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Quantitative Determination of Volatile Compounds from
Food and Evaluation of the Gas Flushing Method

for their Concentration

0. WAHLROOS* and O. E. NIKKILA
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Otaniemi, Finland

Theoretical considerations have been applied to the head-space
method and to the method of concentrating volatiles from dilute
solution by flushing the sample with an inert gas and condensing the
vapours from the gas stream before gas chromatography. These
analytical methods are shown to become quantitative if two successive
chromatograms are made from each sample, which is flushed with
known volumes of gas. Simple equations were derived for calculation
of the results. An equation has been deduced to describe the concen-
tration curve in & condensation vessel containing solvent, when
condensation is incomplete. The applications of the methods are
discussed.

Gas chromatographic head space analysis has been used for the determina-
tion of the concentration of volatile compounds in the gas phase above
their solution.»? In the numerous cases in which the sensitivity of gas chro-
matographic detectors is not sufficient for head space analysis, a frequently
employed method for concentration is to pass a stream of inert gas through
the sample and condense the vapours in a refrigerated tube, which may contain
some solvent (e.g. a short chromatographic column or adsorbent).? This system
has also been used for preparative work. '

If quantitative results are to be obtained by these methods, however,
the following questions must first be answered.:

Head space analysis: what are the concentrations of the compounds in the
sample itself? Concentration method: what does the chromatogram obtained
from the concentrate signify? Can quantitative conclusions be drawn? What
are the optimum conditions for preparative concentration? The questions
may be elucidated by some theoretical considerations.

* Present address: Department of Nutritional Chemistry, Helsinki University, Helsinki,
Finland.
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198 WAHLROOS AND NIKKILA

THEORETICAL
Symbols

Va = volume of the gas phase above the sample.

Viq = volume of the sample. The sample may here be regarded
as a liquid or solid solvent, or a mixture of these. ¥V, may
also represent the active surface of an adsorbent

Veor Vi = corresponding volumes in the condensation vessel

1 = concentration of the compound to be analysed in the gas
phase above the sample

Cye = gas phase concentration of the compound in the concen-
tration vessel

Cyo = starting concentration of the compound above the sample

Cio» Cr1, Oy, = corresponding concentrations in the liquid phases (or solid,
or adsorbent)

v = volume of gas led through the sample

ky, Ky = distribution coefficients of the compound in the sample
and the condensation vessel. k£, is to be regarded as an
overall coefficient between the sample and its gas phase
when the sample is of heterogeneous material. The %’s are
regarded as linear over the concentration range in question

Vi, Vg = effective volumes of sample and condensation vessels,

V, = Vgl + &y Viy
w = total amount of a compound in the sample

Head space analysis

As mentioned, a head space chromatogram gives information only about
the concentrations of the components in the gas phase above the sample. To
know the concentrations in the sample itself, we should determine the distri-
bution coefficient of each compound to be determined from the chromato-
gram. This should be done for each sample, because the solvent properties
of the sample may vary (e.g., the fat content of some foods varies within wide
limits). The determination of the distribution coefficients need not, however,
be very laborious. It is possible to calculate the coefficients for all components
visible on the chromatogram from two successive runs. It has previously been
shown 4 that the concentration of a volatile compound decreases logarithmi-
cally when a gas is led through the sample at such a rate that equilibrium is
attained between sample and gas, i.e.

In Gy =In Cyy — (v/V,) (1)

To give a true picture of the concentrations in the gas phase, the volume of
the head space sample withdrawn must be small in comparison with the
effective volume of the sample, as may be deduced from eqn. 4. If now, after
making a head space chromatogram, and blowing a volume v of carrier gas
through the sample, a second head space chromatogram is made, we have
from (1)
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DETERMINATION OF VOLATILE COMPOUNDS 199

Cgo v

Coo V2= In Cp—In Cy,

=W )

Cy and C,, are obtained from the areas of the corresponding peaks in the
first and the second chromatogram, i.e., areas I and II in Fig. 1, when the
specific sensitivity of the detector and the injected volume are taken into
account. (2) is the total amount in the sample of the compound under investi-
gation.

If the first chromatogram is made when a volume v,, and the second when
a volume v, of carrier gas has passed through the sample (Fig. 1), the amount
of the compound originally present in the sample is obtained by writing (1)
for Cga, v, and Oy, v, combining and rearranging:

W =0 froiony Cella) oxp D=0l (3)

Quantitative determination by the concentration
method when the eluted vapours are totally
condensed

It may be asked, why not elute the volatiles totally and make one chromato-
gram? However, the distribution coefficients very often have values from 100
to 10 000. In these cases, excessive volumes of carrier gas have to be used,
total trapping will be difficult to achieve, and with aqueous samples, large
volumes of water will be condensed, disturbing the gas chromatography.

It is easier to elute a part of the volatiles sufficiently large to render the
compounds visible on the chromatogram. Then it is necessary to make two
chromatograms to determine the original concentrations of the compounds
in the gas phase above the sample, and the distribution coefficients (these
would not be obtained on total elution).

g1

Figs. 1. and 2. Decrease of vapour concentration above sample flushed with carrier gas.
Areas corresponding to peak areas on chromatography of limited volumes.
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From Fig. 2 it is seen that the peak area on the first chromatogram of an
eluted compound i will correspond to the area A4, and the peak area of the
same compound on the second chromatogram to A, when the volatiles are
trapped from successive volumes v, and v,—w, of carrier gas.

va

Au= [ Condv= [ Cooi- [exp(—0/Vy)] dv =
(] 0

Vi Ceoi [1—exp(—v,/V )] (4)

Writing the corresponding expression for 4y, we have for the ratio between
the peak areas on the two chromatograms

l—exp('—va/ Vli)

exp(—v,/ Vy)—exp(—vy/Vy)

If the successive eluting volumes are equal, v, = 2 v,, we have from (5)

Vi = v,/[2.3 (log A,—log Ay)] (6)

Aaif A = (3)

From the chromatographic peak areas and the gas volumes used for elution
we can thus calculate the effective volume of the sample for compound i,
and the distribution coefficient if the gas and liquid (or solid) volumes of the
sample are known.

If we combine eqns. (4) and (6), we obtain the simple formula

Al

W="Vy Cu =44,
for the total amount of compound i in the sample. K’ is the specific sensitivity
of the detector as weight of compound per unit area under the peak. The only
requirement is that the sample should be eluted with two equal volumes of
carrier gas. In practical work, however, the effect of an error in the measure-
ment of the peak areas on the chromatograms must be allowed for. For ex-
ample, if the effective volume for the compound in question is 10 000 and the
eluting volumes are 500 ml, a 1 9, error in peak area measurement may lead to
an error of about 100 9, in W, while this error is only 1.6 9%, when the eluting
volumes are 5000 ml. The larger the effective volume, the smaller is the slope
of the curve (Fig. 2), and the larger the eluting volumes have to be. The same
applies to the head space method described in the previous section.

What conclusions can be drawn from analyses by the concentration column
method when only one chromatogram is made? From (4) it is seen that the
peak area of a compound i is proportional to the concentration of i in the
samples, provided that the samples are always eluted with the same gas vol-
ume at the same temperature, the sample and the head space volumes are
always the same, and the solvent properties of the samples (for i) are constant.
Thus comparisons between the relative concentrations of i in different samples
might be made. The other conditions are easily standardized, but the solvent
properties of the samples are often variable. For the peak area ratio of two
different compounds i and p, we have from (4)

Aal/Aap = Cgi Vi [l—exP(—“”/Vu)]/OgOp le [l—eXP("”/pr)] (8)
Acta Chem. Scand. 20 (1966) No. 1

K’ (7)



DETERMINATION OF VOLATILE COMPOUNDS 201

For limited values of v it is thus not possible to compare the concentrations
of i and p accurately from one chromatogram. Asv/V, — 0, we approach the
conditions for the head-space chromatogram. As v/V,—00, total elution of the
compounds is approached.

A condition for the use of these quantitative methods is, of course, that the
compound to be determined is separated from other compounds on the chro-
matogram. It is seen from (5) that if several successive elutions are made and
the condensates chromatographed, A.i/Ay;, Ay/Aq; etc., will be constant
if i appears alone or if it is superimposed on another compound that has the
same distribution coefficient in the sample, too. If the chromatographic peak
of i is superimposed on a compound that has a different partition coefficient
in the sample, the peak area ratios will drift towards a constant value A4/
Ay if several elutions are made with equal volumes. The original con-
centration of the compound with the highest £ in the sample may then be

calculated from V, = var1—v,/(log 4,—log Aas1) ()
A, =V, Cg [exp(—2,/V,)—exp(—va-1/V})] (10)

where v,_; is the total eluting volume until the constant ratio is achieved,
and v, and v,41 the two following total elution volumes. The other super-
imposed compound may be found by subtraction.

Concentration of volatiles by the collection column
method with incomplete condensation from the
carrier gas stream

In collection the aim is to keep the effective volume V, of the condensation
tube higher than the effective volume V', of the sample. Naturally, the con-
centration of a volatile compound in the collection column will pass through
a maximum when a continuous stream of carrier gas is led through the sample
and collection tubes. The exact form of this concentration vs. gas volume
curve will be deduced.

C,, is a function of the concentration Cy, in the gas stream arriving at the
collection tube and the volume v of carrier gas which has passed. The rate
of change of C,, with regard to v is now given by the total differential

dCg 00, 0C¢s x dCy,

W T a0, < d (11)
The amount of material brought by the gas stream to the collection tube equals
the increase of material in the collection tube and the amount flushed away
from it by the gas:
Cgy dv = Vg dCpy 4 Vyp dCypy + Cppdv

or
(Cu—Cp) dv = V, dC,,
1.e.
0032 — 081 - 082
i V,
Acta Cheém. Scand. 20 (1966) No. 1




202 WAHLROOS AND NIKKILA

When v is constant, no concentration changes occur in the sample and collec-
tion vessels, 0C;,/0Cg, = 0, and

Cor — Coy
Ve

Writing eqn. 1 in the exponential form C,, = Cy, [exp(—7v/V,),] and substi-
tuting in (12), we obtain

40y, = dv (12)

dC,, 1 1
v + v, <Oy = A « Cgo [exp(—2/V )] (13)
The solution of this linear differential equation, when Cgy = 0 for v = 0 is
Co V
Cep = _V‘gi_“yl_ - [exp(—v/V;)—exp(—v/V,)] (14)
1— Ve
This is graphically represented in Fig. 3.
pMg/mi [
br
-)
2
0 1 1 A 1
0. 1000 2000 v ml

Fig. 3. Experimental test of eqn. 14. Solid line: theoretical curve, broken line: experi-

mental curve. Parameters: Vy; 102.5 ml, Vig 0.2 ml, Vg, 67.5 ml, Vgs 3.7 ml, &, 11,

k, 207, Cg, 5.97 g/ml. It is seen that Cy g max i8 16.5 times the zero time liquid concentration

in the sample, and the yield 3 9%,. If the effective volumes had, for example, the values
V, =10 and V, = 100, the theoretical yield would be 77.5 9%,.

The volume of carrier gas, ¥max, corresponding to the maximum concen-
tration in the collection tube, obtained by differentiation of (14), is

o V,-Vy-2.3 log(V,/V,)
max — Vl—— V2
(15) becomes indefinite for ¥V, = V,. In this case the correct value is obtained
by interpolation.

Substituting (15) in (14), we obtain for the maximum amount which may
be collected

(15)
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Womax = ng Vz =
Coo V1 V,y [ _ Vo In(V4/V,y) _ Vi In(V,/V,) )]
V=7, exp VeV, — exp V=7, (16)

From (16) it is seen that when the sample volume increases, other conditions
being constant, the absolute amount of material collected increases. On the
other hand, at higher V,/V,-values, the slope of the curve diminished and the
carrier gas volumes required become uneconomically large. It is also seen
that the smaller the effective volume of the sample is in relation to that of
the collection vessel, the larger is the proportion of the eluted material collected
which is to say (16) is a quantitative description of the fact that the distribution
coefficients in the sample should be as small and those in the collection vessel
as large as possible. The optimum carrier gas volume and the maximum
amount of material which can be collected vary with the distribution coeffi-
cients of the compounds. Thus, if we wish to isolate some compounds pre-
paratively by this method, the optimum conditions may be calculated from
the distribution coefficients, which have to be determined, e.g. by making
head-space chromatograms and using eqn. 2 in the form

v
b = (m Coo—In C, ‘V8>/ £

EXPERIMENTAL

It is important, in the quantitative determinations with concentration of the vapour,
to make sure that a) the sample is adequately stirred, so that the carrier gas equilibrates
with the sample, b) the carrier gas volumes passing through the sample are accurately
measured, ¢) the vapours are efficiently trapped in the condenser, d) the temperature of
the sample does not vary during elution, e) chemical changes do not occur in the sample
during elution.

The test set-up for determinations with total condensation (eqn. 7) is shown in Fig. 4.
Care was taken to ensure that the condensation path was long enough to allow the carrier
gas to cool down adequately at the velocity used. When the volatiles had been collected
from a volume of eluting gas, the condensation coil was connected in series with the
column of a gas chromatograph, heated to 110°C, and the carrier gas turned on. Some
of the chromatograms were obtained with a Perkin-Elmer gas chromatograph N° = 800,
using & 1.8 m, 1.8 mm @ butanediol succinate (8 9,) column, temperature programme
30°—130°, 6.7°/min, others with a P-E 116 E model with a 2 m, 4 mm @ polyethylene
glycol column, 15 % on PTFE, isothermally at 80°C. HFI detectors were used.

The analytical method was tested with corn oil to which a mixture of pentane and
3-heptanone had been added in amounts ranging between 250 and 500 ug/25 g, and with
homogenized apple to which a test mixture of acetaldehyde, propanol, 2-hexenal, and 2-

Fig. 4. Test set-up for quantitative deter-

mination with concentration of volatiles. s

1, sample vessel, thermostat, magnetic 1

stirrer. 2. Glass traps and coil of PTFE ,

tubing (at least 1 m), liquid nitrogen bath. 2

(For suitable glass traps, see Ref. 5). 3, 3
volumetric flask. <
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Fig. 5. The chromatograms from one Fig. 6. The chromatograms from a deter-
quantitative determination of corn oil vola- mination of bread volatiles by the head-
tiles, where the volatiles were concentrated space method with intermittent elution of
before chromatography. Butanediol suc- the sample with inert gas. BDS-column.
cinate column, 1.8 m, 1.8 mm @, gas flow 1 == pentane, 2 = furan, 3 and 4 un-
rate 30 ml/min, temperature programme. knowns, 5 = 3-heptanone.

methyl-2-pentenal had been added, the amounts of the individual compounds ranging
from 5 to 300 ug/100 g. The apple was homogenized with about its own weight of water
to render the homogenate easier to stir. Fig. 5 shows the two chromatograms from a
determination of corn oil volatiles. The standard deviation for the determinations was
5.3 %. The average analytical recovery of the added compounds was 96 %, Because D.F.
was 14, this deviation from 100 9, was not significant.

A determination of volatiles from bread was made by the head-space method (eqn. 2,
Fig. 6). 14 g of rye bread, ground with a homogenizer, was weighed into a stoppered
conical flask of 300 mi capacity. After the flask had stood for 10 min at room temperature
with some stirring, 5 ml of the gas phase was injected into the column with a gas-tight
syringe, and the chromatogram run with temperature programming. Then 1000 ml of
nitrogen was led through the flask at a rate of about 25 ml/min, while the sample was
vigorously stirred, and a second 5 ml of the gas phase was chromatographed. The result
is shown in Table 1.

Table 1.
Compound added Concentration Analytical recovery
Pentane 150 ug/100 g 92.6 9%
Furan 140 ’ 94.5 ,,
3-Heptanone 150 ' 90.0 ,,
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To test eqn. 14, nitrogen (13.63 ml/min) was led through a 170.0 ml flask provided
with a magnetic stirrer and containing a dilute solution of ethyl ether (7.1 mg) in water
(102.5 ml), into a tube (3.93 ml) containing 0.2 ml of dodecane as solvent, and further to
a flame ionization detector. The response curve, which gives Cg, as a function of v, was recor-
ded (Fig. 3). The temperature of the vessels was maintained at 27.5°C. The distribution
coefficients of ether between water and nitrogen (%,), and between dodecane and nitrogen
(ks) were determined separately at 27.5°C by a method described earlier.*

DISCUSSION

The methods described are not dependent on the chemical nature of the
compounds to be determined (except perhaps for compounds which form ions
in solution, for which the methods have not been tested), as long as we have
some method to separate the eluted compounds from each other. A necessary
condition is that the distribution coefficients do not change appreciably in the
range within which their concentration changes during the determination. The
methods were tested for compounds with boiling points from 21° to 150°C.
For analysis of less volatile substances, liquid solvent extraction is probably
preferable, because the carrier gas volumes to be used become excessive; in
our hands a standard deviation of 5.3 9, was obtained. These methods may be
applied for example to the analysis of food aromas, off-flavours, volatile food
additives, or solvent residues. Because the method involves the determination
of the distribution coefficients of the volatile compounds, it can be used to
determine how much of a compound should be added to a material to achieve
a certain vapour phase concentration above the material, or in deodorization
work to calculate how large a gas volume should be used for flushing a material
to reduce the concentration of some compound(s) to a predetermined level.

The equation describing the concentration curve in a condensation vessel
containing solvent, when the condensation is incomplete, has its application
when calculation of optimum conditions in preparative work is desired.

This work has been supported by a grant from Elintarvikkeiden Tutkimussddtio
(The Foundation for Food Research, Finland) which is gratefully acknowledged.
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