the separating-power of a column is always
a function of the gas flow. And in case the detector is flow-sensitive,
an accurate flow-control is necessary.

4.

The sample-port

To introduce the sample into the gaschromatographic unit use can be
made of so-termed Hamilton syringes : the needle of this syringe is
inserted through a rubber plug placed on top of the injection-port.
However, the reproducibility of the volume injected is not good
enough for our purposes. The syringes are therefore used only in
cases where this irreproducibility is not a limiting factor.
As a sample-cock we use a 'dry' one, manufactured by Becker n.v..
Delft, Holland. It has (Fig. 2) eight inlet and outlet ports (A — H)
mutually communicating through four inner channels and two outer
loops. The carrier gas enters at A and leaves for the columns at D.
In one position of the cock (Fig. 2 a ) the carrier gas goes straight to
the columns through А В С D, while sucking or pressing at G forces
the sample into the sample loop G H E F. When the cock is turned
clockwise to its second position (Fig. 2 b ) the carrier gas takes the
way Α Η E D and sweeps into the columns a quantity of the sample
equal to the volumes of one internal channel and the (exchangeable)
outer loop Η E.
As the channels inside the cock have a resistance to flow one must
force the sample into the loop so that after sampling there is an under
or overpressure according to whether this force is delivered by suction
or pressure. This means that one should wait a few seconds before
turning the cock and meanwhile no contamination with room-air
should take place. Therefore the inlets and outlets, G and F, of the
sample loop are supplied with capillary tubing.
One of the main problems in quantitative gas chromatography is
caused by the fact that the number of molecules in a given volume
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depends on temperature and pressure. This problem can be overcome by
placing the sample-cock in a good thermostat and in a good barostat,
however even then calibration curves of signal versus concentration
have appeared not to be valid for a long time due to changes in the instrument components. Calibrating frequently is then a necessary though
tedious job.
However, as will be shown in Chapter 4, this repeated calibrating can
be overcome, but then one has to make use of a detector, the relative
sensitivity of which does not change under influence of experimental
conditions.

5.

The detector

A detector is placed at the end of the column and has to respond
to changes in the character of the gas flowing through. As a basis for
such a detector almost all physical quantities that depend on the
composition of a gas mixture, such as for instance : mass, ionisation,
light-absorption, light-emission, flow-impedance, sound-velocity,
density, thermal conductivity, have been used. But when making a
choice it should be realised that a detector has to come up to some
more or less stringent requirements. It should, for instance, respond
to all occuring components, its response should be linear over about
four decades, it should follow sufficiently rapid the changes in
composition of the gas mixture when passing through and its noise
level should be low. As to the quantity proper, the best thing for a
detector would be to respond to the number of molecules, rather than
to the concentration. In the former case the total amount of a component in the sample is found simply by integrating its signal with
respect to time, in the latter case, however, by integrating with respect
to volume.
Now we had not at our disposal a mass spectrometer which moreover
would not have been a suitable instrument. Flame-ionisation detectors
and detectors based on light-absorption or on light-emission do not
respond to all the components in question, while an argon-detector
is far from trouble-free (Hill, 1964). Furthermore, too few exact data
are known of detectors based on flow-impedance or sound-velocity
to predict their usefulness. So we started with two different types of
detector, both responding to concentration : the gas-density balance,
as its response is predictable, and the katharometer, as it is a very
common type of detector.
As a density balance we used the construction of A. G. Nerheim
(1963), schematically reproduced in Fig. 3. At A pure carrier gas and
14
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Schematic representation of Nerheim's density balance.

at С the eluent of the column enters. When this eluent has a lower
density than the pure carrier gas, more of the eluent will follow the
path С Β E than the path С D E due to gravitational force. This results
in an increase of the flow of pure carrier gas through A D and in a
decrease of the flow through A B. It is easy to prove that the difference
in flow through А В and A D is correlated linearly with the density
at С if the upper part of the balance is identical with the lower one,
if the inlet-pressure at A is the same as at C, and if the flows of carrier
and eluent are constant.
We succeeded in constructing anemometers that give an electrical
signal correlated linearly with the carrier flow in the tracts A В and
A D, but we could not solve the problem of constructing identical
upper and lower parts without using set-screws. However, with setscrews it becomes a very complicated detector, as is the case with
the original Martin balance (Martin, 1956). And so we decided to
use a thermal-conductivity cell, often called katharometer, or diaferometer (Noyons 1937).
A thermal-conductivity cell consists of two identical cylindrical
measuring chambers contained in a metal block. In these chambers
metal wires, also called measuring wires or hot wires, or filament, are
15

suspended. Through one chamber, the measuring-channel or analy
ser, flows the eluent, while pure carrier gas flows through the other,
the reference-channel (Fig. 5). If the eluent has a thermal conduc
tivity different from that of the carrier gas there will arise a difference
in heat transport from the hot wires to the metal block resulting in a
temperature change and a change in the electrical resistance of the
wire.

Fig. 4 Two types of katharometer that did not meet the requirements. In the left
one the sensing element is a thermistor, in the right one a spiralized wire.

As the katharometers commercially available show great differences
in construction, we have tried out a few. Fig. 4 shows the two types
that did not meet the requirements mentioned on page 1 4 : in one the
wire is replaced by a thermistor, in the other a spiralized wire is placed
perpendicularly to the gasstream. Both types have in common that the
sensing element is moved to and fro by the gasstream. This gives rise
to many by-effects, the principal of which are a great noise and a
signal that not only depends on concentration but to a very high
degree also on the momentary gas flow.
The katharometer we used eventually (Fig. 5), manufactured by J . H.
Becker n.v.. Delft, Holland, consists of a cylindrical oblong brass
block. Symmetrical with respect to the longitudinal axis two circular
channels with an inner diameter of 4 mm have been drilled. The
quintessence of this katharometer lies in the fact that the measuring
wires are placed in the axis of the chambers, so that the gas streams
parallel to the wire, and in the fact that the wires are spring suspended
so that they are prevented from curving at increasing temperature. The
wires are made of platinum, the purity of which is important, as the
temperature-coefficient of resistance is smaller in the presence of
impurities. The wires have a thickness of about 20 μ and a length of
90 mm.
16
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6.

The read-out system

To visualize the passage of the components it is common practice
to use a potentiometer-recorder. This instrument makes it possible to
study noise and zero-point stability and to measure the peak-height
and time-course of a signal. But, since it is required to measure concentrations with an accuracy of 0.02 vol %, the read-out system must
have a dynamic range of about four decades. However, full scale of
a recorder is about two decades, because the accuracy amounts to
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0.5 % for full scale and 1 % for half scale. Thus low concentrations,
up to 2 vol %, can be determined with the required accuracy, but at
higher concentrations one has to look for other methods.
L. H. Hamilton (1962), for instance, used a special 'fold-over zero
suppression unit' on the input of a recorder to extend its recording
range. But this type of a recorder requires ten steps to add another
decade and asks special precautions to avoid effects caused by
temperature fluctuations.
The most plausible inference thus is not to use peak-height but peakarea to measure the concentration of a component. This requires an
integrating system for which there are different types on the market,
but only a few integrators have the required dynamic range. A ball-disc
integrator, being coupled to the moving arm of the recorder, has a range
which is the same as that of the recorder itself, while a low-inertia
motor (Electro Methods Ltd., Stevenage, England) has an even lower
dynamic range.
As an integrator we used an Infotronics С R S - 1* (Infotronics Ine,
Houston, Texas, U.S.A.). This integrator consists of four elements :
an amplifier that amplifies the incoming signal 150, 30, 15, or 3 times.
One third of the output serves as input for the counter and the total
as input for the slope-detector;
a counter that, based on the conversion of a voltage to a frequency,
makes 100 counts for every mV sec at its input. This counter has a
maximum counting rate of 20,000 counts per second and a reading
capacity of 999,999 counts;
a slope-detector that differentiates the incoming signal and controls
the counter as well as the printer. If the signal increases faster than
a preset value it opens the gate to the counter and if now the signal
decreases slower than this same value it closes the gate by which
operation the counter is read out and put at zero ;
a printer that prints the counts made for any component.
The complete integrator has an input resistance of 10 ΜΩ; at the
input of the voltage-to-frequency converter a minimum signal of
0.05 mV is needed ; up to signals of 100 mV, more than three decades,
the deviation from linearity is less than 0.05 %.

* Still better instruments of the same make are now available.
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2.

The detector

Where quantitative aspects of gas chromatography
are important, it is essentia/to choose the right detector.
As we discovered that only one kind of katharometer
comes up to the required standard, we have tried to
find out what in fact this katharometer measures
(part B) and what factors influence its performance
(part C). Although we tried of course to explain
our results afterwards, this chapter will start with
a simple theoretical approach (part A).

List of symbols and abbreviations
"L

length of the measuring wire m cm

M

mass-flow in grmol s e c - 1

Q

heat-flow m cal sec '

R

resistance in ohms

Cp

specific heat at constant pressure in cal g r m o l - 1 °C ^ '

i

current t h r o u g h a wire in amperes

к

thermal conductivity of the gas in cal c m - 1 "С ^ s e c - '

r

radial distance from the axis of the cell in c m

t

temperature in °C

α

temperature coefficient of resistance

β

temperature coefficient of thermal conductivity

subscripts.
с

at the inner cell-wall

f

filament or wire

m

mean or average

о

at 0 °C

r

at a radial distance r f r o m the axis of the cell

cd

conductive

cv

convectiva

tot total
A.

Theory "

When an electric current flows through a measuring wire, this wire
will take up a power of i 2 R. Consequently the temperature of the wire
* Since к is expressed in cm, in this chapter we will also express L and r in cm
" We express our gratitude to Prof J H Purnell, the University of Swansea, England, for his support
m deriving these equations.
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will rise until a situation is reached where the power taken up equals
the heat losses per unit time. This heat is conveyed to the environment
by conduction through the gas and the wire-ends, by radiation and by
convection. Now Oosterbaan (1947) and Daynes (1933) have shown
that in a katharometer the losses through the wire-ends and those
by radiation are negligible. Furthermore we assume that free con
vection due to variations in density may be neglected and that the
temperature of the incoming gas will rise only in the first few milli
metres of the channel. Hence we confine ourselves to the losses by
conduction through the gas and those by 'forced convection'.
To calculate these heat losses we make another two simplifying
assumptions. Firstly we assume that there is no temperature discon
tinuity at the interface between the wire and the surrounding gas.
Secondly we assume that there exists no temperature gradient along
the axis of the channel.
In the steady state then, the conductive losses per cm and per second
can be calculated, (Carslaw 1958) :
Q'cd=— 2nrk(t)

.
dr

n<r<rc

We assume that the temperature tc of the inner cell-wall is independent
of Q and we assume that the temperature of the incoming gas equals te.
After separation of the variables and assuming that within the tempe
rature interval concerned,

one finds by integration :

Q<crf=2-;*o(l+0^(f,_,e).
In

η

If we introduce a mean thermal conductivity km defined by

km=k0U

+

ßt,+2±

then the conductive losses per cm and per sec are equal to :
ΰ'«/=2πλ«-~β.
In rr

(1)

At the same fime it is found that the temperature of the gas at a
distance r from the filament Ь is given by
20

Q cd . Гс
tr — tc = ^ -.-ІП
.
2 Л km
г

In order to calculate the rate of heat loss due to forced convection
we introduce the mean temperature tm of the gas in the channel,
given by
Гс

, — tc=
tm-

,

2

,

/ r{t, — tc)dr

2

Гс2 — /Υ

.'

and we find :
Г,

Q'cd
tc

rr2

/1
2

гЛ

2,n

'- ~2nkm\2~rc -rf rfr

Since r/ = 10 3 cm and Гс = 0,2 cm, the second term within the
brackets can be neglected. Hence,
, _

Q

'^

tm — Гс — .
.
4 π km

_tf—tc
„ . te
λ In

η

Now we can also calculate the rate of heat loss by forced convection
if we assume that this is given by the heat necessary to warm the
incoming gas from its initial temperature U to the mean temperature
in the channel tm :
Qcv = M Cp {tm — tc) = M cp --~tc.

(2)

Ге

2 /п

To find the total heat losses we multiply the conductive term by L,
the length of the filament, and we assume that the sum total of the
heat losses is found by adding the conductive to the convective term :
Qt0t = Q'cdL + Qcv.
Substituting equation 1 and equation 2 we get :
Qto, = (2 π L km + 0.5 M cP)

*——.

(3)

Гс

Іп

η

From this formula and from the thermal data given in Table I, we
conclude that for helium the convective losses are less than 1 % of
the total, that for argon they amount to about 5 % and for sulphur
hexafluoride even to about 20 %.
21

If we substitute in formula 3 for Qrof the heat input 0.239 i2 R and
if we assume that for low values of tt — U the temperature coefficients
of R and к cancel each other out, we come to the conclusion that
there will be a linear relation between / 2 and the temperature of the
measuring wire:
¡2=2nLk+0.bMc,

{tf_tc)

(4)

Гс

0.239 R Іп
r/

B.

W h a t does t h e katharometer measure

To find what in fact the detector does measure we experimented
with three different gases namely :
He
A
SF6

min. purity 99.99 %
min. purity 99.99 %
min. purity 98.7 %

We made this choice because helium and argon differ strongly in
thermal conductivity, but have about the same specific heat while
argon and sulphur hexafluoride on the contrary have about the same
thermal conductivity, but differ in specific heat. (Table 1).
Tabfe 1
Some thermal data taken from Kohlrausch (1962), Johnston c.s. (1946) and own
experiment (SF 6 ).

He
A
SFe

o2

N2
C02
Pt

B.I.

с«

кго

ß

355 IO"6
41.4 IO"6
35 10- 6
61.4 IO"6
60.1 IO"6
37.1 Ю - 6
0.166

0.00196
0.00329

—
0.00346
0.00263
0.00559

5.1
5.0
23.2

7.0
6.9
8.8

The relation between electric current through the measuring wire
and the wire temperature (equation 4)

We measured the potential across the wire at different currents. At a
constant rate He (49.3 ml/min), A (48.4 ml/min) respectively 5 F 6
22

Ч

l

c

in0c

Fig. 6 Relation between the current through the measuring wire and the resis
tance, c.q. the temperature, of the wire for the gases A, He, SF 6

(48.5 ml/min) flowed through the cell. The temperature of the in
coming gas and the outer cell-wall were kept at room-temperature.
From these experiments we established a relation between the re
sistance of the wire and the electric current flowing through it (Table
2). If we plot these resistances versus the square of the current (Fig.
6), we get straight lines, given by the relation :
23

R = 27 5 + 187 /'2
R = 27 3 + 1640 / 2
R = 27 5 + 1850 i2

He
A
SF6

Table 2
Resistance of a cell wire at different currents and for different gases flowing through
the cell
He
0100 A
0 0875,,
0 0750 „
0 0625 „
0 0500 „
0 0375,,

29 4 oh ms
29 0
28 6
28 3
28 0
27 8

SF6

46 0 ohms
41 7 „
37 7 „
34 7 „
32 0 „
301 „

43 7 ohms
39 8
36 4
33 6

31 4
29 6

As there is a relation between the resistance of the wire, its temperature
tt, and its resistance at ambient temperature Re, approximately :

/?( = /? e [1 + 0 00393 (fr—k)]
there also exists a linear relation between the temperature of the wire
and the square of the current (Fig 6)
/ 2 = 0 000578
/ 2 = 0 0000643
i2 = 0 0000581

(tr— tc)
(tf — tc)
(tt — tc)

He
A
SF6

From equation 4, the thermal data in Table 1, and the known values
of L, re, rf. Re, M, it is possible to calculate the values to be expected
viz. :
/2 = 0 000578
¡2 = 0.0000695

{tf — tc)
(tf — te)

He
A

A calculated value for SF6 could not be given because we could not
find the thermal conductivity of SF6
The difference between the values for argon indicate that we have
made too many simplifications m deriving equation 4. The influence
of the simplifications is less for helium, but the agreement obtained is
misleading
В 2.

Relation between calculated and measured resistance of the
wire
From these measurements it also appears that the resistance of the
wire will be about 27 5 ohms at 20° С (ambient temperature). From
its dimensions (length 90 mm , diameter 20 μ) and from the specific
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resistance of pure platinum (9.8 10~ 6 ohm cm) a resistance of 28.1
ohms is obtained. The values agree well, especially if one considers
the uncertainty as to the wire dimensions.
B.3.

Relation between calculated and measured heat input
(equation 3)

Using equation 3, we can calculate the heat input required to maintain
this wire temperature from thermal data (Table 1), the known values
of L, tc, rf, and M and the indirectly measured wire temperature tt.
Then these values may be correlated with the measured heat input
which equals /'2 /?. (Table 3). Especially at low wire temperature both
values agree well.

Table 3
The measured and calculated heat input. Thermal data for Helium from Johnston
c.s. (1946) and for Argon from Kohlrausch (1962).
tf

к

С

Р

Qcalc.

orneas.

67.1 Ю- 3
51.5 IO" 3
37.5 Ю- 3
26.0 Ю- 3
16.6 Ю- 3
Э.ЗЗЮ-з

70.3
52.8
38.5
26.3
16.7
9.34

IO" 3
IO" 3
Ю- 3
Ю- 3
Ю- 3
10- 3

104
73
49
31.5
18.8
9.91

IO" 3
Ю- 3
Ю-з
IO" 3
Ю- 3
IO" 3

Helium
8

37.3
33.3
29.7
26.8
24.3
22.4

361
360
359
358
357
356

IO"
ю-6
10" 6
10-"
Ю" 6
10- 6

5.1
5.1
5.1
5.1
5.1
5.1

173
137
106
80
58.3
41.6

51.2
48.9
46.9
45.3
43.8
42.8

10- 6
Ю- 6
IO" 6
10" 8
10-«
10-в

5.0
5.0
5.0
5.0
5.0
5.0

Argon

В.4.

Measuring the thermal

84.1
61.4
43.4
29.2
18.1
9.93

10-3
IO" 3
IO" 3
Ю- 3
IO" 3
10-3

conductivity

With the values of the different parameters and the measured heat
input it is also possible to calculate the thermal conductivities of the
gases at the different temperatures. Extrapolating these values to 20°
С we find :
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0.000355 cal c m " 1 sec" 1 "C" 1
0.0000415 cal c m " 1 sec" 1 "C" 1
0.000035 cal c m " 1 sec" 1 "C" 1

for He
for/í
for SFg

As can be seen in Table 1 the values for He and A agree well with the
values measured by other investigators. Hence we expect that the
value for SFS given above will be fairly accurate also.

B.5.

Conclusions

When the temperature-difference between wire and cell-wall decreases,
the contribution of the thermal conductivity to the heat transport
increases. The contribution of forced convection, i.e. gas flow, is
lower as the thermal conductivity of the gas is higher and its specific
heat lower : for A the contribution of forced convection is about 5 %,
for SF6 even 2 0 % but for He less than 1 %. Hence, the detector is
flow insensitive when He is used in contrast with A and a fortiori
SFb.
So we decided to use helium as the carrier gas. We do not use hydrogen, although this has a still higher thermal conductivity. Association
and dissociation reactions as well as reactions with oxygen have
appeared to play an important role in heat exchange.
From the above it is obvious that we use the change in resistance
of the cell wire as a basis for obtaining an electric signal. If we reduce
equation 3 to the equation one usually meets in books on this subject :
Q = c.k. (tf — tc)
с being a constant.
and if we substitute the equivalent wire resistance for the temperature
we obtain :
Q = C . k.
a

{ R

-Rc
Rc

i

Now it is possible to deliver a constant energy to the wire, a constant
current through it, or a constant potential across it and :
к (R — Rc)
.¡R — fíc

,

kR (R — Rc)

= constant at constant energy.
= constant at constant current.
= constant at constant potential.

It is clear that in none of these situations there is a linear relation
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between the absolute or relative changes of the resistance and those
of the thermal conductivity.
Besides that, there is no linear relation between the thermal conductivity of a gas mixture and its composition. Thus we come to the
conclusion that there is no linear relation between the composition
of a gas mixture and the electric signal of the detector. The question
whether the deviation from linearity is small enough over a concentration range of sufficient width can only be answered by the experiment.
C.

The performance of the katharometer and the influence of some
operational conditions

To convert a change in gas composition into an electric signal we
make the measuring wires parts of a Wheatstone bridge, a normal
practice for measuring changes in resistance. In gas chromatography
it is now common practice to place the wires of one detector in series
feeding the bridge with a constant potential, or to place them in
parallel in case the bridge is fed by a constant current. Daynes (1933),
Visser (1957) experimentally and Oosterbaan (1947) theoretically,
all come to the conclusion that for gas analyses based on thermal
conductivity a constant current is to be preferred in order to obtain
the largest linear range. Hence we always used a constant d.c. currentsource (J. H. Becker n.v.. Delft, Holland) and placed the wires of
each detector parallel to each other (Fig. 7). Using, as we did, two
detectors, i.e. four wires, we placed the wires of the two analyser
channels opposite to each other, so that one and the same change
in thermal conductivity gives a bridge signal with the same polarity
for both detectors.
In studying the behaviour of this Wheatstone bridge one has to deal
with the influence of changes in gas flow, temperature, pressure and
electric current on the balanced bridge, as well as on the unbalanced
one. In this chapter we will consider the influence of these parameters on zero-point and sensitivity.
C.I.

Temperature of the

cell-wall

Our first experiences with this katharometer made it quite clear that
this thermal conductivity cell is a good thermometer, if the heat
source or the heat sink is located asymmetrically in respect of the
measuring wires. Now, a thermostat keeps the average temperature
within narrow limits, but there are, distributed over the thermostat,
areas differing in temperature. And each area has its own uncorrelated
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temperature fluctuations. By these fluctuations a noise is introduced.
Surprisingly, it proved most effective to reduce this noise by placing
the cell, far from any heat source or heat sink, simply in an air-filled
tank so that it is free of any draught (see also C.5.).

Fig. 7 Wheatstone bridge. The two wires of one and the same cell are placed
parallel to each other.

However, in doing this we are left with the problem of the steady
increase of the room temperature during the day, which results in an
increase of the detector temperature. In a detector with perfect symmetry neither the concomitant increase of thermal conductivity nor
28

that of the wire resistances will have any influence on the zero-point,
since then all channels are filled with one and the same gas (C.6.).
In case the reference channel and the measuring channel do not
contain the same gas, it is largely a matter of the temperature coeffi
cients of thermal conductivity. And since these coefficients differ for
the various components (Table 1), it can be expected that the i n 
fluence of the temperature differs for the various components. Al
though the experiment (Chapter 4) proved that, within the concen
tration range (0-1 vol % of component in He) and within the
temperature interval (18-26 0 C) concerned, the sensitivity increases
markedly with increasing temperature, the ratio between the various
sensitivities does not change to an appreciable extent.
C.2.

Electric current

An increase in the electric current through the wires will not only
result in an increase of the detector temperature, as is the case with
a rise of ambient temperature, but also in an increase of the temperature
difference between the wire and the cell-wall (equation 3). These
changes do of course not affect the zero-point, but the influence on
the sensitivity will be enormous. Neglecting the influence of the rise
in detector temperature and of t c , there still remains the factor tt— tc.
This difference is a linear function of the square of the current (В.1.).
Now we measure the rise in wire temperature with a Wheatstone
bridge, the signal of which is in itself a linear function of the electric
current and so we may expect that the sensitivity will increase by the
third power of the current. (3.6.).
This means that the electric current should be kept constant within
narrow limits. The detector is too slow for rapid fluctuations — for
instance 50 Hz — which are smoothed out.
C.3.

Gas flow

To measure the effect of the gas flow we brought the bridge into
balance at an arbitrary gas flow and measured the unbalance as a
function of the gas flow, while the bridge was fed with a constant
current of 0.2 A (Table 4, Fig. 8). From these measurements it appears
that there is a linear relationship between the gas flow and the signal
of the bridge. Besides this it appears that changes in helium flow do
not affect the zero-point.
When taking these measurements we experienced that at the moment
we changed the gas flow, the bridge gave a very strong signal and
afterwards turned slowly to its final position. This phenomenon we
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interpreted as an indication that a disturbance of the stream profile
is accompanied by a disturbance of the heat transfer. Thus it is not
only necessary to keep the flow constant, but also to avoid sudden
changes of the stream profile. And one of the main causes of these
changes proved to be the pressure or flow regulator (C.5.).
Table 4
Signal of the Wheatstone bridge at different gasflows. Bridge-current 0.2 A ; ambient
temperature 20° C.
SFe

He

ml/min
mV
75.0 „ + 0.01 „
49.8
0.00 „
23.2 —0.01 „

95.5 ml/min + 4.88 mV
83.1
,
+ 3.54
74.1
,
+ 2.55
62.5 ,
+ 1.58
57.7
,
+ 0.86
54.8
„
+ 0.60
48.4
,
0.00
39.7
„
— 0.55
36.9 ,
— 1.01
32.2
„
— 1.56
27.8
„
— 1.66

54.6 ml/ min + 2.35
+ 1.50
52.8
+ 0.86
50.8
+ 0.32
49.2
+ 0.30
49.0
48.3
+ 0.02
48.2
0.00
48.1
— 0.08
47.8
— 0.23
47.4
— 0.41
47.1
— 0.54
46.8
— 0.70
45.6
— 1.18
43.6
-185

mV
„
„
„
..
„
„
,.
„
„
„
„
..
„

C.4. Gas pressure
The thermal conductivity of a gas being independent of the gas
pressure, except at very low pressures, it is not to be expected that
changes in gas pressure have any effect on the performance of the
detector. And a few simple experiments proved that, too (3.4.). But
here, as with sudden changes in gas flow, fluctuations in gas pressure
may cause disturbances in the stream profile of the gas and then they
give the concomitant effects.
C.5, Noise
As has been mentioned, the two main noise sources are the tempe
rature fluctuations in place and time (C.1.) and the variations in the
stream profile of the gas in the detector (C.3.). When we place the
katharometer in a liquid-filled thermostat (25 ± 0.1° C), we measure
a noise of about 50 μ V, which is much too high. By switching off
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the heating element the noise is hardly reduced, but as soon as we
switch off the stirrer, the noise decreases to a level of about 10 to
15 /iV, and has a frequency of about 0.1 Hz. Not using the heating
element and the stirrer, it is questionable whether even the liquid is
still necessary. And so we found that the detector could best be placed
in an air-filled open tank.
To keep the stream profile of the gas free from sudden changes we
placed at the end of the gas circuit a large vessel ( ± 1 litre) with a
small restriction (0.1 mm) in its outlet to minimize the influence of
a sudden variation (0.1 mm) in the outlet pressure, caused for in
stance by opening a door of the room. At the high-pressure side of
the gas circuit we tried out a few control valves. In using a Negretti
and Zambra constant-pressure control valve the total noise fell from
15 μ V to below a level of 2 μ V, which made it possible to measure
reasonably well sample-concentrations as low as 0.01 vol %. (Chapter
6).

C.6.

Drift

The main cause of drift is the steady rise and fall of the room tem
perature. As the designers of these katharometers have aimed at a
high degree of perfection (equal dimensions of the measuring chambers
symmetrically arranged in the brass block; equal measuring-wires
located exactly in the axis of the channels and stretched at the same
tension), the effect of these temperature changes is nearly equal for
all wires. For a rise in ambient temperature from 16 "C to 28 °C the
shift of the zero-point appears to be less than 15 μ V.

С. 7.

Linearity

To establish the relation between the concentration of a component
and the signal of the bridge we made the following experiment : a
constant flow of helium was led through both reference channels of
the detectors, then through one of the measuring channels to a fourway stopcock (Fig. 9). In one position of the cock the gas streamed
directly to the remaining detector channel ; in this position the bridge
was brought into balance. When the stopcock was turned to its
second position, the gas flow was directed to a large chamber where
it was mixed with the gas by means of a motor-blower, and thereafter
it left this vessel for the analyser. Be now the original concentration
of the gas in the mixing vessel Co, the effective volume of the
32

He

ω
ω

Fig. 9

Schematic diagram of the gas circuit used for the determination of the linearity and the response time of the detector.

chamber V and the gas flow F. The concentration of the component
decreases with time :
_Ft
Ct = Co e

V

This means that, when in this experiment there is a linear relation
between the concentration of a gas in the carrier gas and the signal,
there is also a linear relation between the logarithm of the signal and
time.
These experiments showed that for gases such as air, argon, oxygen,
nitrogen and carbon dioxide, the deviation from linearity can only
be small for signals up to 20 mV. Hence we can inject into the gaschromatographic unit less than 1 ml of carbon dioxide, but up to 1.5 ml
of oxygen.
CS.

Response time

If we repeat the foregoing experiment without using the blower and
with a mixture of about 0.5% oxygen in helium in the vessel, this
mixture with its constant composition will flow long enough through
the detector to get a fair impression of the response time of the
detector. At a flow rate of 50 ml per minute, the time between 1 0 %
and 9 0 % of full-scale deflection was about 1.5 sec, which is quite
in agreement with the ratio between the inner volume of the analyser
(1.2 ml) and the gas flow (0.8 ml per sec). Since this is a borderline
case, it is worthwhile to use a smaller detector.
CS.

Conclusions

In paragraph B.7. it has been concluded that there exists no linear
relation between the composition of a binary gas mixture and the
signal of the detector. However, further experiments proved that
deviation from linearity is negligibly small for signals up to 20 mV.
By placing the katharometer in an air-filled open tank and by making
special arrangements for the gas flow control, it is possible to reduce
the noise to about 2 μ V.
This means that we now have at our disposal a detector with a large
dynamic range. The question whether this dynamic range and whether
the detector sensitivity are sufficiently large for the various components
and the various concentration-ranges shall be dealt with in the next
chapters.
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3.

Some factors influencing the overall performance
of the gaschromatographic unit

Whereas the preceding chapter described the influence
of experimental conditions on the behaviour of the
thermal conductivity cell, the present chapter will
deal with the influence of experimental conditions on
the performance of the gaschromatographic unit.
This involves a discussion on the flow dependency
of concentration-sensitive detectors.
The emphasis will be on the lay out of the Chromatograph, especially on the array of columns and
detectors, where the separation requires the use of two
columns. The arguments are, as will be shown, in
favour of two columns in series.

1.

The gaschromatographic unit

Using, as we do, two columns there are four possible ways to arrange
them (Fig. 10) : two in which the columns are placed parallel and
t w o in which they are placed in series. To decide which column
arrangement is best we did some experiments, which showed that
under all conditions encountered the reproducibility of an analysis is
better when we place the columns in series (see for instance Table 5).
The main reason for this lies in the fact that a column acts as a fluctuating
resistance, so that the sample is not split into ever-equal portions :
we add per column a noise to the sample-volume. From this it follows
that the columns must be placed in series.
But in case we use a flow scheme as depicted in Fig. 10 c , we introduce a measuring problem. The wires of the detector are included
in a Wheatstone bridge and are placed parallel to each other in order
to stabilize the zero-point of the bridge. This means that we shall
obtain signals with opposed polarity. But a good polarity switch is
more expensive than a second detector.
So we used the flow scheme depicted in Fig. 10 d and the gaschromatographic unit shown in Fig. 1 1 . The pressure of the carrier
gas helium is reduced to about 1.5 atm by means of a conventional
pressure-reducing valve (RV). The gas is filtered and dried over a
molecular sieve (F), then brought to a constant overpressure of about
0.5 atm by means of a Negretti and Zambra constant-pressure valve
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Fig. 10 Four possible column arrangements.

(PV). This pressure may be read on a meter (PM). Now the gas runs
through the reference cells of both detectors, picks up the sample
in the sample valve (S) and directs it through the columns and
analyser cells into a soap-bubble flow meter (FM). Via a largecapacity vessel with a restriction in its outlet the gases stream into
the outside. Just behind the last analysor we placed a stopcock (SV).
After finishing the analyses and before closing the cock on the carrier
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gas tank we closed the stopcock (SV) to prevent the gas from escaping
from the gas-circuit. It has been our experience that the circuit may
be considered sufficiently leak-free if the pressure did not fall to
zero within six hours.
Table 5
Peak areas for a constant amount of oxygen with the columns placed parallel
to each other and in series.

mean :
s.d.

2.

parallel

in series

34
34
34
34
34
34
34
34
34
34

35
35
35
35
35
35
35
35
35
35

681
842
928
520
415
217
343
860
114
982

34 560
±111

901
869
990
958
881
914
076
874
934
990

35 959
±23

Sample size

The amount of a component in the sample has to be linearly related
to the signal. For these experiments we did not change the sample
loop Η E (Fig. 2), but we introduced mixtures of pure oxygen and
carrier gas via one and the same 1 ml loop. Every mixture was analysed
five times ; the averages of these measurements are given in Table 6.
Table 6
Relation between amount of oxygen and signal of the detector, measured by its
height and its area.
Mixture

Peak height

Peak area

10.0% oxygen
20.0%
ll
30.0%
ff
„
40.0%
50.0%
ll
100.0%

23.7
47.5
71.0
94.5
119.0
233

917
1853
2762
3678
4584
9203

II
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From these experiments we may conclude that there is a linear re
lation between the amount of a component and the output signal,
be it in respect of peak height or peak area.
3.

Gas f l o w

The rate of flow in the detector can conveniently be expressed in the
number of molecules per unit time (alternatively moles per second).
Be ms the flow rate of a sample component, mg the flow rate of the
carrier gas and hence ms + mg the total flow rate in the detector
cell, then the concentration с of the sample component is :
itis

С =

ms + mg
(It is assumed that the effluent contains a single solute and that all
gas leaving the column goes into the detector). In the case of a con
centration-sensitive detector the signal V, expressed for instance in
volts, will be proportional to the concentration :
т$ + mg
The quantity f is the response factor or sensitivity factor, expressed
in units of signal per unit of concentration. It is constant over a more or
less wide range of concentrations.
A chromatogram can be concieved as a plot of detector signals against
time. For a concentration-sensitive detector the concentration integral
with time is :

A= ff.c.dt.
and for a range of concentrations where f may be taken as a constant :

A=f¡c.dt
J

= fí

m¡

J ms + mg

dt

The quantitative evaluation of a chromatogram presurmises proportionality between peak area A and quantity of sample component in
question. This proportionality holds true, if ms + mg is constant, then :
A =

/ ms.dt
ms + mg J
This relation may be rewritten as :
A-

f Q

ms + mg
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where Q is the number of sample component molecules or the number
of moles.
Now, samples of equal quantity Q may be fed into the detector, each
time at different but constant ms + mg. Then, f and Q being constant,
A is inversely proportional to the total flow rate. Hence if flow rate
decreases, peak area will increase so that the product of area times
flow rate keeps constant (Table 7).
Table 7
Relation between gasflow and signal for two different components.
Oxygen
Gasflow
ml/min

height

62.8
56.7
49.7
41.6
35.7
27.9
22.1

410
438
468
510
550
595
625

area
1905
2111
2408
2884
3362
4320
5375

Nitrogen
flow
χ area

height

1196
1197
1197
1200
1200
1205
1188

318
350
382
435
478
540
582

area
2014
2232
2544
3043
3549
4554
5704

flow
χ area
1265
1266
1264
1268
1267
1271
1261

The flow rate also affects the separation power of a column. Con
sequently we measured (Table 7) a decrease in peak height with
increasing flow rate. But we also see (Fig. 12) that this dilution
effect differs for the various components : it depends on the time spent
in the column.
Accordingly, changing the flow rate, the ratio in peak height between
the various components differs for the various components but not
the ratio in peak area.

4.

Gas - pressure

To establish the influence pressure has on the overall performance,
we placed three different capillaries just behind the last detector and
before the gas flow meter. Gas flow was kept constant by regulating
the inlet pressure. We measured the inlet pressure, peak height, peak
area, gas flow and we calculated the product of gas flow and peak
area. The results are given in Table 8.
These measurements show that gas-pressure influences the sepa40
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ration-power of the columns, but not the sensitivity of the detector.
Thus we find a larger peak height with rising pressure but an un
changed peak area.

Table 8
Influence of gas-pressure on the response to a constant amount of pure oxygen.
Gasflow
ml/min
no capillary
capillary 1
„
2
3

5.

49.3
49.6
49.5
49.6

Inlet-•pressure
atm.

peak height

peak area

1.0
1.1
1.2
1.5

670
674
677
697

2430
2411
2425
2413

flow
χ area
1198
1196
1200
1199

Ambient temperature

A rise in ambient temperature from 17 °C to 24 °C will reduce the
sample-size and thus the signal by about 2.4%. But at the same time
the viscosity of the carrier gas will increase by 2 % and the flow will
thus decrease by 2 %. At a carrier flow of 50 ml. per min this will
cause, for a sample of pure oxygen (Table 7), an increase in peak
height of about 1 % and in peak area of 2%. Furthermore we have
seen (2, C.I.) that a rise in ambient temperature will slightly
increase the sensitivity. The various effects tend to cancel each other
out, so that there will remain a minor influence on the overall per
formance of the gaschromatographic unit.
In fact we measured an increase in peak area of 0.05% per "C and
this increase in sensitivity is the same for the different components :
oxygen, nitrogen and carbon dioxide. We believe that this small
increase in sensitivity is mainly due to the electronic elements in our
read-out system.

6.

W i r e temperature

To establish the influence of the wire temperature we measured the
response for a constant amount of pure oxygen at different electric
currents through the wires for two detectors (Table 9). As was to
be expected (2.C.2.) the sensitivity of a detector increases in good
approximation by the third power of the electric current.
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Table 9
Influence of the electric current through the measuring-wires on the response for
a constant amount of pure oxygen measured for two different detectors.
Bridge-current

200 mA
150 „
100 „

7.

Detector 1
height

area

Detector 2
height

area

Ratio
1 : 2

685
293
92

3557
1526
472

592
253
82

3068
1321
408

1.156
1.156
1.157

Time

Although the above-mentioned parametersare time-dependent, the
effect of the daily variations is most pronounced in the behaviour
of the columns. These columns act in the first place as resistances
to gas flow. Now during continuous use this resistance does not only
change slowly, but also abruptly if one stops the gas flow. In practice
it is found that if the gas flow is stopped at the end of a day and
the cocks are reopened the next morning, one never obtains the same
flow.
In the second place these columns act as separators of the components
in the sample and it is a common experiencethattheirseparation-power
decreases with time. This reduction in separation-power is accompanied by a change in peak height, differing for the various components. It does not affect the peak area however, if one replaces
the columns by new ones at the time that components are no longer
separated completely.

8.

Conclusions

These experiments show that both peak height and peak area are
affected by experimental conditions, but that there is one essential
difference : the influence on peak height varies from component to
component but the influence on peak area is the same for all components.
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4.

The analysis of respiratory air

This chapter is devoted especially to the analysis of
oxygen and carbon dioxide in air Hence a description
is given of the method of separating air, as well as a
description of a complete analysis.
As the signal of a component may be digitalized by
measuring its maximum value (= peak height) or its
area (= peak area), this chapter also goes into the
question which of these values to choose as a measure
for the concentration of a component
It is shown that the standard deviation amounts to
0 03 vol % using peak area and to more than 1 %
(relative) using peak height
It is concluded that gas chromatography gives a solution
for the otherwise so laborious analysis of respiratory air

1.

Introduction

Although an apparatus for analysing respiratory air (v. Slyke ; Scholander, Haldane) is fairly cheap, this type is never popular with the
analysts ; its operation often causes trouble. And so for the determination of the metabolism one often makes use of so-termed spirometers. The patient inspires air from this spirometer and expires his
air back into it (closed system). As the spirometer is provided with
a carbon dioxide absorber, continuous rebreathmg results in a continuous decrease of the volume of the spirometer, equal to the oxygen
consumption of the subject. Then, to calculate the metabolism, it is
assumed that the ratio between the carbon dioxide production and
the oxygen consumption (= respiratory quotient) is constant and
equal to 0.82 for all subjects under all circumstances. This assumption,
however, is subject to severe criticism, and if with not too much effort
the carbon dioxide production can be measured, valuable additional
information is obtained.
Also to avoid gas analyses, the classical Pick method for the determination of cardiac output has been largely replaced by a dyedilution method, even m spite of the fact that a more complex equipment is required for this latter method and that it is more time-consuming.
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2.

The separation

According to the Meteorological Station (K N M.I., de Bilt, the
Netherlands) and according to our own experience dry open-air has
the following composition m vol % •
78.03 % N 2 , 20 99 % 0 2 , 0.94 % A , 0 03 % C 0 2 ,
while a normal subject expires air with a composition like for instance
78 77 % N2 , 16.23 % O2 , 0 95 % A , 4.05 % C 0 2 .
Hence, the analysis requires a separation of the mixture into its four
mam components
To separate oxygen and nitrogen at room temperature a molecularsieve column is required, of which two species are considered, viz, •
5 A and 13 X , we normally use 5 A, but 13 X is just as satisfactory
Now molecular sieves absorb carbon dioxide irreversibly, so that in
order to measure the C 0 2 concentration it is necessary to separate
this component from the others m a suitable pre-column. For this purpose
we used a so-termed HAMPA-column. We preferred this column over
the generally used silicagel column m view of its resolving power for
other components (Table 10)
Table 10
Retention-times for the different gases and vapours on four different columns,
using helium as the earner gas
Poropak Q
2 m
63 ml/mm
Oxygen
Argon
Nitrogen
Carbon dioxide
Carbon monoxide
Neon
Acetylene
Nitrous oxide
Cyclopropane
Ether
Tnlene
Fluothane

40
40
40
94
40
40
309
122
1119

sec
„
„
„
„
„
„
„
„

Λ*

~
r>*

DNP
011m
63 ml/mm

Mol Sieve
1m
50 ml/mm

HAMPA
2m
50 ml/mm

10
10
10
10
10
10
10
10
10
30
876
253

59 sec
59 „
129 „

54
54
54
75
54
54
393
70
134

sec
„
„
„
„
„
„
„
„
„
„
„

~
672 „
10 „

~
/•w

~
~
~
rsj

sec
„
„
„
„
„
„
„
„

~
~
rv

~ means more than half an hour.
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For the separation of argon two methods are known. With a specially
prepared molecular sieve (Britt 1966) it should be possible to resolve
the argon at room temperature ; but though we made several efforts to
prepare this kind of molecular sieve, we never succeeded in doing
so. The second method consists in the cooling of the molecular-sieve
column down to a temperature of — 70 °C, but in that case the nitrogen
emerges from the column only after a much too long time. However,
the ratio between the argon and nitrogen concentrations is constant
in open air, in room air as well as in expired air, so that the argoncontent can always be calculated from the nitrogen concentration
measured. This is the reason why we do not separate the argon, but
let it emerge from the column and pass the detector together with
the oxygen.
When choosing the dimensions of a column it has to be kept in mind
that two columns of equal dimensions and packed with the same
material have nearly always a different resolving power, a resolving
power diminishing with time. Furthermore, if two columns are used,
their lengths have to be adapted to each other. Although we use two
detectors, they should not give their signals simultaneously, since
these detectors are placed in one and the same Wheatstone bridge.
Thus the carbon dioxide should pass the first detector before the oxygen
emerges from the second column, or it will have to wait untili all
nitrogen has passed the second detector. In the latter case the carbon
dioxide signal will be flatter and broader, causing a more unfavourable
signal-to-noise ratio and this is a thing we cannot afford for the
component with the weakest signal.
A practical solution appeared to be to use a column (diam. : 4 mm ;
length : 2000 mm) packed with 25 % hexamethyl-phosphoramide
(HAMPA) on kieselguhr (60-70 mesh) and a column (diam.: 4
m m ; length: 1000 mm) packed with molecular sieve 5 A (30-60
mesh).

3.

Procedure

We open (Fig. 1 1 , Page 37) the valve of the helium tank and the
stopcock (S V) at the end of the gas circuit. By means of the pressurecontrol valve (P V) it is now possible to get in the range between
40 and 60 ml. per minute a constant gas flow. At the same time we
turn on the integrator and the recorder so that these can warm up,
and we select the proper amplification known by experience. After
about five minutes the gas circuit is filled with pure helium, after which
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Fig. 13 Chromatogram of expired air. Columns: 2000 mm Hampa and 1000 mm Molecular sieve 5A.

we switch on the constant-current device feeding the Wheatstone
bridge with 200 mA. About fifteen minutes later the apparatus has
stabilized ; we then bring the bridge into balance and arrange the
zero-point of the integrator (it counts only the positive signals) to
coincide with the peak of the noise, so that it gives a count about
every second. This number is low enough to be negligible. Now we
suck or press the sample into the sample l o o p ; a volume of eight
times the inner volume of the loop is sufficient to wash it out. We
turn the sample valve by which action we introduce an, otherwise
unknown, volume of the sample into the gaschromatographic unit.
In a few minutes the mixture is separated (Fig. 13) and each component is measured. At the end, six minutes later, we return the valve
to its original position and we can start the next analysis.

4.

Examples

On the recorder we obtain a chromatogram as depicted in Fig. 13
and from the integrator we obtain four numbers. The first signal is
delivered by the composite (the mixture of argon, nitrogen and oxygen)
when passing the first detector ; this signal is ignored. The second
signal belongs to the carbon dioxide, the third to a mixture of argon
and oxygen, while the fourth signal represents the nitrogen.
When analysing a synthetic mixture, open air and expiratory air we
obtained the following signals :
COs
mixture
open air
exp. air

O2 + A

N2

height

area

height area

height

area

265
1
165

13 460
84
8 602

435
460
360

1390
1490
1505

133 896
139 934
149 584

36 032
37 667
31264

(In this and the following tables all counts, made measuring peak
area, are divided by ten.)
Peak area
In chapter 3 we have seen that the effect of experimental conditions
on peak area is the same for all components. It means that if we
measure the peak area for a volume of oxygen and, under the same
conditions, that for an equal volume of argon, the ratio between these
areas remains the same under all experimental conditions encountered.
Thus we measured these ratios for different components using oxygen
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as reference: the results are given in Table 1 1 , which figures are
called sensitivity coefficients *. By multiplying the areas measured
by these coefficients we obtain what we shall call 'normalized areas'.

Table 11
Ratio between peak area for a volume of pure oxygen and that for an equal volume
of the mentioned components.
Oxygen
Argon
Oxygen + 5 % Argon
Oxygen + 10 % Argon
Nitrogen
Carbon dioxide
Carbon monoxide
Neon
Acetylene
Nitrous oxide
Cyclo-propane
Ether
Trilene
Fluothane

1.0000
0.8797
0.9910
0.9823
0.9482
0.8476
0.982
0.863
0.914
0.752
0.762
0.623
0.645
0.721

Furthermore we know that these four components make up 100.00% of
the mixture and when dealing with open air we may assume that the
sum total of argon, oxygen and nitrogen is 99.97 %.
Now we multiply the areas for carbon dioxide by 0.8476 and those
for nitrogen by 0.9482. Although the argon / oxygen ratio differs for
these three mixtures (mixture : 0.0045 ; open air : 0.0045 ; expir air :
0.0059), we always multiply the areas for argon and oxygen by
0.9910 (ratio: 0.0050, Table 11), as these differences in argon content are just negligible with respect to the accuracy aimed at. Thus
we get :

mixture :
open air :
expir air :

C0 2

02 +A

N2

Total

11 409

35 708
37 328
30 921

126 960
132 685
141 786

174 077 = 100.00%
1 7 0 0 1 3 = 99.97%
179 997 = 100.00%

7 290

* A sensitivity coefficient of 0.B797 for argon means that the same amount of oxygen, under the same
experimental conditions, gives an area 0.8797 times that for argon.
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From these figures we calculate :

mixture :
open air :
expirair :

CO,

O-, + A

6.55 vol %
0.03 vol %
4.05 vol %

20.51 vol %
21.93 vol %
17.18 vol %

72.93 vol %
78.03 vol %
78.77 vol %

If it is necessary to know the oxygen concentration separately, we
may calculate the argon concentration assuming that the argon/
nitrogen ratio equals 0.94/78. We then find :

mixture :
open air :
expirair :

C0 2

02

A

N2

6.55 vol %
0.03 vol %
4.05 vol %

19.63 vol %
20.99 vol %
16.23 vol %

0.88 vol %
0.94 vol %
0.95 vol %

72.93 vol %
78.03 vol %
78.77 vol %

Peak height
As has been shown in Chapter 3, experimental conditions affect peak
heights in such a way that we cannot make use of sensitivity coefficients. Instead of that we need an external standard (a reference).
Open air cannot be used as such since it produces such a small
signal for carbon dioxide. Hence we have to use as reference a gas
mixture containing more carbon dioxide. For that reason the abovementioned 'mixture' has been composed. From the ratios in peak
heights and from the above-mentioned composition of our reference
mixture we calculate :

open air :
expir air :

C0 2

02 + A

Na

0.03 vol %
4.08 vol %

21.69 vol %
16.97 vol %

78.28 vol %
78.97 vol %

And, assuming that the argon / nitrogen ratio equals 0.94/78, we
calculate :

open air :
expir air :

C0 2

o2

A

N2

0.03 vol %
4.08 vol %

20.75 vol %
16.02 vol %

0.94 vol %
0.95 vol %

78.28 vol %
78.97 vol %

If we compare the results obtained using peak area with those
obtained using peak height we see that the latter gives lower oxygen
concentrations and higher nitrogen concentrations. This is not always
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the case, sometimes it is the other way round. The reasons for that
are given in the next paragraph. From the fact that, when using peak
area, we obtain for open air a result in conformity with that reported
by the K.N.M.I. we conclude that peak area gives the best result.
5.

Reproducibility

Peak area
To measure the reproducibility, the synthetic mixture was analysed
22 times under different conditions. The first four analyses were
performed on one day, the next six a day later and by the same
analyst. The other twelve were performed at another laboratorium by
their staff using our gaschromatographic unit, but another integrator.
The carrier flow ranged from 40 ml tot 60 ml per minute, the room
temperature from 18 °C to 24 °C and the bridge current was 200 mA
or 250 mA. The results are given in Table 12.
Table 12
The results of 22 analyses performed of one and the same gas mixture under
different experimental conditions (highest and lowest values in italics).

co2

02 + A

N2

area measured CO2

6.55
6.50
6.53
6.51

20.53
20.50
20.52
20.53

72.91
73.00
72.94
72.94

3607
3599
3509
3622

6.60
6.59
6.61

20.49
20.50
20.49

72.89
72.89
72.88

3326
3387
3341

6.56
6.65
6.54

20.51
20.52
20.50

72.92
72.91
72.95

3555
3568
3576

6.56
6.53
6.54
6.59
6.54
6.53
6.52
6.52
6.50
6.53
6.51
6.50

20.52
20.52
20.49
20.51
20.52
20.51
20.52
20.50
20.50
20.51
20.53
20.55

72.91
72.94
72.95
72.89
72.93
72.95
72.95
72.96
72.99
72.95
72.95
72.94
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From all these 22 analyses we may calculate the average and the
standard deviation :
CO2
02 + A
N2

:
:

6.55 ± 0.03 vol %
20.51 ± 0.03 vol %
72.93 ± 0.03 vol %

whereby the maximum and the minimum values measured do not
deviate more than 0.10 vol % from the average.
From the peak areas given in the fourth column we may conclude
that the reproducibility of peak area itself is much less under normal
operating conditions. However, as can be seen from Table 5, it is
possible to reach a high reproducibility ( ± 0.1 %), but only at the
expense of much energy and under optimal conditions.

Peak height
It is to be expected that the reproducibility will be much less when
peak height is used as a measure of the concentration. For, as has
already been outlined in Chapter 3, there are at least four factors
that affect peak height measurements and not, or to a much lesser
extent, peak area measurements.
First of all there is the fact that a recorder has a dead-band and an
accuracy that make peak height measurements never better than
0.5% of full-scale deflection, than 1 % of half-scale deflection and
than 5 % at one tenth of the scale. It is now possible to extend the
recorder by a so-termed 'fold-over zero-suppression unit' (Hamilton
1962), or a digital voltmeter, linear over four decades and provided
with a peak holder can be used instead of a recorder, but all this at
a price which nearly equals that of a good integrator.
Secondly, any sample containing water vapour and carbon dioxide
decreases the resolving power of the molecular-sieve column. This
changes peak height by, on an average, 0.1 % after each sample, while
it does not affect peak area.
Thirdly, experimental conditions, which are never really constant,
have a much greater effect on peak height than on peak area.
Finally, there is the fact that the concentrations are calculated from
the mutual relationship of peak heights between a standard and the
sample. This means that concentration measurements will be one and
a half as inaccurate as individual peak height measurements, if the
sources of error are not correlated.
It appeared that we never got a standard deviation of less than 1 %,
while a standard deviation of 3 % is not abnormal in daily practice.
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g.

Some remarks

If we determine the oxygen concentration with an accuracy of, say,
0.5% ( = 0.1 v o l % ) , the difference in oxygen concentration between
inspired and expired air (= 4.7 vol %) is known with an accuracy of
3 % ( = 0.15 vol %). The same applies to the difference in carbon
dioxide concentration (4.0 vol %). This means that only changes in
oxygen consumption, or in carbon dioxide production or in the
respiratory quotient, higher than 3 %, will have a meaning. Thus a
higher degree of accuracy in the measurements of the concentrations
may be of considerable value to the work in this field.
One may object that an electronic integrator is an expensive piece
of equipment. But a higher accuracy may be worth its price in
many cases.
Furthermore, it should be kept in mind that among other advantages
such an integrator reduces analyst- time more than twice : one does
not need any reference sample, nor is it necessary to digitalize the
signal, a process causing many errors.
When determining the oxygen consumption or the carbon dioxide
production we must also measure the volume of the expired air.
However, expiratory air is saturated with water vapour, while our
analyses give the composition of the dry sample, since the columns
adsorb the water vapour. If we convert all volumes to Standard
Temperature and Pressure Dry, this fact will not cause any problem
at all.
If a subject inspires room air, it should be kept in mind that its composition is not constant. The fluctuations depend on the dimensions
of the room, the number of persons in it, the ventilation and so on,
and we have measured carbon dioxide concentrations as high as
0.2 vol % and oxygen concentrations as low as 20.7 vol %. This
means that we should analyse room air regularly or, even better, we
should make the necessary provisions to guarantee that the subject
inspires air of constant composition.

7.

Conclusions

If the right gaschromatographic unit is used, the analysis of respiratory air is very simple. It is also a technique that makes it possible
to perform the analysis within ten minutes. But to obtain accurate
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results it is necessary to use an electronic integrator instead of a
recorder. When using the integrator the standard deviation will not
exceed 0.03 vol % over the full concentration-range, while using a
recorder to measure peak height the reproducibility is never better
than 1 % and in many cases even 3 %.
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5.

The analysis of a diagnostic mixture

This chapter deals with a possible application of gas
chromatography to the study of lung function : it
describes the analysis of neon, carbon monoxide and
acetylene in respiratory air. Here the problem is
constituted by the fact that these components are
present in low concentrations (0.2 vol%). The use of
external standards involves a discussion of five different
procedures. It is concluded that the use of peak area
as a measure of the concentration yields by far the best
results : standard deviation 0.3 % as against more than
1 % for peak height measurements.

1.

Introduction

During inspiration, air is sucked into the lungs, distributed over their
different parts and mixed with the residual air. Under the influence
of the difference in partial pressure oxygen passes the lung-blood
membrane and dissolves in the blood perfusing the lungs. On this
account we distinguish three mechanisms : ventilation, diffusion and
perfusion. To measure these three items two methods are in use :
a single-breath method and a steady-state method. In both cases one
takes the line that the uptake of a gas that does not dissolve, or
only very slightly, in blood and tissue (Ne) is limited by the ventilation, furthermore that the uptake of a gas dissolving in blood very
well (CO) is limited by ventilation and diffusion, and finally that the
uptake of a gas dissolving in blood and tissue moderately well (C2 H 2 )
is determined by ventilation, perfusion and diffusion.
When the single-breath method is used the last parts of the expired
air ( = end tidal air) are sampled and the concentrations of Ne, CO,
and C2 H2 are determined. The higher the diffusion capacity and the
perfusion, the greater the changes in concentration of CO and C2 H2
are in proportion to that of Ne. Its rapidity and the fact that one has
to determine the concentration ratios instead of the concentrations
themselves are the two main advantages of the single-breath method.
However, the time elapsing between moment of inspiration and
moment of sampling end tidal air must be constant and this is very
hard to realize. Hence many investigators consider the so-termed steadystate method more reliable.
55

When using the steady-state method the gas uptake is determined
every minute or every thirty seconds. After a few minutes a state is
attained in which the gas uptake decreases logarithmically with time.
Extrapolation from this steady state to zero time gives figures characterizing the three above-mentioned mechanisms (T. F. Hatch 1955).
But again these methods have not found wide clinical application,
mainly due to the fact that no simple and reliable method is available
to analyse these gases. Instead of using these methods the variation
of the concentration during an expiration is recorded for gases, as
for instance nitrogen, carbon dioxide and helium. These highly
valuable curves have a more qualitative meaning and it is still difficult
to evaluate them quantitatively.
The next paragraphs will show that the gaschromatographic analysis
of acetylene, carbon monoxide and neon in respiratory air presents
no special problem.

2.

The analysis

In the steady-state as well as in the single-breath method the subject
inspires a mixture containing about 21 vol % oxygen, 0.2 vol % carbon
monoxide, 0.2 vol % acetylene, 1 à 5 vol % neon and the balance being
nitrogen (Lawson 1962). As can be seen in Table 10 (Page 45) and in
Fig. 14, such a mixture is separated into its components with the
columns we use for separating normal respiratory air (4.2.) ; it is
not even necessary to change the length of the columns.
The procedure is identical with the one described in 4.3. But now
we shall obtain six or (expiratory air) seven signals after introduction
of a sample. The first detector gives signals for carbon dioxide, for
acetylene and for a composite containing the other components.
These components are separated in the second column and detected
by the second detector. The order of the signals is : composite, neon,
carbon dioxide, oxygen, nitrogen, acetylene, carbon monoxide.
Since the concentrations, the retention times and the sensitivity
coefficients of the various components differ widely, their peak heights
are also widely different. If we amplify the signals so that suitable
signals for acetylene and carbon monoxide are obtained the signals
for oxygen and nitrogen will fall far beyond the dynamic range of the
read-out system. Now it is possible to change the amplification
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Fig. 14 Chromatogram of a diagnostic mixture. Columns: 2000 mm Hampa and 1000 mm Molecular sieve 5A.

between two successive signals, but this does not work so well in
practice.
But, being only interested in the concentrations of neon, acetylene
and carbon monoxide, we may ignore the signals for carbon dioxide,
oxygen and nitrogen. The only thing one has to do is to choose a
neon concentration of such a value that the three components in
question give suitable signals at one and the same amplification and
for that reason our mixtures always contain between 2.0 and 3.5
vol % neon.
However, if we ignore the signals for carbon dioxide, oxygen and
nitrogen we cannot use the procedure described in the preceding
chapter (4.4. peak area) : we shall have to use reference or standard
gases. In the next paragraph five possible references are discussed.
3.

The five references

a.

the pure components as a reference

In gas chromatography it is common practice to determine the concentration of a component in a sample of a given volume by comparing its signal with that for an equal volume of the pure component.
If we perform both analyses one immediately after the other, the sensitivity will not have fluctuated too much, while furthermore the
reproducibility of the sample size will be better than 0.3%.
Since the concentrations of carbon monoxide and acetylene are less
than 0.2 vol %, the detector should have a linear dynamic range of
more than four decades, but it has not (Oosterbaan 1947). Now, if
peak height is used as a measure of the concentration, this alinearity
is expressed in the results ; if, however, peak area is used, the effect
of this alinearity on the results is reduced by the counts made in the
linear range and so the accuracy will be improved.
If the range of the read out system is not large enough, the signals
can be attenuated ; in that case the attenuation factor must be accurately known. Instead of attenuation of the signal injection of a
smaller volume of the pure component is also possible. Then, however,
the exact ratio between both volumes must be known. But this ratio
is more difficult to measure.
We introduced into our gaschromatographic unit 1 ml of the abovementioned mixture and obtained for acetylene :
peak height
peak area
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164
: 3 031

Hereafter we analysed 1 ml of pure acetylene and found, the attenua
tion being 250 :
peak height

:

288

Again we analysed 1 ml of pure acetylene, but now with an attenuation
factor of 10.1 and we measured :
peak area

:

138184.

From these measurements we calculated for the concentration of
acetylene :
164 χ 100
~-— 2 8 8

using peak height :
using peak area :

2

3031 χ 100
τ 0.1 χ 138 184

= 0.228 vol %
=

0

·

2 1 7

Vo1

%

The acetylene concentration calculated from peak height measure
ments is somewhat higher than that calculated from peak area
measurements. Since this phenomenon occurs in all these experiments,
(but to a less extent), we conclude that we make a systematic error,
presumably due to an alinearity. This alinearity has not affected peak
area to a disturbing extent, because other analysing methods give
consistently an acetylene concentration of 0.218 vol %.
b.

The neon concentration as a reference

By using peak area as measure for the concentration we can make
use of the method described in 4.2., but now the analysis has to be
performed in two steps. In the first step we analyse the mixture for
neon, oxygen and nitrogen. Hence we choose an attenuation that
guarantees suitable signals for these three components. Then the
signals for acetylene and carbon monoxide are very weak ; they are
ignored. If we use the sensitivity coefficients of Table 1 1 , we correct
the areas for the differences in detector sensitivity (4.2.). From these
corrected values we can then calculate the concentration ratios between
these three components. And so we found :

N2
Ne

area

corr. area

ratio

99 592
27 256
4610

94 592
27 256
3 978

23.739
6.852
1.000

* As this mixture does not contain any argon, we use the sensitivity coefficient of pure oxygen
(42.).
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In the second step we choose an attenuation so that neon, acetylene
and carbon monoxide give suitable signals. Now the signals for oxygen
and nitrogen are much too strong ; they are ignored. By following the
procedure described above we obtained :

Ne
С2И2
CO

area

corr. area

ratio

46 450
3 284
3 031

40 086
2 770
3 225

1.000
0.0691
0.0805

Now we have a complete picture from which we can calculate the
composition of the mixture in vol % :

N2
02
Ne
CO
C2H2

ratio

cone

23.739
6.852
1.000
0.0805
0.0691

74.79
21.59
3.15
0.254
0.218

vol%
vol%
vol%
vol %
vol %

Although no separate gas is needed as a reference, the analysis has
to be performed in two steps. Furthermore many calculations are
required, so that this procedure will not readily be chosen. Yet, it is
the most ideal method of analysing the reference mixture used in the
next example.
c.

The inspiratory mixture as a reference

If one knows the exact composition of the inspiratory mixture, this
mixture can be used as the reference for the three components. This
has the important advantage that one only deals with low concentra
tions. Thus the systematic error, mentioned under a and caused by
the a-linearity of the detector can be avoided. The procedure is des
cribed in this paragraph under a. The question whether to use peak
height or peak area as a measure of concentration is a matter mainly
determined by the required accuracy : see Paragraph 4.
d.

Pure oxygen as a reference

In the preceding chapter we introduced the so-termed sensitivity
coefficients. This could be done because the experiments described
in Chapter 3 show that the relative sensitivity of the detector does
not change under the influence of experimental conditions. The shape
of the signal, however, does change and because of that these
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coefficients can only be used in conjunction with peak area measure
ments. But then, if peak area is used as a measure of the concentration,
any pure gas can serve as a reference. Since we had at our disposal
pure oxygen (min. purity : 99.99%), this gas was used.
Immediately after the analyses mentioned under b we analysed a
sample of pure oxygen and found, at an attenuation of 10.1, a peak
area read at 125 824 counts. From this value and the 'corrected'
areas of neon (40 086), acetylene (2770) and carbon monoxide
(3225), mentioned under b, we calculate :

N e :

C0:

40 086 χ 100
125 8 2 6 V i o . i

=

„ ^
· 1 5

3

ν ο Ι %

^-iw-0·264*0'*

e. A special case
In the examples given above we took the line that it is necessary
to measure the concentration of the three components. However,
when using the single-breath method one is only concerned with
the relative changes in concentration (Comroe 1954). This means
that in such a case we may confine ourselves to measuring signal
ratios, peak height as well as peak area. Which of these methods
will be used depends on the accuracy required.

4.

Reproducibility

Table 13 gives the results of a series of analyses performed on one
and the same afternoon. This table clearly shows how under the
influence of the nearly unavoidable drift in experimental conditions
peak height decreases, while peak area shows random but smaller
fluctuations. From this and other series of analyses we calculate for
peak area measurements a standard deviation of 0.3 % and for peak
height measurements one of at least 1 % ; (see also 4.5.). At very low
concentrations the reproducibility is limited by the signal-to-noise
ratio. It is our experience that under normal operating conditions
(ambient temperature 20 "C ; bridge current 200 mA ; carrier flow
50 ml per minute ; sample volume 1 ml) a concentration of 5 parts
per million in the sample produces a signal twice the noise.
61

Table 13
A series of analyses of a mixture containing low concentrations of acetylene and
carbon monoxide.
acetylene

carbon monoxide

height

area

height

area

498
498
495
492
492
488
490

4446
4453
4465
4466
4471
4433
4476

345
345
342
342
340
338
340

4749
4764
4774
4773
4779
4745
4782

5. Humidity
As already has been mentioned in 4.6., the molecular sieve absorbs
all water vapour. If now a dry gas is used as a reference, we measure
the concentrations of the components in the sample as they really
are.
However, if no external reference is used as in example b, the concentrations are measured as they would be after the sample had been
dried.

Conclusions
The gaschromatographic unit we use for the analysis of normal
respiratory air is without any alteration suitable for the analysis of
neon, acetylene and carbon monoxide in air. If peak height is replaced
by peak area as a measure of the concentration of a component,
more reproducible results are obtained (0.3 as against 1-3%).
With peak height, the concentrations can be determined by using
the pure components or the inspiratory gas as a reference. In the
former case the results obtained will be too high, since the system
is not linear over such a wide concentration range. In the latter case
we have to cope with the problem how to know the exact composition
of the inspiratory gas, but once this is known reliable results will be
obtained.
With peak area, the influence of the alinearity is much less and
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hence one has more freedom in the choice of the reference. In practice
the composition of the inspiratory gas will be determined according
to the two-step method (par b), checked with a pure gas as a reference
(pard) and the expiratory mixtures will be analysed with the inspiratory
mixture as a reference (par c). Then the best results are obtained.
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6.

The analysis of volatile anaesthetic agents

This chapter discusses the analysis of anaesthetic
vapours in respiratory air. Since such analyses are
performed in the same way as the analyses described
in preceding chapters, we shall confine ourselves to
some special items: the choice of the column, the
sampling, the use of standards, the reproducibility,
and the overall accuracy.
It is concluded that reproducible and reliable results
can be achieved in a concentration range from 0.02 vol
% to concentrations corresponding with 80% saturation.

1.

Introduction

The effect of an anaesthetic agent depends not only on its anaesthetic
potency, but also on its distribution over the various tissues. Hence
we are not only interested in the composition of the inhalation mixture
or in the integral uptake of the anaesthetic agent, but also in its concentration in the various body-compartments.
The analysis of vapours dissolved in blood or in tissues requires
another approach than the analysis of vapours in gas mixtures. The
former problem will be discussed in the next chapter, while the latter
is dealt with in this chapter. Since the analysis of a volatile anaesthetic
agent in a gas mixture is performed in the same way as the analyses
of gases and vapours described in the preceding chapters, we shall
confine ourselves to some specific features requiring elucidation.

2.

The columns

During an anaesthesia, inspiratory air contains oxygen, nitrous oxide
and one or more volatile anaesthetics. Expiratory air may contain a
larger variety of components : in any case it contains carbon dioxide
in addition, while in the first period of narcosis the nitrogen and the
argon, still in the lungs, are washed out. In order to separate such
a complex mixture completely, more than two columns and more
than two detectors may be necessary. However, we shall usually be
interested in one or just a few constituents and then only two columns,
or even one, are required.
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In a review given by Lowe (1963) and in the Gaschromatographical
Abstracts various useful columns are mentioned. Of these we only
tried out the so-termed D N P column ( 2 0 % dinonyl-phtalate on
kieselguhr 80-100 mesh). This column is highly recommended by
D. Hill (1960) for the analysis of anaesthetics and since then used
by nearly all workers in this field. But such a column separates only
ether, fluothane and trilene. Hence we need a second column. As
such we tried out a column packed with a porous polymer, called
'Poropak Q' (Hollis 1966). This column became commercially available
early 1967 and is not mentioned in the references given above.
With both columns it is possible to separate a mixture containing
oxygen, nitrous oxide, carbon dioxide, ether, trilene, fluothane and
cyclopropane (Table 10, Page 45) (Fig. 15). But, if the mixture also
contains nitrogen and argon, chromatographic peaks will coincide
with that of the oxygen.

3.

Sampling

It is obvious that no condensation of vapours must occur before the
sample has entered the gas circuit in the gaschromatographic unit.
Therefore, any cooling or pressurizing that may result in condensation
is to be avoided during sampling, transport and injection of the sample.
In spite of the fact that the sample can be sucked into the sample
loop, condensation is very hard to avoid for mixtures containing
saturated or nearly saturated vapours. And hence we must dissuade
(see also Paragraph 5) the determination of vapour concentrations
above, say, 80 % saturation.

4.

Standards

As a standard the liquid anaesthetic agent, a saturated vapour or a
mixture containing the agent in a lower, sub-saturated, concentration
can be used.
Now 1 //I of liquid produces about 1 ml of vapour. But, (2.C.7.) 1 ml
of gas is about the maximum volume that may be injected. Hence,
often sub-microlitre quantities of the liquid should be injected.
However, 1 μ\ is the smallest volume that can be injected with sufficient
reproducibility. This means that only in special cases the liquid can
be used as a standard.
The use of a saturated vapour as a standard must strongly be dissuaded.
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Fig. 15 Chromatogram of an anaesthetic mixture. Columns. 110 mm DNP and 2000 mm Poropak Q

Apart from the fact that saturated vapours are hard to handle, it is
nearly impossible to make them.
Therefore we normally use a mixture containing pure oxygen and
some known amount of the vapour in question.
However, when using a mixture as a standard, there remains the
question how to establish the vapour concentration in this mixture.
Since the standard is a binary mixture containing only oxygen and
the vapour in question, the vapour concentration can be determined
in two different ways.
If a sample of the standard is injected and the peak areas are measured,
then these measured areas can be corrected for the difference in
detector-sensitivity by means of the sensitivity-coefficients given in
Table 1 1 . From these 'normalized' areas the vapour concentration
can be calculated directly (4.4.).
The vapour concentration can also be determined by analysing successively a sample of pure oxygen and an equal volume of the standard.
From the ratio between the signals for oxygen, the oxygen concentration in the standard can be calculated. We then also know the
vapour concentration, because the standard contains only two components.
Which of both methods will be used depends on whether peak height
or peak area is used as a measure of the concentration. The question
whether to use peak height or peak area depends on such matters
as the reproducibility of the signal (Paragraph 5), the experimental
error in the concentration (Paragraph 6) and the frequency at which
a standard is needed. On account of the fact that experimental conditions influence peak area much less than peak height we experience
that, as a rule of thumb, with peak height one standard is required for
every two analyses and with peak area one standard for every six
analyses.

5.

Reproducibility of the signal (see also 4.5. and 5.4.)

In addition to the factors mentioned in the preceding chapters, three
additional factors affect the reproducibility of these analyses.
First of all good reproducibility can only be achieved in a restricted
concentration range. At higher concentrations condensation is hard
to avoid, hence vapour concentrations should not exceed 80 % saturation. At low concentrations noise will become a limiting factor ;
we calculated that a vapour concentration of 5 vol in 10 6 in 1 ml of
sample gives a signal just distinguishable from the noise.
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Furthermore, the vapour must not remain in the column for too long
a time, since the measurements of small concentrations requires
narrow well defined peaks for the components in question. This
involves using columns as short as possible. This also means that
in some instances it may involve the use of a column shorter than the
one we use (110 mm).
Eventually for reasons given in Chapter 3 peak height may vary in a
series of analyses and, as is illustrated in Table 13, peak height decreases. With a DNP column the resolving power decreases perceptibly after each analysis, especially if the sample contains much oxygen.
This effect results in shorter retention times and higher peaks, counteracting the steady peak height decrease. Consequently at one time or
other unexpectedly good reproducible peak heights can be found,
which are not representative.
With peak height as a measure of the concentration we sometimes
established a standard deviation of 1 %, but mostly one in the order
of 3 %. Above 80 % saturation the reproducibility rapidly decreases ;
at 9 0 % saturation we measured a standard deviation of 1 2 % . Below
concentrations of 0.05 vol % the reproducibility decreases with the
signal-to-noise ratio.
With peak area as a measure of the concentration we mostly established a standard deviation of 0.3 %. Above 80 % saturation it becomes
equal to the value found for peak-height measurements. But, we
experience that below a concentration of 0.05 vol % the standard
deviation remains 2 to 3 times smaller than that achieved for peakheight measurements.
6.

Experimental error in concentration determinations

The experimental error in the determination of the vapour concentration in anaesthetic mixtures will be larger than the error in the
signal measurements. The concentration of the vapour is calculated
according to :
Am

As

Cs

= vapour concentration in
respiratory air
=
vapour concentration in
Cs
standard
=
signal of the vapour present
Am
in respiratory air
As = signal of the vapour present
in the standard.
Cm

Since peak-height measurements can be done with a reproducibility
of about 1 %, the experimental error in A adds about 1.5% to that in
Cs. And since peak area can be measured with a reproducibility of
about 0.3%, here the experimental error in Cm will be about 0.5%
larger than the error made in the determination of c*.
With peak height as a measure, the vapour concentration in the
standard is calculated by subtracting from 100.00 the oxygen concentration in the standard. This oxygen concentration is calculated
from the ratio in peak heights between pure oxygen and the oxygen
in the standard (see Paragraph 4). The reproducibility of peak-height
measurements being 1 %, the experimental error in the determination
of the oxygen concentration in the standard shall be 1.5%. Now, this
standard will contain about 98 vol % oxygen and about 2 vol % of the
vapour. And since the experimental error in the oxygen concentration
is 1.5%, corresponding with 1.5 vol %, the error in the vapour concentration can also amount to 1.5 vol %, i.e. more than 7 0 % . This
error, however, will decrease with the square root of the number of
determinations. This means that if these measurements are repeated
100 times, the experimental error in the determination of the vapour
concentration in the standard, shall be reduced to about 7 %. It also
means that, although peak-height measurements are reproducible, the
final results are much less reliable.
With peak area as a measure, the vapour concentration in the standard
is calculated according to (4.4.) :
f S As

.

AA

fsAs + foAo
Cs = vapour concentration in the
standard
,4s

= area of the vapour signal

Ao

= area of the oxygen signal

fs

= sensitivity coefficient of the
vapour (Table 11)
= sensitivity coefficient of the
oxygen (Table 11).

To

As has been shown in 4.5, the error in Cs shall be about 0.03
vol %. For a vapour concentration of about 2 vol %, this amounts
to 1.5 %. This means that the experimental error in the determination
of an anaesthetic vapour in respiratory air shall be about 2 %. ( = 1.5 %
+ 0.5 % for the error in Am and As).
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Since nearly all volatile anaesthetic agents have a high purity grade
the effect of the impurities on the overall-accuracy is so small in
proportion to the above-mentioned effects that it may be neglected.

7.

Conclusions

The use of a good gaschromatographic unit renders it a simple task
to determine the volatile anaesthetic agents in respiratory air. Within
a concentration range from 0.05 vol % up to concentrations corresponding to 8 0 % saturation, the standard-deviation in peak-area measurement is 0.3%, in peak-height measurement 1 to 3%. Above 8 0 %
saturation the reproducibility decreases so rapidly that the method is
of no use here. Below 0.05 vol % the reproducibility gradually decreases in accordance with the signal-to-noise ratio, whereby reproducibility of peak area remains 2 to 3 times better than that of peak
height.
However, the experimental error in the final concentration measurements is not better than 2 %, since we do not determine the concentration of the vapour in the standard with a higher accuracy.
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7.

Blood-gas analysis *

It is in the line of expectation that gas chromatography
will become the method par excellence for the analysis
of more or less volatile materials in blood and other
body fluids (viz oxygen, carbon dioxide, carbon
monoxide, acetone, alcohol, lipids, steroids, anaesthetic
vapours, etc) A discussion of the analysis of fluothane
in blood shows the possibilities to day. Less succesful
attempts of measuring oxygen in blood in a quantitative
manner tend to show that further development work
is needed

Introduction
Water is the main component of blood ; the other volatile substances,
either normally present or for instance introduced during an anaesthesia, occur in low concentrations. Often small amounts of blood will
be available only This situation requires the separation of the main
component, notably water, from the minor constituents and it requires
the use of a sensitive detector.
There are at least two different analytical procedures. One is to inject
a whole blood sample into the Chromatograph, the other is to analyze
the gas above the blood after some stripping proces or after equilibration at a suitable temperature ('head space' techniques). The latter
method is more time consuming and, where possible, the method of
choice will be injection of the whole blood sample. In view of the
large increase in volume when a liquid is evaporated, a blood sample
volume of 10 //I must be considered as a maximum. This means that
for many of the minor volatile constituents the amount will be in the
order of micrograms. The flame ionisation detector (FID) is a detector
that can easily cope with these and much smaller quantities. Its use,
however, is confined to organic vapours, for instance fluothane For
the important analysis of oxygen in blood the thermal conductivity
detector must be used. Since this detector has not a high sensitivity
for oxygen the 10 /d sample appears to be much too small and hence
larger samples and some head space technique must be used.
* We express our gratitude to Mr J A Ryks for his kind willingness to perform end to discuss these
analyses.
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A.
A.I.

The analysis of fluothane in blood
The detector

It is not easy to say what under favourable conditions the limit of
detection of the FID for fluothane will be. From our experiments it
follows that 1 part of fluothane in one million parts of blood can
be measured when a 10 /¿I sample is used.
The FID does not respond to argon, oxygen, nitrogen, carbon dioxide,
nitrous oxide, and notably water.
(For a more detailed description of the FID the reader is referred to
the handbooks and to Krugers, 1964)
A.2.

The columns

Although the FID in principle does not respond for instance to water,
the introduction of water into the flame, simultaneously with an
organic vapour, will affect the degree of ionisation of the latter. This
means that in order to obtain accurate results water must be well
separated from the other volatiles. It has appeared that the DNP
column, as recommended by Hill, does not separate water from
fluothane if water is in large excess. If instead of DNP, polyethyleneglycol (PEG) is used as the stationary phase water is very much
retarded as will appear from the following data.
Column : 2000 mm PEG. ; inner diameter 4 mm.
Temperature of column and injection port : 95 °C.
Carrier gas (N2) velocity : 30 mm per second.
Elution time for
acetone
: 405 seconds
fluothane : 405 seconds
ethanol
: 840 seconds
water
approx. 35 minutes.
If the blood sample contains acetone a correction must be applied.
Preferably, however, another column of somewhat lower polarity, say
polypropyleneglycol, should be used, which is believed to separate
acetone from fluothane.
A.3.

Reproducibility

A 120 ml glass vessel containing a few glass beads was completely
filled with blood and then closed with a serum cap. Through the cap
10 /¿I of liquid fluothane are added. Mixing takes place by shaking.
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Samples (10 μ\) of this mixture were analysed. Figures 16 and 17
show the traces as obtained from a 1000 mm and a 2000 mm column
respectivily. It is obvious that the trace of Fig. 16 does not lend itself
to peak area measurement, although peak heights were fairly repro
ducible in successive experiments (s.d. approx. 3 % ) . Fig. 17 shows
apart from a small fore peak, a main and a second peak. Taking the
main peak as a measure, peak height as well as peak area have the
same standard deviation ( 2 % ) . If the second peak was taken into
account, a standard deviation of 1.2 % for peak area could be obtained.
A.4.

Standard

The same vessel was used as under 3 but water was taken instead
of blood. The peak of a 10 μ\ sample is presented in Fig. 18 using
the 2000 mm PEG column. Peak height of this signal is much higher
than that for an equal amount of fluothane dissolved in blood. For
peak area we measured 908 units.
For the area of the main peak in Fig. 17 we measured 862 units. For
the sum total of the main peak and the second peak we measured
920 units. Furthermore we experience that, if the blood is kept over
night, the area of the main peak decreases while the area of the
second peak increases so that the sum total keeps nearly constant.
Hence we believe that fluothane when dissolved in blood, gives two
chromatographs immediately following each other.
We also concluded that fluothane/water mixtures can serve as a
reference in case peak area is used as a measure of concentration.
A.5.

Linearity

The linearity test was performed with fluothane/blood mixtures. One
series of measurements was carried out with 10 μ\ fluothane in 120
ml of blood, another series with 20 μ\ of fluothane in 120 ml of blood.
Samples of 1, 5, 10 μ\ were injected. No systematic deviation from
proportionality has been observed neither with peak height nor peak
area as the measure.
A.6.

Conclusions and remarks

It is possible to determine the blood-fluothane content gaschromatographically. But if fluothane/water mixtures are used as reference
only peak area can be used as a measure of concentration.
A column of about 2000 mm in length must be recommended. With
this column the 'water peak' passes the detector after about 35
minutes, while the fluothane peak passes after 7 minutes. Now several
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samples may be analysed during the first half hour, but only with a
loss in reproducibility. Hence it is worth looking for a different column.
A better reproducibility can be achieved if a known amount of a
pure component could be added to the sample. Then the signal for
this component could be used as an internal reference, by which
errors due to the irreproducibility of sample size are eliminated.
B.

Blood-oxygen analysis

Since a flame-ionisation detector does not respond to oxygen, one
prefers the use of thermal-conductivity cells. But the sensitivity to
oxygen of these cells is not very high. Accordingly larger sample
volumes have to be taken : 100-250 /d. Evaporation of such a volume
will produce about 100-250 ml water vapour, a volume which is
much too large to be separated gaschromatographically from the other
components. Consequently different attempts have been made to get
rid of these large amounts of water.
Other researchers (Ramsey 1959) use the van Slyke vacuum-extraction
technique to extract the gas from the blood. With a special side arm
or a special stopcock the gas phase is introduced into the gaschromatographic unit. These methods are said to be accurate, but they
do not offer appreciable advantages over the conventional van Slyke
determinations.
Fisher Scientific Company (Pittsburg, Pa.) incorporated a small
chamber in the gas circuit. This chamber contains some saponin-acidferricyanide and the carrier gas bubbles through this solution. When
the blood sample is injected into this chamber, the gases are stripped
from the blood. This chamber, however, acts as a mixing-chamber,
so that it takes a long time before the gases are brought completely
into the gaschromatographic unit. This results in an intensified tailing
(Fig. 1c) of the signal and consequently the analyses are very
irreproducible.
Hamilton (1962) used an equilibration technique. He introduced the
blood sample into a separate chamber containing saponin-acidferricyanide and pure carrier gas. After an equilibration period of
2 minutes the gas phase in the chamber is then flushed completely
into the gaschromatographic unit fitted with a by-pass valve. Due
to the construction of chamber and valve the tailing of the signal is
much less. In this case the results are much more reproducible, but
always too low (vide infra).
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We have modified this method. Instead of flushing the gas in the
chamber completely into the gaschromatographic unit, w e took an
aliquot of the gas phase. In this way excessive tailing of the signal is
prevented and reproducible results are obtained (standard deviation
about 2 % ) . But the results are much too low, due to the fact that
the solution in the chamber still contains large amounts of oxygen.
We have also tried to adsorb all water. In our first attempts we injected
the blood sample into a small pre-column filled with an adsorbens.
As adsorbens we have used molecular sieve, drierite and silicagel.
To expelí all oxygen from the blood rapidly we added about 1 % CO
to the carrier gas. However, bubbling resulting in a turbulent gas
flow could not be prevented. As a result of this we measured a noise
sometimes exceeding 0.5 mV. Consequently we placed the precolumn in a by-pass. We injected 0.1 ml of blood, waited 2 minutes
and then turned the valve so that the carrier gas (He+ 1 % CO)
followed the path through this column. In this case reasonably
reproducible results were obtained, but the peak area we measured
for the oxygen in 0.1 ml of fully oxygenated blood was less than half
the peak area for the oxygen in 0.1 ml of air.
From the above-mentioned experiments it appears that it is very
difficult to make blood oxygen-free since the "bubble through" as
well as the equilibration and adsorption techniques produce an
oxygen signal that is much too low in relation to what may be expected.
This is exceptional for we do not encounter this phenomenon when
determining the fluothane content (VILA) orthe carbon dioxide content
(Hamilton 1962) of blood.
Concluding we may say that a simple method for the gaschromatographical determination of the blood-oxygen content has not yet
been found.*

* After finishing this thesis G J Tammelmg (Department of pulmology. University of Groningen, the
Netherlands) informed us that he has found a solution for this problem.
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Summary

In the introduction of this thesis it is set forth that three main objec
tions are raised to the gaschromatographical analysis : the reproduci
bility of the analyses is too poor, the method requires the frequent
use of standards, the analyses can only be performed by highly
trained staff.
In Chapter 1 a brief summary is given of the principles underlying
gas chromatography. It also contains a description of the equipment
required. Since the choice of the detector is essential to the improving
of the above-mentioned reproducibility, this chapter also explains
why we have chosen the thermal-conductivity cell, make Becker n.v..
Delft, the Netherlands.
In section A of Chapter 2 a simple theory of the functioning of this
detector is developped, which is then verified in section B. With the
aid of this theory and on the basis of a few experiments the effect
of the varying experimental conditions on the behaviour of the detector
is discussed in section С
It is found, that here it is essentially important to select a carrier gas
having a high thermal conductivity and a low specific heat to be flow
independent ; it is a fortunate and necessary coincidence that this
also makes for a high degree of sensitivity.
Experiments show that the noise can be kept lower than 2 ,м . In
that case the detector must not be suspended in a thermostat but
should simply be placed so as to be free of draught, and sufficiently
remote from possible heat sources or heat sinks. The drift is also less
than 15 //V per 10 "C of change in room temperature.
Other experiments show that the detector may be regarded as a
linear detector for signals up to 20 mV.
Finally it could be proved, partly theoretically and partly experimentally,
that the normal fluctuations in experimental conditions affect the
signal from the detector only slightly or not at all.
In Chapter 3 it is put forward that the irreproducibility of the results
of the analyses are in fact introduced by the influence of experimental
conditions on the amount of sample and on the behaviour of the
columns. Part of this influence can be eliminated by making special
provisions in the equipment. A considerable gain is obtained, however,
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by choosing peak area instead of peak height as measure of concentration.
The scope offered by gas chromatography for the analysis of clinical
gases is dealt with in the next four chapters.
The analysis of ordinary respiratory air is discussed in Chapter 4. A
reproducibility of 0.03 vol % in the concentration is achieved here,
while the analyst need not have any special experience and no external
standards need be used.
In Chapter 5 and 6 it is described how acetylene, carbon monoxide,
neon (5), and anaesthetic agents (6) can be determined in respiratory air. However, these components are only present in low concentrations, while moreover the complexity of the gas mixture is now
greater; these are two reasons why standards are used indeed for
the determination of these components. The use of these standards
is discussed in greater detail.
Experiments reveal that concentrations of 0.0005 vol % can still be
detected. It is furthermore shown that the reproducibility is approx.
0.3 % for concentrations above 0.1 vol %. Below this value the reproducibility is governed by the signal-to-noise ratio.
By way of appendix, the possibilities and difficulties of the gaschromatographical blood-gas analysis are touched upon in Chapter 7.
This is done with the aid of two examples : the determination of
fluothane in blood, illustrating the possibilities, and the determination
of the blood-oxygen content, revealing the difficulties.
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Samenvatting

In de inleiding van deze studie wordt naar voren gebracht dat er
tegen de gaschromatografische analysen drie belangrijke bezwaren be
staan : de analysen zijn te onnauwkeurig, de methode vereist het veel
vuldig gebruik van standaarden, de analysen kunnen alleen door spe
ciaal geschoold personeel worden uitgevoerd.
In hoofdstuk 1 wordt een korte samenvatting gegeven van de be
ginselen die aan de gaschromatografie ten grondslag liggen. Tevens
wordt een beschrijving gegeven van de benodigde apparatuur. Aan
gezien voor het opvoeren van de voornoemde nauwkeurigheid de
keuze van de detector essentieel is, wordt in dit hoofdstuk ook uiteen
gezet waarom onze keuze gevallen is op de warmtegeleidbaarheidscel, zoals deze gemaakt wordt door Becker n.v., Delft, Nederland.
In deel A van hoofdstuk 2 wordt een eenvoudige theorie over de
werking van deze detector ontwikkeld, die dan in deel В wordt ge
verifieerd. Met behulp van deze theorie en op grond van enige experi
menten wordt in deel С besproken wat de invloed van de wisselende
experimentele omstandigheden op het gedrag van de detector zal zijn.
Hierbij blijkt dat het van wezenlijk belang is om een dragergas te
kiezen met een groot warmtegeleidingsvermogen en met een kleine
warmtecapaciteit ; dat daarmee tevens een grote gevoeligheid wordt
bereikt is een gelukkige en noodzakelijke omstandigheid.
Experimenten laten zien dat de ruis kleiner kan zijn dan 2/Л/. De de
tector mag dan niet in een thermostaat worden opgehangen maar
moet gewoon tochtvrij worden opgesteld op een plaats die ver genoeg
verwijderd is van mogelijke warmtebronnen. In dat geval is de drift
ook minder dan 15/iV per 10 o C verandering in kamertemperatuur.
Andere experimenten tonen aan dat de detector tot signalen van 20 mV
als een lineaire detector mag worden beschouwd.
Tenslotte kon deels theoretisch, deels experimenteel worden waar
gemaakt dat de experimentele omstandigheden nauwelijks of geen
invloed hebben op het signaal van de detector.
In hoofdstuk 3 komt naar voren dat de onnauwkeurigheid in de
analyse-resultaten juist wordt geïntroduceerd door de invloed van de
experimentele omstandigheden op de monstergrootte en op het gedrag van de kolommen. Een deel van deze invloed kan worden opgeheven door voorzieningen te treffen in de apparatuur. Belangrijke
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winst wordt evenwel geboekt door, in plaats van piek-hoogte, het
piek-oppervlak als maat voor de concentraties te kiezen.
De mogelijkheden, die de gaschromatografie biedt bij de analyse van
klinische gassen, worden nu in de volgende vier hoofdstukken geïllustreerd.
Zo wordt in hoofdstuk 4 de analyse van normale ademlucht besproken. Hierbij wordt een reproduceerbaarheid van 0.03 vol % in de concentratie bereikt, zonder dat een speciale ervaring van de kant van
de analyste vereist is en zonder dat externe standaarden gebruikt behoeven te worden.
In de hoofdstukken 5 en 6 wordt vermeld hoe acetyleen, koolmonoxide
en neon, respectievelijk de narcose-gassen, in ademlucht bepaald
kunnen worden. Deze componenten zijn evenwel slechts in lage concentraties aanwezig, terwijl daarenboven het gasmengsel nu meer
complex is : twee redenen waarom bij de bepaling van deze componenten wel van standaarden gebruik wordt gemaakt. Op het gebruik
van deze standaarden wordt nader ingegaan.
Experimenteel blijkt dat concentraties van 0.0005 vol % nog kunnen
worden gedetecteerd. Tevens wordt aangetoond dat de reproduceerbaarheid ongeveer 0.3 % bedraagt voor concentraties boven 0.1 vol %.
Daarbeneden wordt de reproduceerbaarheid bepaald door de signaalruis verhouding.
In hoofdstuk 7 worden, bij wijze van appendix, de mogelijkheden en
moeilijkheden van de gaschromatografische bloed-gas analysen aangeduid. Dit geschiedt aan de hand van twee voorbeelden : de bepaling
van fluothane in bloed, de mogelijkheden illustrerend, en de bepaling
van zuurstof in bloed, de moeilijkheden weergevend.
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STELLINGEN

behorende bij het proefschrift:

CLINICAL GAS ANALYSIS
based on gas chromatography

1

Bij de integratie van kleurstofverdunningscurven, ter bepaling
van het hartminutenvolume, dient niet de seconde maar de
periode van de hartslag als tijdmaat genomen te worden.

2

Het komt voor dat een platina-electrode met succes gebruikt
wordt voor het meten van de partiële zuurstofspanning in een
vloeistof. Dit is dan steeds het gevolg van een toevallige samenloop van omstandigheden; op zich is deze electrode daarvoor
ongeschikt.

3

Nu moderne rekentuigen ons in staat stellen op zich omslachtige
berekeningen in zeer korte tijd uit te voeren, dient nader onderzocht te worden welke mogelijkheden de gasontlading biedt
voor het snel - o n line- analyseren van ademgassen.

4

Bij het in beeld brengen van huidtemperaturen heeft een methode,
die direct isothermen registreert, verre de voorkeur.

5

Electrische apparatuur, bestemd voor diagnostiek en therapie,
dient zo geconstrueerd te worden dat het niet nodig is de patiënt
te aarden.

6

Bij het interpreteren van fysische en chemische meetresultaten
wordt in de geneeskunde nog te veel gelet op de „normale"
waarden, zoals deze voor een bevolkingsgroep gelden. Te weinig
wordt er rekening mee gehouden dat diverse grootheden dienen
te worden getoetst aan normen ontleed aan het individu zelf.

7

Bij een onderlinge vergelijking van detectoren, bestemd voor
kwantitatieve chemische bepalingen, moet men onderscheid
maken tussen concentratie-afhankelijke en massa-afhankelijke
detectoren.

8

Voor een vruchtbare ontwikkeling van de medische fysica zowel
als van de klinische chemie zal het nodig zijn aan diverse (dynamische) fysische metingen de dimensie „specificiteit" en aan
de meeste (statische) chemische metingen de dimensie tijd toe
te voegen.

9

Het feit dat geconcentreerde ureumoplossingen helpen bij de
bestrijding van het hersenoedeem, levert geen grond voor de
veronderstelling dat er een „blood-brain barrier" voor ureum zou
bestaan.

10

Gezien de ontwikkelingen in de geneeskunde en gegeven de
bestaande communicatie- en transportmiddelen, heeft het vele
voordelen per areaal een centraal multidisciplinair laboratorium
op te richten.

