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1.1 Fundamental Aspects of Capillary
Gas Chromatography

1.2 Separation System Considerations



.1 Fundamental Aspects of Capillary Gas
Chromatography

R. Wittkowski

1 Theory of Gas Chromatography
1.1 The Chromatographic Process

1.1.1 The Distribution Constant K,

As in all other chromatographic processes gas chromatography is based on the distribu-
tion of a component (solute) between two phases. When submitted to the column a
solute immediately partitions between the stationary (liquid) and the mobile (gas) phase.
The mobile phase (carrier gas) will then carry out the transport through the column after
injection of a mixture of different components. Different solutes will interact differentially
with the stationary phase depending on their molecular structure (Fig. {.1.-1).

Injection

Columnlength ____ =~

__,_._M___ﬂ:_’_\__,
Carrier gas flow O—b O—" O . b
—_— ransport by .
> o— > the mobile phase Stationary phase
o—
I
——

Solute partitioning

Fig. 1.1.-1 Schematic of the chromatographic process.

This distribution is described with the distribution coefficient Ky, defined as the ratio of
solute weight in equal volumes of the stationary and mobile phases:

Solute weight per uiit volume stationary phase Cs (1)

Solute weight per unit volume mobile phase " Cn

D=

Kp is a true equilibrium constant which depends only on the solute, the liquid phase, and
the temperature. It is not dependent on the column type. The transport of the solutes
through the column occurs only in the continuously moving gas phase with the same rate.
The total time a solute remains in the column is its retention time (tg). The longer a par-
ticular substance is in the gas phase the faster it is eluted from the column, which infers
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that 15 is small. Compounds which interact with the liquid phase to a greater extent
remain on the column for a longer time and tg therefore is larger. The interaction of a
compound with the stationary phase, which actually determines the retention time
depends on the molecular structure, especially on the type and number of functional
groups present but also on the molecular geometry.

1.1.2 Partition Coefficient (Ratio) k and Phase Ratio [}

When looking at the absolute amounts of solute in the gaseous and liquid phases instead
of concentration the distribution coefficient K, can be described as follows:

amount of solute in liquid phase/volume of liquid phase
amount of solute in gas phase/volume of gas phase

amount of solute in liquid phase volume of gas phase
= X
amount of solute in gas phase volume of liquid phase

Ko=k-B )

The phase ratio B is defined as the ratio between both the gas volume and the volume of
the stationary phase within the column. For WCOT (wall coated open tubular) columns the
following equation is applicable:

r

p= 24, (6)

where r is the radius of the column and d is the average thickness of the coating.

k is called the partition ratio or capacity ratio and is defined as the amount of solute in the
stationary phase compared to the amount of that solute in the mobile phase. Conse-
quently, k can be directly related to the retention time tg (Equ. 6).

tR - tM = l,R

TN W ®

1.1.3 The Retention Time

The entire time in which a particular component is in the column is termed the total
retention time ts. As already mentioned a solute spends a certain time in the liquid phase
and the rest of the time in the gas phase. From the sum of these times the total retention
time can be determined (Equ. 7).

tR = tM + t‘R (7)

Generally, the transport of a solute within a column occurs only in the gas phase and then
only exactly with the carrier gas fiow velocity. From this follows that regardiess of how
often a solute interacts with the liquid phase the time it spends within the gas phase is
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constant. This is termed the “gas holdup time” (t,,). Therefore, the adjusted retention time
t'r = tg — ty. It can be determined directly by injecting substances, which do not interact
with the stationary phase (Ky ~ Q), as for example all noble gases. In practice methane
is used, which essentially is not retained by the column. The relationship between these
mathematical terms is shown in Fig. 1.1.-2.

Solute

Start
Inert Gas
Y A
/7
W | 1 |
> | —> Time
tR

Fig. 1.1.-2 The retention of a single solute {11].

The retention data of a substance are directly proportional to t'y and therefore to k
(Equ. 6).

1.2 Column Efficiency

1.21 Number of Theoretical Plates n

To obtain a good separation of substances it is necessary to keep the bandwidth of a
particular substance as narrow as possible during its passage through the column. In
addition, the standard variation of the retention time of identical molecules should be as
small as possible. Even when identical molecules remain exactly the same time in the
liquid phase, longitudinal diffusion (Equ. 33) will cause a certain peak broadening. Hence,
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the effectiveness of a separation of two components with different Ko values depends
directly on peak broadening. In some unfortunate cases a larger retention time range for
identical molecules can lead to overlapping of the tailing edge of the faster component
with the leading edge of the slower component, and hence to an unsatisfactory separa-
tion. Thus, the separation efficiency describes the relationship between the retention time
from the moment of injection (tz) and the standard variation of peak broadening after
emergence from the column (o), and is defined as the number of theoretical plates,

tg

h=l R ®)
o

This concept originated in the distillation terminology and is based on the assumption that

a distribution process in equilibrium between the mobile and stationary phase in the

column can be estimated by a number of individual hypothetical distribution steps (distil-

lation steps). To circumvent a determination of g, these peaks are assumed to have a

Gaussian form, and n can then be determined by the easily measureable peak width at
half height (2.354 o) (Fig. 1.1.-3).

A

% of peak height /

\

1000

60.7 e W = 20

50.0 ~— w;, = 2.3540

Fig. 1.1.-3 Relationship between the measured peak width and o of the Gaussian peak
[11].
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Wm(\ec\\on =20 = W| (9)
Wiar height =20@IN2"= W, (10)
= 2354 o (1)

Equation (8) can therefore be described as follows:

n= (t)* = 5.545 1g )\ ° (12)
Wy T8 ()
(2.254)
or
2
no W gty (13)
( W, W,
=)

1.2.2 Number of Effective Theoretical Plates N

The number of theoretical plates (n) relates to the total retention time, and thus to the sum
of t's and ty,. With that t, has also a positive influence on n even so it has no influence on
the actual separation process. Hence, not all theoretical plates expressed by n are effec-
tive. For this reason PURNELL [1] and DesTy et al. {2] introduced the number of effective
theoretical plates (N), which uses t's instead of ty (Equ. 14).

N = 5.54( \tNRh) (14)

Equations (15) and (16) show n and N in direct relationship, both are dependent on the
capacity factor k. Therefore, k values should always be given together with the number of
theoretical plates in order to obtain comparable values.

Nen () (19

or

(16)

Figure 1.1.—4 demonstrates that the difference between n and N becomes asymptotically
smaller with increasing k. The reason for this is that with increasing total retention time the
influence of t, becomes smaller. It follows from that that the values of k and (k + 1)
approach each other more and more until for K = < n = N,
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200,000
c
2
]
(73
@\
] n
£ 100,000
3
g N
3
£

0

() 5 10 15

partition ratio k
Fig. 1.1.-4 Maximum number of theoretical plates (n) possible and effective theoretical
plate numbers (N) calculated at p,, for each value of k.

In order to compare the separation capability of columns of different length the number of
plates per unit length or vice versa the column length equivalent 1o one theoretical plate
is often used (HETP, height equivalent to a theoretical plate, Equ. 17).

L

h = n (in mmy) (17)

The height equivalent to an effective theoretical plate, HEETP, relates to that column por-
tion which corresponds to one effective theoretical plate N (Equ. 18).

L
H=-g (inmm) (18)

H and h decrease with increasing N and n, respectively.

1.2.3 Separation Number TZ

Another parameter to measure column efficiency is the separation number TZ (from the
German word “Trennzahl” [3]) It is a measure of how many peaks with the same width
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at half height would theoretically fit between two real peaks in a homologous series
containing x and (x + 1) carbon atoms (Equ. 19).
thix+ 1) -tg(X)

TZ= Wh(x+1)+Wh(x)41 (19)

Normally, saturated straight chain hydrocarbons are used, however in very polar phases
homologous alcohols or fatty acid methyl esters can also be used.

tg (X) tg(x+1)

« Aty

>

Wh (x)

J

Fig. 1.1.-5 Calculation of the Trennzahl TZ (separation number).

W, (x + 1)

half
height

The separation number can be drawn upon isothermal as well as temperature program-
med GC. It is a simple measurement to compare columns with similar phase coatings or
to characterize the efficiency of a column over a longer period of time. Contrary to other
descriptions of capillary separation efficiency the separation number is valid only for the
particular capacity ratio and the specific temperature range, which it was calculated for. A
determination of the separation number from a chromatogram is shown in Figure 1.1.-5.
According to Equation (20) the separation number is in direct relationship to resolution R:

R

TZ = 177 1 (20)

This Equation assumes a resolution of R = 1.17 (4.6 o) (compare Equs. 23-27). Accord-
ing to Equation (21) there is a relationship between the separation number and the effec-

tive theoretical plate number N when isothermal separations are performied.

TZ- 0425 S /N -1 (21)
o +
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1.3 Separation of Components

1.3.1 Relative Retention «

in order to separate compounds their net retention times have to be different. The quo-
tient between tg of the later eluted substance (B) and tg of the earlier eluted substance (A)
is the relative retention time « (Equ. 22).

_ 4®
AT TR A)

(22)

In the worst case « is equal to 1, but never smaller. Relative retention times vary with vary-
ing temperatures, because the influence of temperature increase is greater on the reten-
tion of the later eluting substance than on the earlier. In addition, the relative retention time
« does not take into account that the quality of separation not only depends on the ditfer-
ence in retention time, but also on the peak broadening to a large extent.

Injection

l
o _— s = /\/\_

T = oo =>__

Fig. 1.1.-6 Influence of the longitudinal diffusion on the separation of a substance pair in
similar liquid phase and temperature, but different column efficiencies.

Figure 1.1.—6 ilustrates that even so the retention times for each of the components is
equal in both cases the quality of separation in the lower chromatogram is significantly
better simply due to the peak widths.

1.3.2 Resolution

An operand which takes into account both the separation according to retention as well
as peak broadening is the resolution R (Equ. 23).

2 [ta (B) - ts (A)]

CWE O ‘23’
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As in the determination of n the peak width is measured preferably at half height instead
of at the baseline, and it follows from that

A 2~ _ ML 71z e 1477 (24)
T 1699 W, B+ WAl [ ~ 1 '
where
W, = 4 0 and W, (25)
4
W, = (2—‘3——55) W, (26)
W,= 1.699 W, 27)

(see also Fig. 1.1.-3 and Equs. 9-11)

Usually in practice baseline separation is achieved at a resolution of about R = 1.5
{Fig. 1.1.=7). In an ideal Gaussian distribution R = 1.0 would be sufficient.

t(x) talx+1) ts (X) ta (x + 1)

1 | |
[l 1

i i
Wy . wp I-«-wb—vJ <—wb—>J

RS=1-0 RS=1‘5

Fig. 1.1.~7 Resolution and compound separation [8].
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Problems always arise in asymmetric peak form or tailing. If the adjusted retention times
of two separated compounds are known then R can be described as a function of the «-
values (Equ. 28-30).

() ()
R=\/N>((}T;—1),sinceN:n<kt1)2 (29)
R= — ("—“—1)\/ = @0

¢4

As can be seen from Equations (28) and (29) resolution is directly proportional to the
square root of the number of theoretical plates, or, in the case of Equation (30) is directly
proportional to the square root of the column length assuming « and H are kept constant,
whereby it has to be considered that « is temperature dependent (see Chapter 1.1 3.1).
Therefore, for a doubling of n at equal column efficiency the column length would have to
be quadrupled. By changing Equation (28) into Equation (31) the number of theoretical
plates for any desired resolution can be calculated.

o) ()" (52

2 The Column

2.1 The vAN DEEMTER Equation

The separation of substances within a column is dependent on many parameters which
include not only column parameters, but also the influence of carrier gas type and velocity
as well. So, for example one can shorten the analysis time by increase in carrier gas velo-
city, but there is a point at which the efficiency of the column decreases due to a higher
resistance to mass transfer resulting in peak broadening. When the velocity of the carrier
gas is too low the influence of longitudinal diffusion becomes significant and leads to the
same effect.

In 1956 van DeeMTER developed an equation in which the influences of different column
parameters on carrier gas velocity is described {4]:

B
n=A+ = 4G 32)

The factors A, B, and € describe in simplified form the physical processes, which the
solutes undergo during the chromatographic separation. A describes the influence of the
multi flow path (Eddy-) diffusion on peak broadening. B describes the infiuence of the
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axial molecular diffusion in or against the direction of the carrier gas flow (longitudinal dif-
fusion) on the peak broadening and is defined as:

B =2 Dg (33)

B has the dimension cm?/s. D, is the diffusion coefficient of the solute in the particular
carrier gas. Normally B ranges in value between 0.01 and 1 cm?/s. C describes that effect
which due to the continuous transport of solutes by the carrier gas works against the com-
plete adjustment of the distribution equilibrium Kp. According to the diffusion velocity in
both phases the mass transfer between mobile and stationary phases is finite in relation
to the carrier gas velocity. The C-term consists of the resistance to mass transfer in the
liquid- (C,) and mobile phases (Cs) (Equ. 32). This differentiation is especially important
when comparing capillary columns with packed columns, because in the latter the liquid
film is significantly thicker and irregular and the solutes are separated by lower gas
volumes.

C = Cs+0, (34)

o c. P 146k+ 11K -

Where 6= by T 24 (14 kP (35)
d C = df 2K 36

an LT DA RP (36)

In capillary columns the A-term is ineffective since due to the lack of column packing only
one transport direction exists. The van DEEMTER Equation (32) therefore reduces to the
Gotay-Equation [5) (Equ. 37).

h- 2. 37)
" M

In most chromatographic separations with capillaries the C-term is the dominant influence
on peak broadening as will be shown in the following chapters.

2.2 Carrier Gas Velocity

The van DEeMTER Equation (Equ. 32) describes the effects of the carrier gas velocity on
the efficiency of a column. Many chromatographers still measure the volumetric gas flow
and neglect the fact that the solutes are transported through the column by the linear
velocity of the carrier gas rather than the volumetric flow. Therefore, one should measure
the flow as average linear gas velocity in cm/s rather than in mi/min. When F is the volu-
metric flow in ml/min one can with the help of Equations (38) and (39) calculate the flow
ncmis.
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F- 06xrq (38)
167 F

- 39

" mrl ©9)

r describes the column radius and p is the average linear gas velocity. In contrast to
liquids gases increase in viscosity with increasing temperature. For example H,, Ny, and
He show a relative viscosity increase of 40 % with a change in temperature from 40 to
260 °C [6]. Because most GC systems are pressure regulated rather than flow regulated
a decrease in carrier gas flow occurs during a temperature programmed separation.
Hence, the gas flow should be optimized for that temperature range of the column in
which the most critical separation has to be accomplished.

min

1 1 A,M

popt
Fig. 1.1.-8 Effect of the average linear carrier gas velocity p on column efficiency h as

determined by the longitudinal diffusion B and the resistance to mass transfer
C of the van Deemter equation.

Figure 1.1.—8 demonstrates the dependence of plate height h from the linear carrier gas
velocity u. This dependence is the summation of two opposing effects expressed by B
and € (Equ. 37). The Eddy-diffusion A for capillary columns is zero. The peak broadening
during low carrier gas velocities results mainly from the diffusion in the direction of the
column axis (B), while at high carrier gas velocities only the resistance to mass transfer (C)
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is of importance. For low carrier gas velocities the latter term is small (small h, large n),
since the substances have a greater chance to dissolve into and vaporize from the liquid
phase. At higher carrier gas velocities, however, solutes contact less stationary phase per
unit column length, which results in less distribution steps. At high carrier gas velocity the
C-term is directly proportional to h {or the decrease of n). Theoretically, unfortunately only
theoretically, the best results would be obtained whenever the longitudinal diffusion (B) is
infinitely slow and the lateral diffusion would happen infinitely fast. Therefore the goal of
the optimization is to adjust the carrier gas velocity pu in such a way that h is at minimum
(Nme), 1.6, N at maximum (h = L/n). Since n is a function of the square of the tg/W, ratio n
will be decreased by any factors that make this ratio larger and increased by any factors
that make the ratio smaller. These relationships are explained in Figure 1.1.—9 in combina-
tion with Table 1.1.-1.

column length: 10cm
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Fig. 1.1.-9 Effect of i on the shape of GC peaks [20].
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Table 1.1.~1 Data to the Corresponding Chromatograms in Figure 1.1.-9 {20].

A B c D
tw 5.0 3.5 2.0 1.0
M 2 3 5 10
ta 16.0 107 6.4 35

W, 4 2 1 0.6
N 89 149 227 189
10 10 10 10

h 113 063 044 053

2.3 Optimum Practical Gas Velocity

in practice chromatographic separations are performed at higher carrier gas flows than
Mot at the expense of separation efficiency. Especially in separation systems with flat van
DEEMTER curves analysis time can be drastically shortened without great sacrifice of sepa-
ration efficiency. This carrier gas velocity, which is termed the optimum practical gas velo-
city (OPGV), is localized at that point where the van DEEMTER curve changes into the linear
region (7] (Fig. 1.1.-8). However, experimental van DEEMTER plots do not exhibit linearity,
because the only possibility to increase the average linear gas velocity is to change the
pressure drop through the column, and thereby directly influence the velocity and diffusi-
vity gradients that are engendered by the compressibility of the carrier gas. For this rea-
son JENNINGS [8] suggested to better define the OPGV as that point, where the
n/tx ratio is maximized. These facts show that the calculated vaN DEEMTER curve is a theo-
retical curve containing many approximations. Nevertheless, it is useful because it allows
the demonstration of many dependencies in gas chromatography.

2.4 Carrier Gas Selection

Basically, all inert gases can be used as carrier gases. Normally, however only nitrogen,
helium, or hydrogen are used. Those three gases differ in their viscosity (N, > He > Hy),
and therefore their influence on the diffusion coefficient (Dg) of the solute is different. Dg
is a part of the B and Cg terms, in which it is inversely proportional and proportional to the
linear gas velocity, respectively (Equs. 34-36).
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Fig. 1.1.-10 Van Deemter curve for a 25 m x 0.25 mm WCOT column (d; = 0.4 pm)} for
three mobile phases (N, He, Hy) [11].
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Fig. 1.1.-11 Effective plates per second versus average linear gas velocity u [11].
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As an example Figure 1.1.-10 depicts the van DEEMTER curves for the analysis of C,; at
isothermal conditions (k = 4.95, WCOT OV-101, 25 m x 0.25 mm) in which all three car-
rier gases were employed. Lowest hy,, was achieved with nitrogen. However, p.y for
nitrogen is about 8—10 cm/s and h,,;, increases rapidly and n decreases when carrier gas
velocity is increased resulting in rapid efficiency loss. For helium h,, is somewhat higher,
on the other hand ., is reached at higher values for u and curve is flatter. Therefore,
even carrier gas velocities > ,, are applicable without remarkable loss of separation
power. The trend is most extreme when hydrogen is being used. With only a small sacri-
fice IN Do, Mop 1S NOw 35-40 cm/s resulting in a much shorter analysis time. Even a
doubling of p,y results in hardly any loss in separation efficiency. Even more pointed is
this effect when looking at the plot of u versus number of effective theoretical plates/s
{Fig. 1.1.—11). This term characterizes the system performance which in routine analysis is
controlled by analysis time and resolution.

o domi03 | Calmus Ol
co(;Jv"I?, 0 lr;)lm " | 01% in hexane
L.
] 185°
w 53 min

carrier Hg
4.2 ml/ min

sample 13pl
split ratio 1:30

carrier Ng
20mi/min
sample 50l
split ratio 1:30
prog 1.6 °/min * WJJ\J
N T Jh U

Lutiiﬁi w ! LL o

100° 21 min

Fig. 1.1.-12 Comparison of nitrogen and hydrogen as carrier gases for capillary
columns.
For N, the conditions (temperature and flow rate) were selected for optimum
resolution. For H, the conditions were set to yield identical elution tempera-
ture as for N,, and for high but not maximum resolution [9].
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it can be seen in Figure I.1.-11 that hydrogen delivers about four times as many effective
plates/s as does nitrogen. With the help of the example of the analysis of caimus oil this
effect [9] can be demonstrated (Fig. 1.1.—12).

2.5 Column Parameters Influencing Efficiency
2.5.1 Film Thickness

The development of chemically bound phases in capillary GC has led to a wide spectrum
in film thickness ranging from 0.05 to 8 um. As already mentioned the phase ratio B is
inversely proportional to the partition ratio k (Equ. 4). This means that whenever k becomes
larger § becomes smaller and vice versa. Since f = 1/2d,, k increases with decreasing
radius and increasing film thickness. k decreases with increasing r and decreasing d;.
Thus, retention time depends on the internal column diameter as well as on the film
thickness. Therefore thin film capillary columns (d; = 0.1 um) are preferred whenever high
boiling solutes such as polycyclic aromatic hydrocarbons (e.g. coronen, boiling point
525 °C), dioxins, etc. are to be analyzed. Thin films are thermally more stable, however
they have only a small sample capacity so that low boiling compounds (C < 5) are not
well separated. On the other hand, thick films are favored whenever low boiling materials
are to be separated. The phase ratio decreases by a factor of 10 to 50 compared to thin
film capillaries which results in a large increase in the capacity ratio for low boiling com-
pounds. In this case the sample capacity approaches that of packed columns. Logically,
they are favored in headspace analysis and trapping. In these particular cases the lower
temperature stability as well as loss in sensitivity caused by an increase in peak broade-
ning are not significant when compared to thin fiim capillaries. The influence of film thick-
ness is shown in an example from Gros and GroB [9] in Figure 1.1.-13.

The Gotay Eqguation (37) in combination with Equation (36) make clear that the square of
the film thickness is directly proportional to the resistance to mass transfer in the liquid
phase. Therefore, when working with thin films (high B values) the influence of C, on h and
Hopt Can be ignored. Equation (40) in combination with Equations (33) and (35) make
evident that h is independent from the diffusion coefficient in the gas phase (Dg).

h-2VB C - 1+6k+ 11K 40
~2VBC-rV —ae “o

It follows from this that hy,, for all three carrier gases at their respective p, is nearly
equal. On the other hand it follows from Equation (41) that p,, is directly proportional to
the diffusivity in the gas phase (Cg).

A/ B
Hopt = 6 (41)

G
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Gasoline premium
Column 15m/03mm SE-52  film thickness, pm
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Fig. I.1.-13 Analysis of gasoline on columns with identical geometry and liquid phase,

but different film thickness, under identical conditions.
1 n-pentane, 2 benzene, 3 toluene, 4 o-xylene, 5 1, 2, 4-trimethylbenzene,

6 naphthalene, 7 2-methylnaphthalene [9].
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Since Dg is roughly inversely proportional to the square root of the molecular weight of
the carrier gas it follows: g, (Ho} = 1.4 pgy (HE) = 3.7 pgp (Ny). In this case hydrogen
should be used as carrier gas, because the retention time compared to nitrogen reduces
by a factor of 3.7 while sensitivity is increased by the same order. This effect is elucidated
by the curves in Figure |.1.-14 [10].

H.E.T.P. (mm) TZ:1z2 018
18}- N,

- 30.—_
08}~
I He

06}~ 20} M

i /Hz He
0.4}-

0.2}

0 ] TR 1
0 20 t0 60 80

P SR | P WU NENPUE SUNPUNS I U S | ni{cm/sec)
100 120 0 20 L0 60 80 100 120

Fig. 1.1.-14 h-p and TZ-p curves as function of the carrier gas selection for capillary
columns with large B values. Column: 20 m x 0.27 mm OV-1, d; 0.22 pm [10].

The van DEeEMTER curves of thick film capillaries (flow  values) exhibit basic differences
from those shown in Figure |.1.—14. On the example of a column coated with 5 pm poly-
dimethylsiloxane (i.d. 0.32 mm) the differences in h,,, for nitrogen and hydrogen can be
seen as well as the differences in the steepnesses of the curves (Fig. 1.1.-15). u, is found
at low carrier gas flows. it follows that Cg (proportional to r?/Dg) becomes smaller since
Ds becomes larger at lower carrier gas flows. Consequently, the resistance to mass
transfer (Equ. 34) is dominated by the C, term (dependent on D__and d). h,,, is much
higher than in case of thin film columns. With increasing k value the value of h,,, decrea-
ses. Hence, in thick film capillaries carrier gases with higher viscosities are to be favored,
because the exchange velocity between stationary and mobile phases is decreased signi-
ficantly.

Only if analysis speed is of primary importance and the efficiency is sufficient for the par-
ticular separation problem hydrogen should still be used.
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Fig. 1.1.-15 h-u and TZ-u curves as function of the carrier gas selection for capillary
columns with small B values.
A h-p plot for k = 10, B h-u plot for k = 20, € TZ-p plots for Cg-Cq [10].

2.5.2 Internal Diameter

The sample capacity {Equ. 44) and the separation efficiency (Equ. 40) of a capillary
column depend directly on the inner diameter, and thereby the radius. SANDRA et. al. [10]
produced five columns with differing radii, in which the coating in each case was equal
and such that all columns had equal phase ratio §. With these the influence of column
diameter (at large f values) on efficiency was investigated (Fig. 1.1.-16).

Figure 1.1.-16 and Table |.1.-2 indicate that for columns with large f§ values h,,,, is propor-
tional to the inner diameter of the column. This can also be derived theoretically. Accor-
ding to Equation (40) for different values of k the following h,, values are determined:

fork = 10, hyn = 1.79r
for k = 100, hy, = 1.90 r ~2r
for k = 1000, hyp = 1.91 1

With increasing k value the value of h,, approaches that of the inner column diameter.
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Fig. 1.1.-16 Experimental h-u curves for columns varying in their internal diameters.
h was calculated for C,, at 100 °C with hydrogen as carrier gas [10].

Table 1.1.-2 shows the corresponding data for the utilized columns.

Table 1.1.~2 Data for Columns in Figure |.1.-16 [10].

D L TZciocis TZ/Mm HETPmin HETPmin u CE d,
(mm) (m) Exp. (mm) Theor. (mm) (cm/s) (%) (um)
0.18 37 54 1.45 0.19 0.178 45 94 0.15
0.27 60 53 0.88 0.27 0.24 32 89 0.23
0.51 58 35 0.60 0.49 0.46 25 a3 0.43
0.70 50 30 0.60 0.71 0.66 16 86 0.59
0.88 49 26 0.53 0.88 0.78 14 88 0.74
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This fact can be used to estimate the theoretical number of plates n per meter (Equ. 42).
n = k/hyn, since h,,, ~ 2r it follows n = k/2r (42)

With a decrease of the inside diameter from 0.5 to 0.1 mm the number of theoretical pla-
tes per meter would increase from 200 to 1000 for k = 100. The optimal flow velocity gy
increases inversely proportional to the inner diameter, in this case by a factor of 5. For this
the carrier gas pre-pressure would have to be increased significantly. At the same time
however, the sample capacity would be reduced by a factor of 5° = 125 (Equ. 44). These
interrelationships make clear that there are limits in the optimization of separation effi-
ciency by internal diameter reduction. The decrease in efficiency with increasing internal
diameter (Fig. 1.1.—16) can be compensated by increasing the column length by the same
factor (n = L/h). In the case of thick fim capillaries the influence of the internal diameter on
P IS Minimized.

2.5.3 Column Length

The length of a column has a smaller influence on column efficiency than is normally
expected. It follows from Equation (30) that the resolution is proportional to the square
root of the column length. Therefore, in order to double the resolution the column length
would have to be quadrupled. An increase in column efficiency therefore should first be
attempted by decrease in internal diameter or change in film thickness. Also an optimiza-
tion of column temperature can achieve this goal.
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Fig. 1.1.—17 Variation of resolution with column length.
Resolution between phenanthrene and anthracene as well as retention time
of anthrancene is indicated.
(SE-52, d; = 0.4 wm, p = 40 cm/s H,, 80 to 240 © at 5 °C/min) [11].
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Figure 1.1=17 shows the change in resolution between phenanthrene and anthracene in
relationship to column length. The most effective column length is between 15 and 20
meters, while resolution is not improved by a further increase in columr length. The rea-
son for this is the temperature programming effect. By increasing the temperature the
solute is “reinjected” onto each successive increment of column length, until a point is
reached, where the solute is effectively unretained [11].

254 Column Temperature

In general, the temperature has a very dominant influence on the efficiency of a column.
The capacity ratio k is inversely proportional to column temperature. The lower the tem-
perature the higher the value of k which leads to longer retention times. The strong influ-
ence of temperature programming on column efficiency is shown in Figure 1.1.—18 [12].
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Fig. 1.1.-18 Stationary phase selectivity for free phenols.
The greater the differences between the retention times of the phenol on the
two stationary phases the greater the selectivity of the aciive phase for the
particular phenol.
Columns: 30 m x 0.25 mm SE-30 and SE-54, p = 50 cm/s H,, temp 1
(2 min) = 75 °C [11].
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Here the retention time differences of a phenol test mix analyzed on a SE-54 and a SE-30
column at different temperature program rates were investigated. At high program rates
the retention time difference between both phases is small, that means the selectivity of
the SE-54 column is lost. However, the selectivity of each individual phenol increases on
the SE-54 phase when the program rate is reduced. This increase is so sufficient that
here even a shorter column could have provided enough resolution. When selecting the
temperature it should always be considered that during temperature increase the viscosity
of the carrier gas increases and the velocity consequently decreases (Fig. 1.1.-19).

LO'\
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A 1 ] 1 T t
50 100 150 200 250 300
Temperature (°C)

Fig. 1.1.-19 Dependence of gas flow of helium (normalized to 50° C) on column tempe-
rature [11].

In general, most capillary columns are pressure regulated rather than flow regulated.
Therefore, a temperature programmed analysis should be started at a higher carrier gas
flow than would be used in an isothermal run. Since it has a flatter van DEEMTER curve,

hydrogen has a great advantage over nitrogen or helium since the number of theoretical
plates n varies less with increasing gas flow.

2.6 Coating Efficiency

In order to express the quality of a column coating in terms of numbers the ratio between
the theoretical h,,,, and the experimental h,,,, which can be determined for every capillary
column according to Equations (12) and (17), is calculated. The theoretical hy,, is calcu-
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lated according to Equation (40). From these values the coating efficiency can be deter-
mined according to Equation (43).
Nmin {theor.) n (exp)

Ofy o T = '
CE% = 5] 1% = Tineor] 1° (43)

2.7 Sample Capacity

The sample capacity of a capillary column depends on the volume of the stationary
phase, and thus on the film thickness and internal column diameter. At sufficient solubility
of the separating sample the sample capacity can be estimated according to Equation
(44) and can be expressed as loading capability B in gram:

B=005M-d® (1 +k-10° (44)

where M is the molecular weight of the compound, d the internal diameter of the column
in mm, and k the capacity ratio of the eluted compound. it becomes clear that a reduction
of the internal capillary diameter by a factor of 2 will reduce the sample capacity by a
factor of about 8. The influence of a reduction in film thickness (expressed indirectly
through k) is by comparison smaller.

At lower solubility of the solutes in the stationary phase Equation (44) does not hold.
Therefore, overloading effects can be observed in some peaks, whereas other substan-
ces in similar concentrations but differing polarity can exhibit symmetrical peaks.

2.8 The Stationary Phase

The development of stationary phases, column coating, and deactivating techniques,
immobilisations, cross-linking, and other subjects which are not immediately connected
with laboratory analysis are not the main subject of the following. Considerable work has
been done in this field by K. Gros, G. GRos, and K. GRoB Jr. as well as groups headed
by L. BLOMBERG, W. G. JENNINGS, M. L. LEE, S. Lipsky, P. SanDRA, and G. SCHOMBURG
among others. The interested reader is referred to these authors for further information.

Three types of solute-stationary phase interactions are important in gas chromatography.
First is the dispersion interaction, which describes the state of intermolecular attractions
caused by electron oscillations of an atom or molecule leading to electrical asymmetry.
Second are dipole interactions occurring when both the stationary phase as well as the
solute contain permanent dipole moments. Third are the base-acid interactions, the most
important of which is the formation of hydrogen bonds of hydroxyl-containing solutes with
the stationary phase. These interactions have the effect that polar compounds remain a
longer period of time in polar phases and apotar solutes do the same in apolar phases.
One talks about polar phases whenever they contain polar functional groups such as
-CN, ~CO, —-OH, —-C-0-, etc. [13]. Apolar phases are hydrocarbon-type such as Apiezon
or sgualane and polyester-type such as silicones. Table .1.-3 gives an overview to the



Capillary Gas Chromatography 44

most common phases, which are mainly on polysiloxane basis, and equivalent phases
offered by different manufacturers.

The silicone gums (OV-1, SE-30) are linear dimethylpolysiloxanes with higher molecular
weights than the silicone oils (OV-101, SF-96, SP 2100), which normally are liquid. DB-1
and Ultra-1 coiumns are equivalent but cross-linked. These silicone gums form very
homogenous films, show very high efficiency and can be used up to 350 °C (silicone oils
only to 250 °C). SE-52 (5 % phenyl) and SE-54 (5 % phenyl and 1 % vinyl) are also
capable of tolerating long-term exposures to 350 °C. The low low-temperature limit of
—-60 °C is also of advantage especially in the analysis of extremely volatile compounds,
because these phases stay liquid even at these low temperatures, and thereby do not
reduce their separating capabilities. This even allows cryofocussing on the column. The
separation of solutes on methylsilicone phases is simply based on the sequence of boiling
points, because of lack of any functional groups other interactions do not occur. To raise
the selectivity other functional groups are incorporated which lean towards dipole and/or
base-acid interactions. The maximum operating temperature, however, sinks with increa-
sing numbers of functional groups to a lower limit of for instance 275 °C at 100 %
cyanopropyl silicone (SP 2340, Silar 10CP).

In addition to the columns shown in Table 1.1.-3 a large number of modified phases were
developed for the solution of special problems. Especially mixtures with different contents
of methylsilicone-, phenyl-, and cyanopropyl-phases increase the spectrum of conventio-
nal phases. So, for example, OV-275 contains 70—80 % CNPr, also Supeico offers a
number of different columns with different CNPr contents as well: SP 2300 consists of
50 % CNPr and 50 % P, SP 2330 of 75 % CNPr and 25 % MS. DB-2330 (J&W Scienti-
fic), RT,-2330 (Restec), and Silar 9CP (Chrompak) are similar.

100 % CNPr columns are also available such as SP 2340 (Supelco) and Silar-10CP
(Chrompak). Phases consisting of mixtures of MS and P are offered by Restec under the
trade names Rt,-20 (80 % MS and 20 % P) and Rt,-35 (65 % MS and 35 % P).

in the scope of increasing standardization of analytical methods, particularly the analysis
of contaminants, specific GC phases were developed which show optimal separation
properties for these particular materials. In this regard DB-608 (J&W Scientific) was
produced for the analysis of pesticides and PCB’s, and DB-624 (J&W Scientific) designed
for the determination of purgeable hydrocarbons (EPA methods 601, 602, and 624).
These, as well as compatible columns (Rt,-Volatiles, Restec) are inert against water and
methanol and are preferred in purge and trap analysis.

The DB-1301 column (J&W Scientific) is able to change selectivity and even elution order
by varying the temperature program. The actual polarity of this particular column lies bet-
ween that of SE-54 and OV-17, and has proven to be ideally suited for the determination
of halocarbons of low and intermediary polarity [14, 15].
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The PEG phase (Carbowax) which has been of very frequent use in food analysis for
many years is becoming less important in view of the development of more selective,
temperature stable, and long-lived columns. The reasons for this are primarily its high
sensitivity towards oxygen [16] and its solubility in water and low-molecular weight alco-
hols in addition to its relatively high low-temperature limit, which prevents separations
below 50 °C. In the range of 50-60 °C PEG solidifies to a waxy solid. With the aid of mul-
tivariance analysis the properties of a number of different stationary phases can be com-
pared (Fig. 1.1.-20). The two-dimensional graph developed by STARK et al. [17] is based
on a polarity scale and a value which is calculated from the retention of hydrocarbons
caused by dipole-dipole interactions as well as base-acid interactions of alcohols.

Electron transfer

qa
Ov-25 e Polarity
Oov-17 e oV
OV-1701 -225
SE-54 ¢ Py e PEG ® DEGS
P \. sp2340  OV-275
© SEf P *—e - ®
-30 xego \  SP23%0
OV-210 e SP 2300
)
Diglycerol
°
®

H-donor properties

Fig. 1.1.-20 Characterization of stationary phases by means of different possible inter-
actions with the solutes.
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2.9 Stationary Phase Selection

The chromatographer can become quite confused with the wide spectrum and ever
increasing number of new developments of phases, which are often optimized for the
separation of very specific compound pairs. It is common that columns containing statio-
nary phase material of a specific type are not necessarily equivalent when produced by
different manufacturers [8].

In addition, column designations are often unclear. In most cases, however, the number
of columns for a specific laboratory can be reduced to a few to solve 80-90 % of
all separation problems. In order to accomplish this, one has to first of all understand
the compounds to be separated, i.e. are they polar or not, are they easily vaporizable,
are they stable or thermolabile etc. Moreover, the presence of polar groups in the
molecule must be clarified. In the analysis of chlorinated congeners such as dioxins and
PCB’s in particular one has to investigate whether or not a group specific analysis for the
degree of chlorination is sufficient or if an isomer specific separation is necessarily
required.

As a rule of thumb two apolar columns (OV-1, SE-54 or equivalent), one PEG-column as
well as two additional columns (OV-1701, SP 2340) are sufficient in most cases. Apolar
columns have the highest thermal stability and are always useful whenever screening ana-
lyses of unknown complex mixtures are to be performed, because they separate primarily
according to the boiling point of the solutes which means that isomer groups are separa-
ted well, while individual isomers themselves are not particularily well separated.

The components of a sample are always eluted at a lower temperature from apolar than
from polar columns, because the molecular interactions of apolar phases with the sample
components is minimal. This leads to a reduction of the analysis temperature which in
turn is of advantage in the analysis of thermoiabile substances. Their chemical inertness
also allows the analysis of samples with relative high water contents. For uitratrace ana-
lysis their low bleeding rates are beneficial. Chromatography on apolar columns, however,
requires more care in the purification of the samples, since polar and high boiling impuri-
ties as well as strong acids and bases are able 1o shorten the life span of these columns
considerably.

In general, polar phases allow a better separation of isomers even at minimal structural
differences, and also tolerate extracts with polar impurities better. However, they are
much more sensitive towards oxygen. The oxygen tolerance of stationary phases gene-
rally decreases in the following order: methyl polysiloxane > phenyl > cyanopropyl = tri-
fluoropropyl >> PEG [8]. Also, traces of water reduce their life span considerably. Their
thermal stability is lower, which hinders or even prevents the analysis of high boiling com-
pounds. At temperatures below 50 °C analyses are limited since at these temperatures
many polar phases solidify.
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3 Retention Index System

The retention time of a substance is specific. Therefore, the simplest qualitative too!
appears to be the comparison of retention data from known and unknown compounds.
However, the multitude of materials which are analyzed today do not exclude coelution
which can lead to misinterpretations. KovaTs {18] observed that if in a homologous series
the logarithm of the adjusted retention times are plotted versus the carbon number a
linear relationship is obtained. The KovaTs retention time index system bases on the
expression of the retention time of a compound on a given stationary phase relative to the
retention of normal paraffins which elute before and after the compound. By definition the
retention index of the normal paraffins is 100n (n = carbon number). Thus, heptane has a
retention index of 700 and octane a retention index of 800 on any liquid phase at any
temperature. The retention index of any compound then is equal to 100-times the carbon
number of a hypothetical normal paraffin exhibiting the same adjusted retention time as
the substance of interest.

The retention index | of a compound A on liquid phase a at a temperature b is defined as

(log t'r (A) = log t'g (N))
(log Ur (N + 1) —log t'r (N)

=100 n+ 100 - {45)
where N is the number of carbons in the paraffin preceding compound A and (N + 1) is
the carbon number of the hydrocarbon standard with retention time exceeding that of A.

To increase the certainty of the qualitative data obtained by GC at least two retention times
on columns of different polarity should be obtained, for example on a dimethyi poly-
siloxane stationary phase (OV-1, SE 30) and a PEG phase such as Carbowax 20M. Here
one has to note however, that the retention data on PEG phases show greater variations
(SD + 0.5 — 1.0 %) than those measured on apolar phases (SD = 0.1 %). The reason
for this is that PEG phases are based on average molecular weights, and batch-to-batch
variations in concentration and availability of functional groups are the rule rather than the
exception [8}.

VAN DEN DooL and KraTz [19] modified this system for the applicability of temperature pro-
grammed GC analysis (Equ. 46).

U's (A) = 'R (N)

1=100n+ 100, <~ =56

(46)

where i is the carbon number difference of the corresponding hydrocarbons.
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.2 Separation System Considerations
R. Wittkowski

1 Introduction

The motivations behind writing this article were not to deal with detailed theoretical funda-
mentals and general aspects of special instruments or instrumental parts such as injec-
tors or detectors, developed for the expioitation of particular physico-chemical properties.
Those basic considerations are better described in detail in special books and reviews.
which the interested reader is kindly referred to [1, 4-12].

Alone, the gas chromatographic separation process itself can be manipulated in so many
ways that it is worth it to highlight these advantages on the following pages.

Analyses in the field of food chemistry include almost all variations of handling chemical
compositions and matrices. Hence, many different gas chromatographic methods have to
be taken into consideration to cover the whole spectrum of possible combinations.

The application of capillary gas chromatography in food analysis basically falls into the fol-
lowing categories:

Separation of unknown constituents for identification

Differentiation of samples by generation of peak patterns for fingerprint comparisons
Separation and quantification of selected food ingredients

Separation and quantification of residues and contaminants

Food processing control

Separation for sensory evaluation

Q0 Tw

The variety of different interrelated subjects requires different instrument systems in terms
of column design, injection techniques as well as sensitivity and selectivity of the detection
mode. As far as specifically designed equipments are concerned, those are treated in the
corresponding chapters of this book.

Chromatographic separations only give rise to the retentions of solutes, which can never
prove what a solute is but only what it is not [1]. Therefore, it must be the aim of the ana-
lyst, to find a strategy to increase selectivity to guarantee a high degree of correspon-
dence of peak- and substance identity. One strategy is to gain more information upon ret-
ention behavior, €. g. by determination of retention indices on a second column of dissi-
milar pofarity, another includes the use of substance specific detection systems. Here, a
series of common detectors are of great use, the most universal of which is the flame ioni-
zation detector (FID) because almost all volatile organic chemicals are detected with a
response, which does not significantly depend on the chemical structure of the solutes. A
likewise wide range of application is guaranteed by the thermal conductivity detector
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whereas its dynamic range (10 is smaller compared to that of the FID (107). Other detec-
tors exhibit high sensitivity for special substance classes, whereas other compounds are
not detected at all. The electron capture detector (ECD) is most specific to halogenated
compounds and for nitrogen and phosphorus containing molecules the NPD (nitrogen
phosphorus detector) had been designed. Moreover, a flame photometric detector was
developed for the selective determination of sulfur containing compounds.

Much more structural information about the solutes can be obtained by directing the efflu-
ent of the capillary column to more complicated physico-chemical detectors. First of all
mass spectrometry must be emphasized because of its great potential in terms of struc-
ture information. During the last two decades a broad spectrum of different ionization and
detection techniques have been developed along with software assisted interpretation
systems. A certain selectivity range to the analytes is given by different ionization modes.
Electron impact ionization (El) is applicable to produce a fragmentation pattern which is
most helpful for structure elucidation. Positive (PCl) and negative chemical ionization (NCI)
are gentle ionization techniques and therefore reduce the tendency to fragmentation with
the benefit that sensitivity increases and the molecular ion appears more abundant.
Depending on the problem to be solved either complete mass spectrometric fragmenta-
tion patterns are obtainable exhibiting a high degree of structural information or structure
specific single ions are detected. Single (SID, SIM etc.) or multiple ion detection (MID)
techniques permit higher sensitivities and are usually selected whenever well-known
compounds are to be measured. They are applicable even if GC separations had been
non-satisfactory for peak integration. Since mass spectrometers are very costly and per-
sonnel-intensive mass selective detectors (MSD, ITD) have captured the market and have
prevailed in many fields of traditional GC and GC-MS domains.

Besides mass spectrometry also infrared Spectroscopy gives access to valuable informa-
tion concerning chemical structures. On-line connections of Fourier transform infrared
spectroscopy (FTIR) with capillary gas chromatography are performed by a “light pipe” [2}.
The compounds eluted from the column are non-destructively measured so that the efflu-
ent can be subsequently submitted to a mass spectrometer {3].

2 Coupling of Columns

Since the introduction of dead-volume-free coupling pieces a wide spectrum of combina-
torial possibilities was opened to the chromatographer. Figure 1.2.~1 shows three types of
connectors using graphitized ferrules. Both upper connectors are used to couple fused
silica capillaries of equal outer diameter. Here, difficulties arise if the column ends are not
cut squarely or if pieces of silica or graphite fall into the inner area of the column by tigh-
tening the screws and twisting the column ends against each other. The lower construc-
tion depicted in Figure 1.2.-1 had been designed for the analysis of PCDDs and PCDFs
in the sub-ppt and ppg range including on-column injections of up to 20 ul. For this spe-
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FUSED SILICA ADAPTOR FERRULES

= N\
RETENTION GAP 0.53 MM ID W m COLUMN 0.32 MM ID

Fig. 1.2.—-1 Column connectors using graphitized ferrules (A: J&W Scientific, B: Gerstel
GmbH, C: ref. 13, 14)

cial purpose the analytical column (0.32 mm i.d.) was inserted into a deactivated fused
silica retention gap with an inner diameter of 0.53 mm (see also Chapter 1.2.2.1). Although
this is not a dead-volume-free connection the measurements never exhibited peak tailing
[13. 14], because the amount of carrier gas per time unit trespassing both column sec-
tions is always equal. Consequently the carrier gas speed is accelerating towards the
smaller diameter section leading to a suction effect.

o __
= <

G

C\ S N <

Fig. 1.2.-2 All glass press-fit connector for fused silica columns
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The introduction of so-called press-fit connectors a few years ago made it possible to
perform column connections within a few seconds [15]. They consist of a glass tube with
two conically formed ends (Fig. 1.2.—2). Connectors of this type combine two advantages:
zero dead-volume and totally inert all glass connections between fused silica columns.
The outer polyimide coating of the fused silica column is acting as a ferrule when pressing
the column ends into the connector.

Nevertheless after long time exposure to higher temperatures drawbacks in terms of
leakiness may be observed.

2.1 Retention Gap

Whenever non-immobilized capillary columns are used, the injected solvent dissolves the
stationary phase coating in the first column section, which is then transported further into
the column. Hence, after several injections the first few meters of a capillary column are
uncoated. Capillaries with immobilized and insoluble stationary phases, however, are sta-
ble in this regard. Here, the connection of the analytical column to a retention gap, which
consists of an uncoated deactivated column segment is generally used to gain the same
effect and is the most frequently used column combination. It protects the analytical
column against pollution caused by non-volatile sample constituents. These are deposited
in the retention gap, which can be easily exchanged from time to time [16-19]. Another
peneficial effect is that peak distortion through the solvent injected can be circumvented.
Depending on the volume injected the solvent immediately distributes over a certain
column section moistening the column surface as a solvent film leading to a temporary
dramatic increase of the capacity ratio and with that to two dissimilar effects:

1. Highly volatile compounds stay in the gas phase for instance after splitless injection and
are retained at the capilary entrance because the solvent forms a film in the column after
recondensation {Fig. 1.2.-3A). For that the temperature of the capillary column, however,
should be at least 20 to 40 °C below the boiling point of the solvent used [20-22]. At
temperatures above the bailing point of the solvent the starting band grows broader and
prevents a satisfactory peak resolution.

When the solvent is slowly evaporating the solutes get enriched at the end of the solvent
film (Fig. 1.2.-3B), get concentrated in a small band, and are finally transferred to the
column with the rest of the solvent (Fig. 1.2.-3C). This phenomenon is termed “the solvent
effect’” and is exploited for the enrichment of highly volatile compounds in GC analysis.

2. To high boiling solutes the recondensed solvent zone causes broadening of the starting
band and thus leads to peak broadening and peak splitting. This effect is generally known
as the “flooding effect”. Figure 1.2.-4 demonstrates, how far the breadth of the starting
band of high boiling solutes can be narrowed by the installation of a retention gap.
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Fig. 1.2.-3 Enrichment of highly volatile compounds at the capillary entrance by the sol-
vent effect 4], (see text for details)

For the first moment after recondensation the solutes are irreqularly distributed at the
capillary entrance (A). After solvent evaporation the peak shapes are distorted (B). At the
transition of the solutes from the uncoated to the coated section of the column they get
refocused by the strong increase of the capacity ratio or through the dramatic decrease
of the transportation speed (inversely proportional to 1 + k') (C, D} [23].

2.2 Effluent splitting
2.2.1 Dual Injection

Effluent splitting directly behind the injector offers the opportunity to transfer a sample to
two different capillary columns with one single injection and thus enhance the informatio-
nal value of an analysis because retention indices of two columns of differing polarity are
obtainable. Such systems were at first only used including vaporizing (hot) injectors
[24-27]. BICCHI et al. [28] used a system with a pre-column to enable on- column injec-
tions (Fig. 1.2.-5) for analyzing volatiles of essential oils. A special variant of this technique
is the splitting of the sample already in the injection syringe [29]. This system, however,
requires two on-column injectors and offers a serious drawback because it .s not applica-
ble for automated analytical systems.
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Fig. .2.-4 Narrowing of the starting band of high bailing solutes through the installation

of a retention gap [4], (see text for details)

The problem of autormation of single injection/dual analyses involving on-column injection
was circumvented by the introduction of the “glass cap-cross” inlet splitter (30, 31] (see

also Fig. I1.3.-4).
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Fig. 1.2.-5 Diagram of a splitting device [28]

2.2.2 Multidetection

On the other hand, effluent splitting at the end of a column prior to the detector enables
simultaneous detection taking advantage of selectivities and sensitivities of different
detection systems performing one injection. it has to be taken into account that the
amounts of the detectable solutes are halved leading to a loss in sensitivity for each
detector. Figure 1.2.-6 clearly points to the differences in detector selectivity when
polychlorinated biphenyls and hydrocarbons, the main constituents of waste oil, are mea-
sured simultaneously with an FID and N-FID [5]. Similar selective determinations can be
achieved with the combination of FID and NPD as is depicted in Figure 1.2.~7 [5]. Since
the ECD is non-destructively operating the trespassing effluent stream can be additionally
directed to another detector, e. g. an FID (Fig. 1.2.—8). Thereby a further reduction of the
analyte concentration is dropped. In this manner three chromatograms fram one single
injection are easily obtainable [32].
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Fig. 1.2.—-6 Determination of trace amounts of isomeric polychlorinated biphenyls and
hydrocarbons in a waste oil by parallel detection with FID and ECD {5]

3 Multidimensional Separations

Whenever multicomponent mixtures have to be analyzed, separation problems may
occur, which cannot be solved by modifying temperature programming, changing film
thickness or the polarity of the stationary phase or simply increase column length.

Those problems are better treated by techniques involving multiple column systems com-
bined with multiple gas flow paths through the chromatographic separation systems or
any other system enhancing information of one chromatographic analysis. These techni-
ques are usually summarized by the term multidimensional chromatography. The term
“two-dimensional chromatography’’ was used by BERTSCH [33] for a separating system
containing two columns of different selectivities operated under conditions that eliminate
ambiguities in correlating the solutes eluting from the two columns. Whenever peaks
eluted from one column can be correlated with peaks from a second column, two-dimen-
sional systems can be used to establish exact retention indices on two different stationary
phases [1].

3.1 Stationary Phase Mixtures

The simplest way to separate solutes on two dissimilar stationary phases is the use of two
columns connected in series using a press-fit connector (Fig. 1.2.-2). in multicomponent
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Fig. 1.2.-7 Chromatograms of a test mixture including polyaromatic and heterocyclic
hydrocarbons. Parallel detection with FID (A) and N-FID (B)
5]
1 Acenaphthene, 2 Acenaphthylene, 3 Dibenzofuran, 4 2,3,6-Trimethylnaph-
thalene, 5 Fluorene, 6 Xanthene, 7 9,10-Dihydroanthracene, 8 Phenacin, 9
Dibenzothiophene, 10 Phenanthrene, 11 Anthracene, 12 Acridin, 13 Carba-
zol, 14 Phenoxacin, 18 9,10-Dihydroacridin, 16 9-Methylphenanthrene,
17 2-Methylphenanthrene, 18 1-Methylphenanthrene, 19 Thianthrene, 20 9-
Methylanthracene, 21 2-Phenylinaphthalene, 22 Fluoranthene, 23 Pyrene
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Fig. 1.2.-8 Triple detection system connected to a headspace GC configuration with
cold trapping device [32]

mixtures consisting of solutes of different chemical compositions, however, those
systems rarely lead to satisfactory results, because critical separations from the first
column may be optimized on the second column, but other solutes separated well on the
first column may co-elute after trespassing the second column section. None the less
selectivity can be increased in cases of specific separation problems and may serve as a
potential tool in the separation of certain critical solute pairs.

The fundamentals of chromatographic separations using mixtures of stationary phases
arose from investigations by MAIER and KARPATHY [34] who first employed those binary
stationary phases. They calculated that the Kg, or k, if B is constant, of a solute in a binary
mixture is a linear function of the volume fraction of either stationary phase:

Kown + 8 = Ko P + Kpg Pgg)
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where A and B are two different stationary phases and ®,, and @, represent the volume
fractions of A and B in the binary mixture. Later investigations by LAUB and PURNELL (35,
36] resulted in a more precise method to calculate the ideal phase mixtures. Instead of
using the K, values they used the relative retentions « of each solute pair and referred
those to the volume percentage of one stationary phase in a binary mixture. In a graphical
ilustration of this relationship so-called window diagrams become visible as is exermplarily
shown in Figure 1.2.—9 for a hypothetical mixture of three components. There are two win-
dows, one at 22.5 and one at 55 volume percent of stationary phase B in A {35, 36].

These calculations serve to optimize separations of special solute pairs. Once calculated
the optimum, there are two possibilities to arrange phase mixing: the first is as already
mentioned to couple two column sections directly {the percentages of A and B can be
calculated from the column length and the film thickness) or secondly, to design a new
column by mixing the two stationary phases directly before coating the column. In this
manner the DB-1301 column was developed [37].

A remarkable example for the first application was demonstrated by TAKEOKA et al. [38].
Figure 1.2.-10 shows the separation of a test mixture on a 30 m x 0.33 mm fused silica
column with a 0.25 um DB-1 coating. The total analysis time of 25 minutes did not
ensure satisfactory separation. This, however, was achieved by use of a 30 m x 0.25 mm
DB-1701 column with a total analysis time of 57 minutes (Fig. 1.2.-11 A). After computer-
calculated optimum phase combination of DB-1 and DB-1701 the tested compounds
were separated within 2.9 minutes (Fig. 1.2.-11 B). For that 2.9 m of the apolar column
used in Figure 1.2.-10 and 3.1 m of the DB-1701 column (Fig. .2.—11 A) were connected
and operated under optimum carrier gas velocity.

1.5 1.5
Y
[0 4 a13 T o
qé?@ &
1.0 . i 1.0
0 25 50 75 100

VOLUME PERCENT STATIONARY PHASE B

Fig. 1.2.-9 Window diagram for a hypothetical mixture (ref. 35, 36, see text for details)
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Fig. 1.2.-10 Chromatogram of a test mixture separated on a 30 m x 0.33 mm DB-1
fused silica capillary [38]

3.2 Column Switching Systems

By addition of another carrier gas stream to systems of two or more capillary columns
using a valve, the sample flow can be directed}o different targets. The switching of the
flow direction was performed by mechanical valves [39-41} as well as by pneumatical
systems [24, 41-46]. Modemn systems of multidimensional chromatography originate from
the investigations of DEANS [45]. He introduced a pressure balancing system instead of a
valve system to change the direction of the sample flow through a system of columns.
Pressure switching systems offer lower dead-volumes and hence better chromatographic
performance. Moreover, they do not limit the operating temperature and the solutes do
not come into contact with the valve surfaces.
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Fig. 1.2.-11 Chromatogram of the test mixture separated on a 30 rn x 0.25 mm
DB-1701 column (left) and on a coupled column of 2.9 and 3.1 m seg-
ments (right) [38], (see text for details)

A so-called “Live"-piece is depicted in Figure 1.2.—12 showing the flow directions at the
main pressure configurations. The benefits can be summarized as follows:

1. The analytical column can be protected from pollution with high boiling compounds,
which do not belong to the analytes of interest, by back-flushing them before they reach
the column. The back-flush system usually consists of a short pre-column and a T-piece
connection to the main-column. After producing a full chromatographic analysis the time
for passing the T-piece for the components of interest can be calculated. After that time
the carrier gas flow is directed through the T-piece and transports the wanted solutes
through the main column and the unwanted components through the pre-column out to
atmosphere (Fig. 1.2.-12C). That shortens the analysis time, because all solutes eluting
after the requested compounds are not transported through the column, which additio-
nally protects the analytical column from the overburden of unnecessary temperature
stress.

2. The main benefit of a pneumatically column switching system, howevei, is due to the
time-programmed switching of carrier gas fiows. Insufficiently resolved peaks from the
first column are selectively transferred to a second column of differing polarity to obtain
satisfactory resolution. Thus, with the so-called “heart-cutting” every desired section of a
chromatogram can be cut out for further chromatographic operations (Fig. 1.2.-12B).
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Fig. .2.-12 Diagram of a heart-cutting device (origin: Siemens AG)

A: Straight operation

The pressure of control line B is lowered compared to the pressure of
control line A so that all of the carrier gas flows out of the pre-column
to the main-column.

: Heart-cut

The pressure of control line A is slightly lowered compared to the pres-
sure of control line B. The flow in the platinum-iridium capillary is oppo-
site to that in the straight operation. The carrier gas flow does not go to
the main detector but to the monitor detector.

: Back-flush

The valve supplying column 1 with carrier gas is closed. The back flow
in capillary operation goes through the split valve to a vent.
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Fig. 1.2.-13 Heart-cut transfer of a single peak of a peppermint oil from a polar pre-
column (upper) to an apolar main-column (lower) [47]

Actually, this is the only chromatographic technique deserving the term “multidimensio-
nal”. Other systems such as multidetection or single injection/dual analysis simply
increase the reliability of a chromatographic result without exceeding the traditional sepa-
ration dimension. The heart-cut system, however, introduces a second polarity to the
separation system and thus another dimension. An example is given in Figure 1.2.-13
showing the transfer of one peak of a peppermint oil extract from a polar pre-column to
an apolar main-column. This example clearly demonstrates what retention behavior on
one single stationary phase really means [47). The same procedure was used by GOEKE-
LER et al. [48] to quantify mono- and diethylene glycol in wine. In the middle of the eighties
there had been public concern about the aduiteration of Austrian wines with the latter
compound.
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Fig. 1.2.-14 Schematic diagram of a two-dimensional GC system and the two-dimen-
sional separation of a gas chromatographic fraction from an extract of a fruit
juice into one major component (butanoic acid methyl ester) and two minor
compounds. The arrow denotes the peak with a typical odor.

GC1, GC2: individual GC’s

C. T.: connection tube

V: micro-valve

R: restriction

D (LN): Dewar flask filled with liquid nitrogen
Inj. 1, 2: injectors

FID: flame ionization detector [49]
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3. The heart-cut technigue can also be successfully employed in samples where low con-
centrated peaks of interest are overwhelmed by very large peaks. From the large peak
that section in which the trace analyte is expected is cut out leading to a much better
resolution in the second column due to the favorable relative proportions.

The application of multidimensional gas chromatography with two column ovens in which
each column can be operated independently at different temperature programs was used
by ADAM et al. [49]. They successfully claimed to correlate the production of fruit juices
with aroma changes (Fig. 1.2.—14).

4. By inserting a cold trap (intermediate trapping) trace components are enriched because
the pre-separation can be repeated for several times (Fig. 1.2.-15). That enhances the
signal to noise ratios of the analytes for the second column. Another field of application for
intermediate trapping is in cases when the requested solutes must be analyzed in one
chromatographic run but are eluted with very differing retention times from the first
column. Also a hydrocarbon mixture can be injected after trapping the solutes of interest
to enable the calculation of retention indices on the second column.

Filament winding

Sealin
A LN, B g

—= A& [~~~ Column2

= O |
Trap

Column 1

[:] Control line 1 l

; ; Trap column LN, Cooling
| 2
- Carrier gas line with adsorbent for trap

Fig. .2.-15 Design of a coupling T-piece for the total transfer of a sample from column
1 to column 2 using an intermediate cold trap (origin: Siemens AG)

4 On-Line Coupled Liquid Chromatography-Gas
Chromatography (LC-GC)

The potential of HPLC for sample clean-up for subsequent GC separations is well-accep-
ted and often used off-line for sample pre-separations. However, the collection, concen-
tration, and re-injection of the separate fractions when working off-line have the disadvan-
tage that only a few percent of the eluted LC-fraction can be transferred to the GC
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column [50]. On-line coupling with conventional size HPLC columns have their drawback
in only transferring a few microliters of the LC eluent to the GC system. This problem was
solved by the introduction of long retention gap pre-columns capable of tolerating injec-
tions of several hundred microliters [51-53] but offered their disadvantage in periods of
about an hour to evaporate the solvent [54]. The scheme of an instrumental device for
such an on-line LC-GC system is shown in Figure |.2.~16 [565]. Some authors used packed
fused silica micro LC columns [50, 56] and reached a transfer reproducibility of 3 percent
at 7 percent relative standard deviation [50]. The only drawback of this technique is the
low sample capacity but it has advantages in low eluent flow rates which allows the total
transfer of the eluent to the GC and makes only few amounts of solvent necessary.

GROB JR. and STOLL [57] first introduced a loop-type interface for concurrent solvent eva-
poration for the on-line LC isolation and GC separation of raspberry ketone from a rasp-
berry sauce and herewith offered one of the very few applications in the field of food ana-
lysis. Other authors used this system for the determination of biphenyls in fish [58] and
diisooctyl phthalate in salad oil [59]. Papers written by other authors deal with environ-
mental and clinical aspects [50, 60-62].

At least it should be mentioned that there are severe limitations in the use of polar sol-

vents, e. g. in reversed phase LC, because they rapidly destroy the deactivation of the
retention gaps.

inj. loop
LC COLUMN
valve 1 vaive 2
ECD
°c
retention gap
+ column
LC PUMP GC

Fig. 1.2.-16 Instrumental set-up for on-line LC-GC | 55]
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Nevertheless, the technique of on-line coupling of LC and GC combines two potential and
efficient separation systems. It is a quite new technique and future developments with
regard to easy handling and automation will determine at least the number of publications
in the area of food chemistry.

5 Supercritical Fluid Chromatography (SFC)

Chromatographic separations with supercritical fluids as mobile phases were first perfor-
med by KLESPER et al. in 1962 [63].

Since the introduction of chemically bound stationary phases in capillary gas chromato-
graphy, SFC gained interest again. In one certain point the application of compressed
gases in chromatographic separations is superior to classical GC technigues: fluid media
offer a much better elution power. Compressed gases exhibiting diffusion coefficients in
the range of 10°* cm? per second are physically much more similar to fluids (107° cm?/s)
than to gases (107" cm?/s). That rheans in other words that solutes can be separated at
much lower temperatures, which consequently focuses the use of SFC to high boiling and
thermolabile compounds. To speed up the elution the density of the mobile phase is pro-
grammable similar to the gradient elution in HPLC. Therefore, SFC is predicted to close
the gap between capillary gas chromatography and high performance liquid chromato-
graphy and obliterates the former clearly defined limitations between those two analytical
technigues.

When using CO,, N, or SF5 as mobile phases the employment of the universal and sen-
sitive flame ionization detector (FID) is possible. With it the necessity of a chromophore,
which is essential for a photometric detection in HPLC no longer exists.

Meanwhile, experts disagree about to what extent this new technique will contribute to
the variety of analytical tools in food analysis. A final decision about the importance of
SFC in food chemistry is not possible to this time but it is a great challenge to improve it
for that reason.

Those readers who are interested in the theory and instrumental state are kindly referred
to reviews on that topic [64-67].
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Il.1 Components in Foods With a High Carbohydrate
Content

O. Fréhiich

1 Introduction

The capillary column, now available for more than 20 years [1], has not been generally
accepted as a universal tool in the analysis of food components. The Association of Offi-
cial Analytical Chemists (AOAC) has started to suggest the use of capillary columns in their
“Official Methods of Analysis” [2] for the determination of natural compounds in 1985.

Nowadays, in the analysis of flavor components, separation is mostly achieved by high
resolution gas chromatography (HRGC) using capillary columns [3].

Due to the complexity of natural food material it is necessary to isolate the fraction of
interest to obtain a maximum amount of qualitative and quantitative information. A general
scheme of sample preparation is outlined in Figure I1.1.—1.

|isolation| extraction
distillation
clean—upJ LC
GPC
distribution
Iconcentration] distillation
evaporation
I(derivatization)l
HRGC FID
polar/ nonpolar ECD
stationary phases FPD
MS

Fig. Il.1.-=1 General scheme of sample preparation for HRGC.
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in the case of foods with a high carbohydrate content the generally necessary sample
clean-up can be reduced to a minimum, because carbohydrates are not extractable with
organic solvents and not distiltable without derivatization. Analyses of components in
foods with a high fat content sometimes cause severe problems in sample preparation,
which is discussed in chapter 11.2.

The following examples give a survey on the use of capillary gas chromatography in the
analysis of components in foods with a high carbohydrate content and demonstrate the
use of the different methods of sample preparation and detection, shown in Figure Il.1.—1.
The procedures may easily be modified for the analysis of similiar compounds in other
foodstuffs than mentioned.

2 Practical Examples

21 Determination of Propionic Acid in Bread

Propionic acid is widely used as a preservative in packed cut bread. The maximum
amount legally tolerated is 3.0 g/kg [4}. lsolation is achieved via steam distillation of the
.acidified bread sample [5]. Before concentration of the aqueous distillate is performed,
addition of soda lye is necessary to reduce the volatility of propionic acid. The most
important steps in sample preparation are shown in Figure I.1.-2.

20g crushed bread + 20g KHSO‘ +

imL H SO, (7.1m) + 10mL water
i
steam distillation

ESOmL aqueous distillateJ

[ZSmL aliquot + 2.5mg isobutyric acid41

l

addition of soda lye until alkaline reaction

evaporation to dryness

residue

dissolved in 1ml. dichloromethane/ formic acid (99 + 1)

HRGC (PEG)

Fig. I.1.-2 Sample preparation scheme for the determination of propionic acid in bread [5].
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Separation can be achieved on a capillary column with a polyethyleneglycol (PEG) statio-
nary phase (Carbowax-20 M, FFAP, etc.). The method is reproducible for 0.08 g propio-
nic acid/kg dried bread. The same method is applicable for the determination of propionic
acid in baker's ware [6].

2.2 Determination of Antioxidants in Chewing Gum

In many analytical methods for the determination of 2,6-di-(dimethylethyl)-4-methylphenol
(BHT) and the 2- and 3-dimethylethyl-4-hydroxyanisole isomers (BHA) in fats, oils, soaps,
and cereals, packed column techniques have been used as reported by FRy and WiLLis
[7], IssHiKI et al. [8], MiN et al. [9], SEDA and TONINELLI [10], WYATT [11} and AOAC Method
20.012 [12].

For the determination of BHA and BHT in chewing gum GREENBERG et al. {13] have intro-
duced a method, which successfully resolves antioxidants from flavor oil volatiles and
gum base components (cf. Fig. I1.1.-3).

A [
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Fig. I1.1.-3 Gas chromatogram of peppermint flavored gum extract [13].

For analysis chewing gum is dissolved in toluene as shown in Figure I1.1.-4. The gum
base polymer components are precipitated by addition of 2-propanol, containing the
internal standard compound biphenyl. The sample is centrifuged, concentrated by distil-
lation, and further purified by passage through a Waters Sep-Pac Florisil cartridge prior to
injection. A 60 m x 0.25 mm i.d. fused silica capillary column, coated with a thick film (1.0
um) of DB-1 (J&W Scientific, Folsom, CA, USA) is used for chromatographic separation.
The method reported is reproducible at 4.0 ppm and detects concentrations as small as
2.0 ppm. The linear range occurs between 10 and 150 ppm.

2.3 Determination of Artificial Flavors in Chewing Gum

The use of artificial flavors is restricted to certain foods. Depending on the compound
used concentrations range between 1 and 250 mg/kg [14]. Chewing gum is revealed to
be one of the most trouble-causing foods in this type of analysis.
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10g chewing gum +

50mL toluene

l

shaken for 16h

S50mL 2-propanol +
1mg biphenyl Vl

shaken for 15min

allowed to settle for 15min

|
40ml. aliquot

centrifuged

25mL aliquot

concentrated to 10mL

Waters Sep-Pak

Florisil cartridge

HRGC (DB-1) FID

Fig. Il.1.-4 Sample preparation scheme for the determination of BHA and BHT in che-
wing gum {13].

Based on the determination of antioxidants in chewing gum (cf. 1.1.2.2) described by
GREENBERG et al. [13] a sample preparation procedure for the determination of artificial fla-
vor compounds was developed [15]. In an extract prepared from chewing gum cigarettes
(Stisshansa, Trawigo, Wiirselen) crushed by addition of liquid nitrogen, 98.6 mg/kg ethyl-
vanillin were determined with satisfactory recovery values as shown in Table Il.1-1. Chro-
matographic separation could be achieved ona 30 m x 0.25 mm i.d. fused silica capil-
lary column coated with 0.25 pm DB-5 as stationary phase. Split injection (1:10) and flame
ionisation detection were applied.
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2.4 Determination of Natural Thickening Agents

Natural thickening agents based on polysaccharides are widely used in several industrially
produced foods [16, 17]. Their qualitative and quantitative determination can be achieved
best by analysis of the sugar monomers, building up to the polysaccharide.

Based on the results reported by Preuss and THIER {18, 19] an official method for the ana-
tysis of natural thickening agents and gums in foods has been developed, to be used by
food contralling institutes [20].

The method is suitable for agar, carageenan, sodium alginate, locust bean gum, guar
gum, gum arabic, pectin, gum tragacanth, carboxymethylicellulose, propyleneglycolalgi-
nate, xanthan, gum ghatti, tamarind, and larch arabinogalactan. Fat can be easily remo-
ved from these foods by extraction with dioxan. After enzymatic degradation of starch
remaining proteins are removed by selective precipitation with sulfosalicyclic acid. Finally,
the polysaccharides are precipitated from the aqueous solution by the addition of excess
ethanol. After methanclysis the resulting methylglycosides are derivatized by trimethyl-
silylation. The separation and quantification is performed by gas chromatography using
capillary columns with a methylsilicone stationary phase such as SE-30 or DB-1.

Preuss and THIER [18) have analyzed more than 200 samples of commercial thickeners
and gums. In most cases the natural sugar composition of the hydracolloids did not vary
more than 10 to 15 %. Figure Il.1.-5 shows a gas chromatogram of the derivatized sugar
components of all thickeners. Corresponding analytical data are listed in Table I1.1.-2.

With the method described it is possible to analyze single thickening agents and gums or
mixtures in foods with recoveries ranging from 60 to 85 %. The coefficient of variation ran-
ges between 2 to 8 %. Analytical resuits for some commercial food samples (Table
.1.=3) demonstrate good agreement with the true values, which were kindly provided by
the producers.

Recently Li and ANDREWS [21] have reported the successful resolution of trimethylsilylated
oximes of monosaccharides and uronic acids on a methylsilicone stationary phase, using
f-phenyl-D-glucopyranoside as internal standard compound.

The derivatives could easily be prepared by heating the sugars with hydroxylamine
hydrochloride dissoived in pyridine and the subsequent addition of hexamethyldisilazane.
Starting with dried sugar extract, the entire procedure can be accomplished within
2 hours.

2.5 Determination of Ergot Alkaloids in Cereal Products

The ergot alkaloids have caused severe poisonings of man in the past. The last one in
Europe occurred in 1951 in France [22]. Kiug et al. [23] have developed a method for the
routine analysis of ergometrine, ergometrinine, ergosine, ergosinine, ergstamine, ergota-
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Fig. Il.1.-5 Gas chromatogram of all possible sugar components of all thickeners;
achieved by menthanolysis of a mixture of gum tragacanth, sodium alginate,
xanthan, and gum arabic. — for peak numbers refer to Tab. I1.1.-2. [18].

Table Il.1.~1 Sample preparation and analysis of artificial flavors in chewing gum [15]

Toluene-extraction (14h); Addition of internal standard compound
2-hydroxyacetophenone in 2-propanol,
Centrifugation; Filtration over Sep-Pak (Florisil)

HRGC-MS: ethylvanillin
HRGC: 98.6 mg/kg
added amounts: 28 and 61 mg/kg

recovery: 88.2-100.7 %
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Table 11.1.-2 Peak numbers of the methylglycosides of the sugars and uronic acids
(internal standards: i-erythrit and sorbit) and relative retention times, based
on sorbit (t = 1.00) [18]

Sugar Peak No.") Rel. Ret. Time
i-erythrit (i.st.) 1 0.26

arabinose 2,3,6 0.29;0.30; 0.35
rhamnose 4,5 0.33;0.34

fucose 57,9, 10 0.34; 0.37; 0.40; 0.41
guluronic acid 8,13, 18,19 0.39;0.52; 0.61; 0.64
xylose 11,12 0.43;0.47
rmannuronic acid 14,17, 24,25 0.52; 0.60; 0.70; 0.71
glucuronic acid 15,32, 33 0.57;0.88;0.89
galacturonic acid 16, 20, 28, 29 0.59; 0.65; 0.78;0.79
mannose 21,23 0.67;0.70

galactose 22,26, 27, 30 0.68;0.74; 0.75; 0.80
glucose 31,34 0.85; 0.90

sorbit (i.st.) 35 1.00
3.6-anhydrogalactose 36 0.58

Table I1.1.-3 Amount of thickeners in food — comparison of determined and true values

(19]

Food Identified Found True
Thickeners Value g/100g

ice cream, vanilia tocust bean gum 0.13 0.15
guar 0.08 0.05

ice cream, lemon locust bean gum 0.20 0.20
carboxymethylcellulose 0.13 0.12

sauce powder, vanilla carrageenan 4.3 5.0

pudding powder, vanilla not detectable 0 0

tart coating carrageenan 10.0 11.0

ketchup guar 0.18 0.15
locust bean gum 0.12 0.12
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[ground sample, 50g l

extracted with 200mL dichloromethane/ ethylacctate/

mecthanol/ ammonia conc. (50 + 25 + 5 + 1)

concentration to dryness

dissolved in 2mL toluene/ methanol (49 + 1)

addition of 18mlL hexane

Extrelut-20 column, conditioned
with tartric acid (2%)

75ml. diisopropylether/

——— cluate discarded
hexane (1 + 1)

gascous ammonia #until alkaline reaction

75 mlL dichloromethane

v

|eluate I

concentrated to dryness

dissolved in 20mL acetonitrile/ water (47 + 53)

HPLC Hypersil ODS, fluorescence detection

cvaporation of acetonitrile
cxtraction with chloroform/ methanol (9 + 1)

concentration

[IIR(}(I(DB—I) - MS (NCI-SIM)

Fig. 11.1.-6 Sample preparation scheme for the determination of ergot alkaloids in food
[23].

minine, ergocornine, ergocorninine, a-ergocryptine, a-ergocryptinine, f3-ergocryptine, fi-
ergocryptinine, ergocristine, and ergocristinine. The method consists of extraction, clea-
ning of the crude extract by a modified form of the Extrelut method, and finally identifica-
tion and quantitative determination of the alkaloids by high pressure liquid chromatogra-
phy (HPLC) as shown in Figure I1.1.-6. The results are confirmed by HRGC-MS using a
methylsilicone stationary phase and single ion monitoring (SIM) after negative chemical
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Table Il.1.-4 Significant masses of the ergot alkaloids, using NCI-SIM [24]

Alkaloid (Peptide Fragment) m/z

ergometrine 323/324
ergosine 280/281
ergotamine 314/315
ergocornine 294/295
«-ergocryptine 308/309
[3-ergocryptine 308/309
ergocristine 342/343

ionization (NCI). In Table I.1.—4 the significant masses of the ergot alkaloids’ peptide frag-
ments are indicated [24]. The acid bond is cut quantitatively using injection port tempera-
tures of about 250 °C.

Market investigations have shown contaminations in ecological as well as in commercial
products, so for example many rye products proved to be contaminated. Within the
European Economic Community (EEC), a maximum value of C.05 % ergot is alliowed. This
corresponds to a total alkaloid content of 1 mg/kg in cereals used for food production.
With the method described a minimum amount of 25 to 100 ug/kg can be determined.
Using HRGC-NCIMS, a detection limit in the picogram range for semiquantitative determi-
nations can be achieved.

2.6 Determination of Ethyl Carbamate in Alcoholic Beverages

Recently, ethyl carbamate (EC) has attracted attention due to its occurrence in certain
alcoholic beverages at levels much higher than would be expected as a result of the fer-
mentation process. This carcinogenic substance [25] has appeared in alcoholic bever-
ages in the past as a result of the use of diethyl pyrocarbonate [26}, an antimicrobial
agent, which is no longer permitted.

Recently, CHRISTOPH et al. [27] reported on a light-induced reaction which, depending on
the concentration of cyanide and benzaldehyde, is responsible for the high amounts of
EC up to 10 mg/L [28]. The maximum concentration for alcoholic beverages has been set
at 0.8 mg/L in 1986 [29].

For the determination of EC the Extrelut-extraction procedure with butyl carbamate as
internal standard compound, published by MILDAU et al. [29] is commonly empioyed (ct.
Fig. 11.1.-7). Monitoring the significant fragments of ethyl and butyl carbamate (m/z 44, 62,
and 74) with the method described, a detection limit of 10 ug/L can be reached. The
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results are reproducible at the 20 ug level. In Table Il.1.-5 standard variations and coef-
ficients of variation for results, obtained with this method are shown.

Table I.1.-5 Reproducibility of EC determinations in alcoholic beverages at different
concentrations

Sample n Mean Value Standard Variation Coefficient of
(mg EC/1) at P = 95 % (mg/l) Variation (%)

Mirabelie brandy 6 3.49 +/- 0.0931 +/~ 2.6
Mirabelie brandy 6 0.762 +/- 0.0354 +/— 4.6
Plum brandy 6 0.571 +/-0.0148 +/- 2.6
Plum brandy 6 0.265 +/— 0.0067 +/- 25
White wine 5 0.022 +/- 0.0026 +/-12

Extrelut column filled with a

mixture of Extrelut + 10g NaCl

20mL sample +

20ug butyl carbamate

wait for 15min

2 x 20mL pentane » cluates discarded

90mL CH Cl,

A

eluate

concentrated to 1 - 2mL

HRGC (DB-WAX) MS (SIM)

Fig. I.1.-7 Sample preparation scheme for the determination of ethyl carbamate in
alcoholic beverages [29].
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Another rapid gas chromatographic method for determining EC employs thermal energy
analyzer detection in the nitrogen mode [30]. The extraction step used in this study has
been adapted from a rapid column elution method for the determination of N-nitrosodi-
methylamine in malt beverages [31]. Briefly, the beverage is rnixed with celite and packed
in a column containing a layer of alumina capped with a layer of sodium sulfate. EC is
then eluted with methylene chloride, thus combining extraction and clean-up into one
step.

Recoveries and standard deviations of EC in wine and whisky fortified at the 20 and
133 ng/kg (ppb) levels averaged to 87.3 +/- 5.3 and 88.7 +/- 3.6 %, respectively. The
method has a limit of detection of 1.5 ppb.

2.7 Determination of f3-Asarone in Alcoholic Beverages

B-Asarone ((2)-1,2,4-trimethoxy-5-(1-propenyl) benzene) is a bitter tasting compound in
extracts, obtained from Acorus calamus, which are used for flavoring alcoholic beverages.
Due to its toxicity [32] and mutagenicity [33] a maximum concentration of 1 mg/L. is per-
mitted.

For the qualitative and quantitative analysis of 3-asarone in alcoholic beverages, we devel-
oped a procedure, applying the so-called “solid phase extraction” (SPE) for isolation [34]
as outlined in Figure [1.1.—8. Quantification is achieved by adding -asarone to the sample
matrix. The recovery values range from 82 to 85 %.

Si-Phenyl

10mL methanol - eluates

10mL water " discarded
beverage, diluted 1:10

eluate

with NaCl-solution (11%) * discarded
adjusted to pH 7, 10mL

10mL pentane +

diethylether (7 + 3) |

eluate

concentrated to 0.2mL
[ HRGC (DB-5) FID (MS)

Fig. 11.1.-8 Appilication of SPE for the determination of 3-asarone in alcoholic beverages
[35].
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Using the method described, concentrations up to 3.5 mg/L were determined in commer-
cial beverages exceeding the legal limit in some cases by more than 300 %.

In the recommended method 21/1987, published by the International Organization of the
Flavor Industry (1.O.F.1) for determination of -asarone by capiliary gas chromatography,
steam distillation followed by extraction with isooctane is applied for isolation [36]. a-Asa-
rone ((E)-1,2,4-trimethoxy-5-(propenyl) benzene) is suggested as suitable internal stan-
dard compound. However, its occurrence in natural extracts as well as its fast isomeriza-
tion into B-asarone caused by exposure to light and heat [35] has not been taken into
account in this procedure.

With the selective isolation by SPE using phenyisubstituted silica gel stationary phases,
much better results can be achieved in a shorter time.

2.8 Determination of Halogenated Acids in Beer
and Wine Products

Monohalogenated acids are used as free acids or esters for the disinfection of tanks, fil-
ters and bottling machines in breweries. If tubes are not carefully flushed with water after-
wards, halogenated acids can contaminate the products.

For the determination of monobromoacetic acid a number of methods are known, using
microbiological tests, determination of organically bound bromine, or paper- or thin layer
chromatography [37, 38]. Recently, a headspace- and a HRGC-MS procedure have been
reported [39, 40].

For the simultaneous determination of chloro-, bromo-, and iodoacetic acid the method
published by GiLsBacH [41] is widely used. The samples are extracted with diethylether
which results in recoveries in excess of 70 % for bromoacetic acid and better than 80 %
for chloroacetic acid. After derivatization of the concentrated extracts with ethanol and
sulfuric acid, separation of the ethyl esters is achieved on a capillary column coated with
Carbowax-20 M. Electron capture detection leads to a detection limit of 0.02 mg/L for
chloroacetic acid, 0.001 mg/L or below for bromo- and iodoacetic.

2.9 Determination of Diethylene Glycol in Wine

In 1985 the wine market was shocked by findings of the toxic, mutagenic, teratogenic, and
carcinogenic compound diethyiene glycol (DEG) [42].

A fast and simple method for its qualitative and semiquantitative determination is thin layer
chromatography [43]. For concentrations below 1 mg/L capiliary gas chromatography is
necessarily required. Direct injection of the wine samples [44, 45, 46] leads to contamina-
tion of injection system (glass liner, retention gap) and column, resulting in faulty base
lines, poor resolution, and production of artefacts {47].
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To overcome these problems, sugars and acids can be precipitated as their barium salts
[48], as reported by ReseLEIN [49] for determination of glycerol and 2,3-butanediol. The
wine sample is added to a mixture of sand and barium hydroxide. The mixture is shaken
several times. After 5 min acetone is added and the mixture is kept for 5 min at 45 °C.
After filtration and evaporation to dryness, the residue is dissolved in a specific volume of
ethanol (20 %) to be used for determination on a PEG stationary phase. Quantification is
achieved with an external standard.

Another possibility is the silylation of the sample prior to gas chromatographic separation
as reported by RotrsaHL [50]. The wine sample is dried on silica gel at 40 °C in vacuo.
The DEG is desorbed with acetone and, after silylation, separated on an OV-101 capillary
column. Ethylene glycolmonophenylether is used as internal standard. A detection limit
< 10 mg/L with a recovery of 85 % has been reported.

For the determination of trace amounts of DEG an isotope dilution assay can be used.
This method was first applied to the determination of glucose in biological material [51).
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Fig. 1.1.-9 Mass fragmentogram of the fragments m/z 75 an 81, recorded from a mix-
ture of dy-DEG/dg-DEG (5 ng each) [53].
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For the quantification of DEG, dg-DEG is used as internal standard compound [52]. Moni-
toring the significant masses m/z 45, 75 and 76 for DEG and m/z 49, 81, and 82 for dg-
DEG a detection limit of 0.5 mg/L can be achieved. Figure 11.1.—9 shows the mass frag-
mentograms of m/z 75 and 81, which are mostly used for quantitative determination. No
discrimination of hydrogen rearrangements versus deuterium-transfer could be observed
during fragmentation of DEG and dg-DEG [53]. The linearity of the signal intensity ranges
from 1 to 100 ng, i.e. 1 to 100 mg/L when injecting 1 pL.

3 Conclusions

Analytical methods using capillary gas chromatography have been developed to indispen-
sible tools in the analysis of food ingredients. The examples represented here demon-
strate their capabilities for determination of components in foods with a high carbohydrate
content. The different ways of sample preparation as well as universal or selective detec-
tion methods have been discussed.
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.2 Fats and Compounds in Fat Containing Foods
O. Frohlich

1 Introduction

As a result of many technical improvements and innovations, the reliability, accuracy, and
versatility of modern capillary gas chromatography have undergone a revolution in the
past decade [1]. Automation in sample application, analytical control, and data handling
through microprocessor control systems have become a routine within the basic proce-
dure. Though capillary columns supply higher resolution, higher analysis speed, and
higher efficiency [2] a large number of national and international standards for the analysis
of food ingredients are still based on packed column separation [3, 4, 5].

In the analysis of fats and fat containing foods the capillary column will overshadow the
packed column sooner or later, as the examples in the following chapters show. Even in

fat 0.5g

methanolic sodium hydroxide
émL (0.5 N)

—_—

10min reflux

methanolic boron trifluoride
7mL (15%)

2min reflux

heptane SmL
1min reflux

saturated sodium

chloride solution

heptane extract

y
HRGC - FID/MS

Fig. 1.2.—1 Preparation of fatty acid methyl esters using BF; [17].
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the analysis of light gases, the domain of packed column gas-solid chromatography,
support coated open tubular (SCOT) wide bore and capillary columns are available today
[6, 7] and have been used successfully {8].

As shown in Figure I1.1.~1 extraction with organic solvents is a basic procedure in sample
preparation. Due to their lipophilic nature fats are always extracted with the compounds of
interest and have to be separated as discussed later.

In the analysis of fats, i.e. the analysis of the fatty acids, building blocks of the triglyceri-
des, derivatization plays an important role, though underivatized separation on new statio-
nary phases has been also achieved [9].

Trimethyisilylated derivatives show excellent gas chromatographic properties [10], but
unfortunately, trimethylsilyl esters of acids are rather sensitive to hydrolysis [11]. For this
reason analysis of the fatty acid methyl esters (FAME) is preferred, as discussed in the
following chapter.

2 Considerations on the Preparation of Fatty Acid
Methyl Esters

Many methods for the esterification of fatty acids have been published. They are based
on diazomethanolysis [12], acid-catalyzed methanolysis with hydrochloric acid-methanol
(13}, boron trifluoride-methanol [14, 15} or sulphuric acid-methanol [16]. Also use is made
of base-catalyzed transesterification with sodium methoxide-methanol [17-21]. Other
techniques involve saponification followed by either acid-catalyzed esterification [17] or
boron trifluoride-methanol esterification [21, 22]. Recently, a base-catalyzed transesterifi-
cation with tetramethylammonium hydroxide has been published {23]. Also, several stu-
dies have been published in which different methods are discussed and/or compared [22,
24-28]. It must be concluded that a great many of the published methods have their
disadvantages.

The method most commonly employed uses boron trifiuoride in methanol as catalyst [15]
and is the basis of a number of national and international standards [17, 29, 30]. As
shown in Figure 11.2.-1, derivatization of fats with neutral pH value can easily be achieved
after saponification. It has been proven that acids with low molecular weights are undere-
stimated by this method [31].

At present base-catalyzed methanolysis with sodium methoxide or methanolic potassium
hydroxide is widely used in the preparation of FAME from glycerides {17-20]. Figure l.2.—
2 shows the sample preparation steps. The acid-catalyzed methylation step is necessary,
when appreciable amounts of free fatty acids (FFA) are present, e.g. cheeses with appre-
ciable lipolysis (neutralization value > 2 [32]). Suitable internal standard compounds are
the fatiy acids GCs, Cys, or Cy7.
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fat 4g

sodium methoxide solution
————

0.4g sodium in 40mL methanol
10min reflux

methanolic hydrochloric
—_—P
acid SOmL (1 N)

2min reflux

water 100mlL

heptane 30mL >

vigorously shaken

allow to settle

heptane extract

!

HRGC - FID/MS

Fig. 1L.2.-2 Preparation of fatty acid methyl esters using sodium methoxide and acid-
catalyzed esterification [17].

Quarternary ammonium hydroxides have been used for the pyrolysis methylation of orga-
nic acids [33] and for base-catalyzed transesterification of fats and oils [34, 35]. METCALFE
and WANG [23] have proposed a procedure for obtaining the methyl esters of both FFA
and glycerides from a sample using tetramethylammonium hydroxide (TMAH) as a cata-
lyst {c.f. Fig. .2.-3) in a single step and in separate phases. Since TMAH is a strong
base, glycerides are transesterified rapidly at room temperature, wheras FFA are conver-
ted to TMA soaps, which are transformed to methyl esters in the hot chromatographic
injector.

Based on these results analysis of milk fat, fortified with 10 % FFA, has been presented
[36]. The analytical results have been in agreement with well-established procedures,
such as the KOH-method as shown in Table 11.2.~1. Problems may occur with fats con-
taining polyunsaturated fatty acids. The addition of volatile methyl esters (formate or ace-
tate) as well as the use of trimethyl-(«, &, a-trifluoro-m-tolylyammonium hydroxide instead
of TMAH is recommended.



Analysis of Food Ingredients 94

milk fat 100mg dissolved
in 3mL diethyl ether

TMAH in methanol
0.2mL (20%)

shaken for 2min

P

water

allowed lo settle

FAME from glycerides

in diethyl ether
l HRGC - FID
(Carbowax-20M)
TMA soaps from FFA
in water

Fig. I.2~3 Preparation of fatty acid methyl esters using TMAH [23].

Table 11.2.-1 Major components (%) of milkfat sample obtained by transesterification in
methanol using KOH or TMAH as catalyst [36]

Method| C, Cg Cg Cio Cyo Ci, Cie Cis Cig Cigo

KOHx") | 3.72 2.45 1.44 3.06 4.21 11.82 3024 912 2231 1.71
s9)| 0.34 0.02 0.16 0.1 0.15 0.30 1.04 0.22 036 0.81

TMAH x | 3.84 2.69 1.49 3.07 413 1242 3086 983 2228 123
s| 0.39 0.39 0.11 0.12 0.27 0.50 022 0.38 043 0.05

') mean values
3) standard deviations

Methylation by treatment with etheral diazomethane solution {13] often leads to artefacts
[37]. Diazomethane not only attacks the acidic hydrogens of acids, phenols, or enols as
desired, but also adds to the double bonds of «, B-unsaturated esters [38, 39] and reacts
with the carbonyl function of a-oxoacids [40]. Figure 11.2.—4 shows a gas chromatograr
of products formed by the reaction of 2-oxoglutaric acid with diazomethane. The reac-
tions and reaction products have been described [37].
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Fig. I1.2.-4 Gas chromatogram of products formed by the reaction of 2-oxoglutaric acid
with diazomethane [27].

3 Examples for the Analysis of Foods Using Fatty Acid
Methyl Esters

3.1 Fatty Acid Composition

In spite of the developments in High Pressure Liquid Chromatography (HPLC), the
method of choice today for determining the fatty acid composition of fats and oils is still
the gas chromatographic analysis of FAMEs [41].

Triglycerides are base-catalyzed transesterified or methylated after neutralization and
saponification [17] as mentioned above. Peak area ratios of specific FAMEs are determi-
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ned to characterize single vegetable fats or to determine animal fats in vegetable fats by
their content of methylbranched FAMEs, not occurring in plants [42].

3.2 Erucic Acid Content

Erucic acid, a characteristic compound in fats of Brasicacea species, is determined via
quantitative FAME analysis by gas chromatography as described above [17]. A suitable
internal standard has to be used, which does not interfere with the erucic acid methyle-
ster peak or other components present.

3.3 Butyric Acid Content

The butyric acid content of milkfat, butterfat, or fats containing butterfat although subject
to significant natural variation can be assumed to be constant within certain limits for all
practical purposes [43]. The European Economic Community (EEC) has adopted a value
of 3.6 % for the butyric acid content of milkfat [44].

Butyric acid content is determined via FAMES’ analysis, using valeric acid methyl ester as
internal standard [45]. Separation is achieved on a medium polar stationary phase such
as cyanopropylsilicone or PEG. With the described method a detection limit of about
0.15 g butyric acid methyl ester/100 g dried bread can be achieved.

3.4 Fatty Acid Composition in Position Two of Triglycerides

Pancreas lipase is used for distinct saponification of the fatty acid esters in positions one
and three of triglycerides. The monoglycerides are then separated via liquid chromato-
graphy on silica get and methylated after saponification [46). The gas chromatographic
determination enables a close look at the fatty acid distribution in triglycerides to detect
alterations within original fats, e.g. transesterifications.

3.5 (Z)- and (E)-Unsaturated Fatty Acids

After saponification with methanolic NaOH and base-catalyzed methylation with BF; a
heptane extract is used for gas chromatographic analysis as described earlier. For the
chromatographic separation a 60 m x 0.25 mm id SP2340 (Supelco Inc., Bellefonte, PA,
USA) fused silica capillary column is necessary [47]. Area percent values for the essential
{Z.2)-9,12-octadecadienoic acid (linoleic acid) and (2,2,2)-9,12,15-octadecatrienoic acid
{inolenic acid) are summed to give the total cis-polyunsaturated fatty acid (cis-PUFA)
value. Gas chromatographic results have been in good agreement with those obtained by
an enzymatic lipoxygenase method [48] at the 31-48 % cis-PUFA levels with a correla-
tion coefficient of 0.98. For the method a relative standard deviation of 0.33 %
at a 44.4 % cis PUFA level in a margarine sample has been reported [47].
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(E)-unsaturated FAMEs can be determined in the same way [49]. By summing the area
percent values for all (E)-isomers the total trans-value is determined to give hints at heat
abuse or hydrogenation {50].

3.6 lodine Values

The addition of halogen for analytical purposes was probably first suggested by von HustL
[51] a hundred years ago, and has led to the development and application of numerous
iodometric methods for the characterization of fats and oils by their degree of unsatura-
tion, each method possessing several specific limitations [52].

Gas chromatographic determination of iodine values (IV) from the fatty acid composition
of fats and oils circumvents the problems related to iodometry [53]. A chemical bonded
PEG stationary phase capillary column has been used for chromatographic separation of
FAMEs. A simple equation which includes double-bond increments of fatty acids, mean
molecular weights and molecular weight contributions of each acid has been used for
on-line calculation and print out of the results by a computing integrator. Comparative
analysis by titration, using the method of WIJS [54] has revealed no significant differences
in the results as shown in Table 11.2-2.

Table 11.2.-2 Comparison of iodometrically and gas chromatographically obtained iodine

values [53]

Sample No. Mw By GC Wijs AV

1 276.20 34.12 34.22 - 0.10
2 275.80 34.65 33.97 0.68
3 276.44 38.03 38.02 0.01
4 275.93 39.02 38.58 0.44
5 276.04 40.09 40.33 - 0.24
6 276.01 41.86 41.72 0.14
7 275.94 48.41 47.14 1.27
8 276.82 57.98 59.66 - 1.68
9 275.82 58.16 59.11 - 0.95
10 276.47 53.10 60.49 - 1.39
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4 Examples for the Determination of Compounds in Fat
Containing Foods

4.1 Determination of Organic Acids of Hens’ Eggs

The hygienic conditions of egg products before pasteurization can be evaluated by deter-
mination of the contents of succinic acid as a specific indicator for microbial decomposi-
tion and B-hydroxybutyric acid indicating fertiized eggs [55, 56]. Both kinds of deteriora-
tion are accompanied by an increase in the concentration of lactic acid [57].

The main steps of sample preparation are outlined in Figure 1.2.-5. The resulting pattern
of organic acids includes lactic acid and citric acid as major components besides pyruvic
acid, B-hydroxybutyric acid, fumaric acid, succinic acid, malic acid and pyrrolidone
carboxylic acid as shown in Figure 11.2.-6.

Recoveries range from 93 to 119 %. Standard deviations for the important acids, succinic
acid and B-hydroxybutyric acid, have been found to be 2.6 and 5.6 %, respectively [59].

egg [ egg product
diluted with water

glutaric acid (1st int. sta.) —™

sulfuric acid J proteins, lipids

phosphotungstic acid . | precipitate

celite + anhydrous

sodium sulfate

elution with ethyl acetate

adipic acid (2nd int. sta.) —%

esterification with methanolic

hydrochloric acid

HRGC - FID

Fig. H.2.-5 Main steps of sample preparation for the determination of organic acids of
hens' eggs [58].
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Fig. 11.2—6 Gas chromatogram of methylated organic acids of eggs. 1 lactic acid,
2 pyruvic acid, 3 f-hydroxybutyric acid, 4 fumaric acid, & succinic acid,
6 malic acid, 7 citric acid,8 pyrrolidone carboxylic acid, A adipic acid,
G glutaric acid [57].
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4.2 Determination of Artificial Flavors

Generally, artificial flavors can be easily determined in concentrated extracts of foods by
HRGC and HRGC-MS [60]. Chewing gum as a food causing trouble during sample pre-
paration has been discussed in chapter I1.1. Analysis of fat containing foods, e.g. baker's
ware or chocolate via extraction causes problems during gas chromatographic separation
due to the amount of fat in the extracts. Based on the successful application of gel per-
meation chromatography (GPC) for sample clean-up in pesticide analysis [61], SCHREER
et al. have developed a sample preparation procedure to separate fat and flavor com-
pounds [60]. A sample preparation scheme is shown in Figure 11.2.-7. The method is able
to separate flavor compounds and fat quantitatively as shown in Figure 11.2.-8. Gas chro-
matographic separation of the concentrated extracts has been achieved on a 30 m x
0.25 mm id DB-5 capillary column. Split injection (1:10) and flame ionisation detection
have been applied.

Analysis of a chocolate with coconut filing revealed 132 mg/kg of ethylvaniliin. Recoveries
of samples, fortified with 30, 57, and 86 mg/kg averaged from 91.7 to 108.4 %.

4.3 Detection and Determination of Extraction Oils in
Pressed Qils

A procedure for differentiation between virgin (pressed) olive oil and solvent-extracted
marc oil has been developed [62]. Wax constituents are separated from the oils by silica
gel column chromatography with hexane elution or preparative thin layer chromatography
with hexane-diethylether (95:5 v/v).

The wax esters are separated on a short (8 m) capillary column coated with SE-52. Dis-
crimination between marc oils and virgin, lampante, or rectified oils is achieved with the
help of a statistical procedure based on Caq—Cas and amounts of wax esters. Addition of
10 % marc oil to pressed oil is detectable.

4.4 Determination of Cholesterol in Egg Products

Determination of egg content in foods, e.g. baker’'s ware or egg powder can be achieved
via determination of the cholesterol content [63—66]. The use of gas chromatographic
determination instead of gravimetric methods leads to better results [67]. In adaption of
AOAC method 14141 [68] the cholesterol is determined after acid-catalyzed hydrolysis in
the unsaponifiable residue [69]. In Figure 11.2.-9 the main steps of sample preparation are
outlined. During evaporation to dryness flushing with nitrogen has to be applied to prevent
oxidation. Derivatization can be achieved with N-methyl-N-trimethylsily! trifluoroacetamide
(MSTFA) or hexamethyldisilazane/trimethylchlorosilane (HMDS/T MCS) in tetrahydrofuran.
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Variation values smaller than 98.27 mg per 100 g +/— 34.73 mg per 100 g in egg powder
and 7.41 mg per 100 g +/- 2.62 mg per 100 g in biscuit have been achieved [69]. In
Table 11.2.-3 a comparison of average cholesterol contents is given, determined gravimet-
rically as well as gas chromatographically in fresh and dried yolk. The gravimetrically
determined values are higher, because accompanied sterols are precipitated together
with cholesterol. Using gas chromatography a quantitative separation is possible.

sample

2-hydroxyacetophenone (int. sta.) =—————s]
extraction with pentane/diethyl ether (2:1 v/v)

concentration by distillation

ImL aliquot

|
GPC on Bio-Beads SX-3

(43 x 1cm id)

elution with dichloromethane
(180mL; ratia 2mL/min)

I6mL fractions

fractions 1 -17 Je ifractions > 18

discarded combined

concentration by distillation

lHRGC - FID/MS

Fig. 11.2.-7 Sample preparation scheme for the determination of artificial flavors.
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Fig. 11.2.-8 Recoveries of fat, ethylvanilin, and methylheptine carbonate of a synthetic
mixture after GPC on Bio-Beads SX-3.

Table 11.2.-3 Comparison of cholesterol contents of fresh and dried yolk (% of the dried

sample) {70]

Yolk Method | Sample Mean Range Standard Coefficient of
No. Value Deviation Variation(%)
Fresh grav.") 53 2.56 2.28-2.87 0.16 6.4
GC 53 2.53 227 -284 017 6.7
Dried grav 35 2.64 2.26-3.05 0.17 6.4
GC 21 2.61 2.31-3.20 0.18 7.0

Y} according to [71]



103 Analysis of Food Ingredients

sample 0.8 - 5g

dried, powdered

hydrochloric acid

15ml. (19%)
30min reflux

potassium hydroxide 15g —#

cool

cthanol 20mL

45min reflux

a«-cholestane Smg (int. st.)

+ water 75mL

extraction with diethyl ether 75mL

wash with diethyl ether 2 x SOmL

combined

ether extracts

wash with potassium hydroxide 50mL (1%)

wash with water until neutral reaction

dry over anhydrous sodium sulfate

concentration to dryness

derivatization

[trimethylsilyl ether

HRGC -FID
stat.-ph. SE 30

Fig. 11.2.-9 Sample preparation scheme for the determination of cholesterol in egg pro-
ducts [67].
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4.5 Determination of Sterols and Steryl Esters

In the same way as already mentioned a determination of the whole sterol spectrum is
possible {72]. After base-catalyzed saponification and diethyl ether extraction a prepara-
tive thin layer chromatographic pre-separation on silica gel can be applied to fractionate
the unsaponifiable residue. The sterol fraction is then isolated, extracted, derivatized and
separated by HRGC.

The sterols present in the ester form in vegetable cils can be determined separately. After
combined LC/TLC the steryl fraction is saponified, derivatized and analyzed by HRGC
[73].

4.6 Identification of Brominated Vegetable Oils

Brominated vegetable oils (BVOs) are additives used in citrus-based beverages to
disperse the flavoring oits. Though flavored soft drinks are not foods with a high fat con-
tent, determination of BVOs is discussed here, because analysis is based on fatty acid
methy! ester separation [74].

The beverages are extracted several times with diethyl ether after saturation with sodium
chloride. The combined organic extracts are washed with 2 M sodium hydroxide, 2 M
hydrochloric acid, and several times with water. The ether phase is dried over anhydrous
sodium sulfate and then treated with sulfuric acid methanol for transesterification. Methyl-
heptadecanoate is added as internal standard compound.

Figure 11.2.-10 shows a chromatogram of a soft drink analysis. Although many peaks
are present, the internal standard, 9,10-dibromostearate methyl ester (DBS) and
9,10,12,13-tetrabromosterate methyl ester (TBS) can be easily detected. The peak area
ratio for TBS/DBS for this drink has been 0.87 suggesting the presence of a commercial
preparation of brominated partially hydrogenated soybean .oil such as Akwilox 133 (Swift
Specialty Chemicals, Chicago, IL, USA). No peaks at retention times equivalent to DBS or
TBS have been observed in drinks that did not contain BVO [74].

5 Conclusions

The examples for the analysis of fats and compounds in fat containing foods mentioned
in this chapter demonstrate that the use of capillary gas chromatography offers definite
advantages over existing methods, in terms of resolution, stability, and ease of handling.
Even fat containing extracts can be analyzed successfully after separation by gel
permeation chromatography, playing an important role in contaminant, pesticide, and fla-
vor analysis.
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Fig. I.2.-10 Gas chromatogram of an extract of an orange flavored soft drink contai-
ning a BVO [74].
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II.3 Aroma Compounds
G. Takeoka

1 Introduction

Aroma compounds are an important class of chemicals which largely determine the flavor
of foods and beverages. Their analysis has been the subject of a tremendous amount of
research effort. Due to the extensive amount of literature available on the topic no attempt
will be made to cover all areas comprehensively. Instead, this review is restricted to the
chromatographic separation of flavor volatiles.

Aroma chemicals are a structurally diverse group of products which exhibit wide variability
in their stability and chromatographic behavoir. Their occurrence as minor constituents in
complex matrices has provided a difficult challenge to the flavor chemist. The analysis of
flavor chemicals was transformed by the development of gas chromatography. Packed
columns were used initially though lacking the resolving power necessary for the separa-
tion of these highly complex mixtures. The introduction of capillary columns by Golay in
1957 provided a breakthrough in the field. Our analytical capabilities were further enhan-
ced through the development of fused silica capillary columns with bonded stationary
phases and new sample introduction techniques (especially on-column injection). Due to
their ease of handling, superior efficiency and higher inertness, fused silica capillary
columns are rapidly replacing packed columns in flavor analysis. In efforts to further
increase resolution multidimensional GC has been applied in flavor research. The task of
compound identification has been greatly facilitated by the use of combined gas chroma-
tography-mass spectrometry (GC-MS). In most cases the combination of mass spectral
data and retention indices is sufficient to provide positive identification. However, other
spectroscopic techniques such as NMR, IR and UV which require larger sample amounts,
may be necessary to confirm identity. Automated micropreparative systems utilizing capil-
lary columns are useful in these cases and their use has been demonstrated.

2 GC System Considerations

The use of clean and inert analytical systems is a prerequisite to obtaining accurate gua-
litative and quantitative results. Due to the susceptibility of various flavor compounds to
degradation and adsorption the use of glass-lined injectors and glass columns, especially
fused silica capillary columns is strongly recommended. The repeated injection of com-
plex flavor samples can lead to the accumulation of non-volatile residues in the injector
and column inlet. These residues can catalyze the decomposition of subsequent samples
injected [1]. Adsorption effects in a dirty injector can lead to tailing peaks and reduced
system efficiency (2] as shown in Figure 11.3.—1 {A). Increasing the flow rate fourfold during
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Fig. IL3.-1 Influence of injector cleanliness and gas flow rate on peak symmetry.
Compounds were chromatographed on a 20 m x 0.31 mm i.d. SE-52 (d; -
0.14 pm) column. Regular flow was 2.4 mL/min of hydrogen carrier gas. For
B the inlet pressure was increased fourfold without changing the spilit ratio
(1:30). The flow was increased only for injection then reduced to regular
flow. Chromatographic conditions were adjusted according to standard
Grob test [6]. 10: decane, ol: 1-octanol, p: 2,6-dimethylphenol, 2: 2-ethyl-
hexanoic acid, A: 2,6-dimethylaniline, 12: dodecane [2].

injection (B) improves the peak shapes due to reduced residence time of the sample in
the injector. However, the best results are obtained with a clean injector (C). Injector
inserts shouid be checked and cleaned regularly. The type of samples injected and their
method of sample preparation influence the frequency of insert cleaning.

Vaporizing injectors subject the sample to thermal shock which may cause decomposi-
tion of the more labile compounds. The decomposition of secondary and tertiary bromi-
des in vaporizing injectors has been observed by CARDOSO and ALFONSO [3]. The metal
surfaces of a syringe needle can also exert catalytic effects. In their analysis of mustard oil
constituents, GrRos and GROB, Jr, [4] found that degradation products were observed
with hot splitiess injection. The results were similar when nickel was substituted for stain-
iess steel as the needle material; platinum needles caused even higher levels of degrada-
tion. Sample decomposition in a vaporizing injector is illustrated in Figure 11.3.-2. No
degradation products were observed with on-column injection. Using a modified syringe
equipped with a fused silica needie ROERAADE et al. [5] compared its inertness with
respect to a conventional syringe with a stainless steel needle. The thermally labile com-
pound, dibenzothiophene-5-oxide, was used to test the influence of syringe needle mate-
rial in hot splitless injection (250 °C). Far less degradation was observed with the fused
silica needle confirming the catalytic activity of the metal surfaces. For samples containing
thermally tabile solutes and/or high boiling solutes the use of on-column injection is pre-
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Fig. 11.3.—2 Degradation of labile mustard oil constituents with splitless injection. Column
—15m x 0.3 mm i.d. Pluronic 64 (d; — 0.08 um) on acidic support. Detector:
NPD, N-mode. B denotes breakdown products; S represents the internal
standard (1-cyanopentadecane, 5 ng/ul). No breakdown products were
observed with on-column injection [4].

ferred. Though the potential of on-column injection was realized in the early days of open-
tubular column chromatography its development as a viable technique occurred much
later with the pioneering work done mainly by the Gross {6, 7] and SCHOMBURG and co-
workers [8]. A schematic of a GroB on-column injector is illustrated in Figure I1.3.-3. The
syringe needle (preferably fused silica tubing) is guided through the conical aperture into
the 0.3 mm channel. The outer diameter of the syringe needle must closely match the
inner diameter of the needle channel in order that no measurable pressure drop occurs at
the column inlet when the stop vaive is opened. The syringe needle is guided into the
capillary column and the sample is injected. The syringe needle is then withdrawn to a
point just above the stop valve. After closing the valve the syringe can be fully retracted.
To insure sample transfer from the syringe to the column in the liquid state, cool air is
passed through the bottom part of the injector. The steel beaker serves to isolate the
injector from the warm environment at the oven top. On-column injection offers a number
of advantages over vaporizing injection. First, since the sample is deposited directly on
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the column flash vaporization is eliminated, thereby minimizing decomposition due to
thermal effects. Second, with the substitution of fused silica needles on syringes the pos-
sible catalytic effects of metal surfaces is elminated. Third, the sample transfer from
syringe to column is typically performed in the liquid state eliminating sample discrimina-
tion due to syringe effects [9, 10]. Finally, the technique yields highly reproducible results.
However, the technique is not suitable for “dirty” samples. With vaporizing injectors the
nonvolatile residues are largely retained in the injector liner. In contrast, with on-column
injection the direct deposition of sample onto the column presents the more serious pro-
blem of accumulation of non-volatile residues in the column inlet. The use of immobilized
phase capillary columns permits rinsing the column with solvent to remove the soluble
residues. One note of caution is in order. The exposure to solvent causes the stationary
phase film to swell; at temperatures above the solvent boiling point violent solvent evapo-
ration can rupture the fim [11].The column should be purged with an inert gas at a tem-
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Fig. 1L.3.-3 Schematic diagram of an on-column injector. 1 Glass capillary column;
2 graphite fitting; 3 carrier gas inlet; 4 steel beaker; 5 0.3 mm channel;
6 conical aperture; 7 stop valve; 8 coiled copper tubing, cold air in; 9 cold
air out {4].

|
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perature below the solvent boiling point for several hours (overnight is convenient) to
remove the bulk of the solvent. The temperature can then be raised slowly to remove the
remaining solvent. Alternatively, the inlet and outlet ends of the column can be reversed or
short sections on the inlet end can be removed to restore column efficiency [12, 13]. The
recommended solution is the use of a “retention gap” as suggested by Gros [14]. Here
a short section of deactivated, uncoated column tubing (allowing about 30 cm per 1 pl of
solvent injected) is attached to the front of the analytical column. The uncoated inlet ser-
ves as a pre-column or guard column. Non-volatile residues retained in the inlet are easily
eliminated by removing an appropriate length of the uncoated inlet. The length of the ana-
Iytical column is unchanged, so its efficiency is not affected. If samples containing com-
pounds deleterious to the stationary phase are injected, they do not contact the stationary
phase and the resultant contributions to bleeding and peak distortion are avoided. The
use of a “retention gap” may also reduce or eliminate the problem of “band broadening in
space” associated with splitless and on-column injections at oven temperatures below
the boiling point of the sample solvent [14]. The problem is caused by spreading of the
sample constituents in the column inlet due to the flow of liquid solvent. The uneven distri-
bution of solute constituents in this flooded zone leads to broadened or split peaks. The
retention gap has negligible retention compared to the analytical column. The rapidly
moving solute bands are compressed when the more retentive stationary phase film of
the separation column is encountered. Retention gaps are important analytical tools. Long
retention gaps are useful for on-column injection of large sampie volumes. This has
obvious benefits in sample analysis. Extracts are frequently concentrated to small volu-
mes to increase the sensitivity. Such concentration efforts can engender solute losses
[15]. The injection of large sample volumes simplifies sample preparation and may help to
avoid solute losses encountered with conventional sample concentration techniques. The
use of long retention gaps has also made the coupling of HPLC and capillary GC feasible
[16]. Retention gaps are readily connected to the analytical column through the use of
press fit connectors [17]. These glass fittings provide the ideal connection between fused
silica capillaries forming a strong, tight and inert seal (see also Chapter 1.2., Fig. 1.2.-2).

In many applications it is desirable to split the column effluent to allow simultaneous snif-
fing and selective detection of the separated constituents. The desired features of an
effluent splitter are inertness, low dead volume, low thermal mass and the ability to main-
tain leak-free connections at high temperatures and with repeated thermal cycling. BReT-
SCHNEIDER and WERKHOFF [18] recently described an all glass splitter for use in capillary
gas chromatography. A schematic diagram of the splitting device is shown in Figure
11.3.-4. The heart of the splitter is the glass cap tube which is held in place by a graphite
ferrule. The fused silica capillaries are inserted into the metal capillaries and terminate in
the glass cap. Each fused silica capiliary is held in place by its own graphite ferrue. The
splitter has been demonstrated to pass large amounts of solvent vapors (on-column injec-
tion) with no evidence of peak tailing. The application of the splitter in the simultaneous
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Fig. 11.3.-4 Schematic diagram of a “‘glass cap cross'* splitter. Component identities: (1)
and (2) stainless steel body; (3) metal capillary; {4) glass cap tube;
{5) graphite ferrule; (6) stainless steel nut; (7) fused silica capillary column;
(8) make-up gas line; (9) and {10) fused silica connecting arms; (11) graphite
ferrule [18].

detection of meat flavor constituents is illustrated in Figure 11.3.-5. This author has used the
commercially available “Y" press-fit connectors as effluent splitters and has obtained ex-
cellent results. Along with the desirable properties of the above splitter this device is even
simpler and easier to use making it the design of choice at present.

Programmed temperature vaporizing (PTV) injection was introduced by Voart et al. [19]
and later refined by Poy et al. [20] and ScHOMBURG et al. [21]. The technique involves
sample introduction into a cool inlet liner followed by rapid heating after the sample has
exited the syringe needle (Fig. 11.3.-6). The vaporized sample is then transferred into the
column either in the split or splitless mode. The sample transfer under cool conditions
overcomes the problems of sample fractionation of higher boiling solutes and catalytic




115 Analysis of Food Ingredients

l - mode
M i

R B s 0 I A SR e S B LM S B S S s S B B B s I S S S S SRR I B S S ERGM T
e. . 5. @ 1.2 XSEB ZBIB 25.2 32.92 3s. 2 42. 0 45. @ sSa.e

Cmiemd

M TWW T

Sulfur - mode

d

Fig. 11.3.-5 Simultaneous detection of meat flavor constituents using an all-glass splitter.
Column: 60 m x 0.32 mm i.d. DB-1 (d; — 0.25 um). The column temperature
was programmed from 60 °C to 230 °C at 3 °C/min. On-column injection
was used [18].

degradation of labile solutes due to hot syringe needles [22, 4]. PTV injector volumes are
much smaller than conventional vaporizing injectors used for splitless injection. Small
internal diameter glass liners (about 0.8~1.1 mm) are required for rapid heating. The small
internal volume of the glass liner also allows more efficient sample transfer from the vapo-
rizing chamber to the column. GROB et al. [23] has demonstrated that matrix effects are
much smaller in PTV splitless injection than conventional splitless injection; hence samples
containing non-volatile constituents are analyzed more accurately and reproducibly using
PTV splitless injection than conventional splitless injection. Nimz et al. [24] have utilized a
modified PTV inlet to analyze various headspace samples (Fig. 1.3.—7). Headspace
volatiles were desorbed from a Tenax trap to a fiquid nitrogen cocled PTV inlet packed
with 5 % OV-101 on Chromosorb W. During this transfer step the split vent is opened to
allow a high flow rate for desorption of volatiles from the Tenax trap. WERKHOFF and BRET-
SCHNEIDER [25] have shown that a fast desorption gas flow rate is necessary for efficient
recovery of volatiles from Tenax traps.
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Fig. 11.3.-6 Cross-sectional view of a programmed temperature vaporizing (PTV) injec-
tor. The shut-off valves for the septum purge and split vent are closed for

injection. Following injection the inlet is rapidly heated; after a delay period
the shut-off valves are opened [20].
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Fig. 11.3.-7 Chromatogram of beer wort headspace volatiles analyzed on a 30 m x
0.32 mm i.d. SE-30 quartz capillary column. The volatiles were adsorbed on
a Tenax trap. The volatiles were thermally desorbed and cryofocused on a

modified PTV inlet. The sample was then transferred to the analytical column
[24].
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A variety of materials such as plastic, stainless steel, nickel, and other metals have been
used in column fabrication. While metal columns are suitable for hydrocarbon analysis
their surface activity may cause problems in other applications. BERTSCH et al. [26] descri-
bed the preparation of nickel columns. The deactivation of nickel capillary columns has
been detailed by PRETORIUS et al. [27}. The authors first deposited a layer of elemental sili-
con on the column surface and completed the deactivation by treatment with octamethy!-
cyclotetrasiloxane (D4). The deactivated nickel tubing displayed good inertness. in spite of
their activity toward polar solutes stainless steel columns have been far more popular than
nickel columns. It has been reported that ethyl lactate, 2,5-dimethyl-4-hydroxy-3(2H)-fura-
none, 5-hydroxymethylfurfural and p-allylphenol (Fig. 11.3.-8) fail to eiute from stainless
steel open tubular columns {28]. Similarly, BUTTERY et al. [29] observed the loss of isothio-
cyanates and other sulfur compounds on stainless steel capillary columns. In their analy-
sis of a lemon oil sample on a stainless steel capillary column AveriLL and Marc [30]
noted a baseline rise between the neral and geranial peaks. The rise was probably due to
a partial isomerization or decomposition caused by the active metal surface as no base-
line change was observed when the sample was run on a glass capillary column.

OH HO O
A]/O\/ |
I
0]
ethyl lactate 2,5-dimethyl-4-hydroxy-3(2H)-furanone
OH

o 1
CHO

5-hydroxymethylfurfural

p-allylphenol

Fig. 11.3.-8 Solutes which failed to elute from stainless steel open tubular columns [28].
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Due 1o its greater inertness glass is a better choice for column material than metal.
Though glass is generally considered to be inert with respect to adsorption and catalytic
behavior it can exhibit activity in chromatographic applications. Column wall activity is
influenced by the silica surface structure and by metal oxides and metal ions present on
the glass surface. These impurities can act as Lewis acid sites and interact with electron
donating molecules. The metal oxides are normally removed by acid leaching. in contrast,
fused silica has a much lower metal oxide content {< 1 ppm) and a high tensile strength
which makes it the column material of choice at present. BLOMBERG and co-workers {31]
have noted that silicone phases coated on fused silica have a lower bleed rate than when
coated on carefully leached soda glass. The flexibility and inherent straightness of the
fused silica capiltary column allows its optimum placement in the chromatographic system
leading to maximum efficiency and inertness [32]. An excellent review of fused silica capil-
lary column technology recently appeared [33). Fused silica containing the minimal
amount of metal ions and combined water is made from silicone dioxide produced by
oxidizing pure silicon tetrachloride in an oxygen electric plasma torch [34].

Glass, however, is still popular in laboratories which prepare their own columns. Glass
columns can be drawn on iess sophisticated equipment than is required for fused silica
and hence their cost is significantly lower in comparison. Additionally, in high temperature
applications glass may be the favored material over fused silica. The limiting factor with
fused silica is the polyimide outer coating which protects the capillary from corrosion and
provides mechanical strength. The polyimide polymer is stable up to about 350 °C. If
used above this temperature the polymer slowly begins to thermally degrade. Glass, on
the other hand, is limited by the thermal stability of the stationary phase. TRESTIANU and
co-workers [35] used short borosilicate glass columns coated with methylpolysiioxane to
separate and elute hydrocarbons in the n-C130 to C140 range by using temperature
programming up to 430 °C.

By replacing the polyimide outer coating with aluminium LiPpsky and Durry {36, 37] produ-
ced flexible fused silica capillary tubing able to withstand temperatures up to 500 °C. The
aluminium clad columns were coated with methylpolysiloxane and could be operated at
400-425 °C isothermally and 425-440 °C in the programmed mode. This technology
extends the analysis of substances with molecular weights up to 1000-1200 and/or
bailing points up to 650-750 °C and higher.

3 Stationary Phase Considerations

An important factor in solving a particular application is the choice of the stationary phase.
While the use of capillary columns has greatly facilitated the separation of complex flavors,
there exist many separation problems that cannot be solved merely by a high number of
theoretical plates. The selectivity of the stationary phase has a dramatic effect on the
resolution of constituents. With over 200 stationary phases available the analyst may be
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confused on how to select a phase for a specific separation problem. Many of the avai-
lable liquid phases were not designed for use in GC; they often possess undesirable chro-
matographic properties such as wide molecular weight distribution, high batch-to-batch
variability and low thermal stability. Efforts to reduce the number of stationary phases
have been made. STARK et al. [38] proposed that the following phases would provide a
large range of selectivity in capillary GC: (1) methyl-silicone, (2) 50-70 % phenyl methyl-
silicone, (3) cyanopropyl methylsilicone of medium (25-50 %) and high (70-90 %)
cyanopropyl content, (4) trifluoropropyl methylisilicone and (5) polyethylene glycol.

In the separation of flavor mixtures it is often desirable to employ several phases with
different selectivities. To aid in the identification of unknown constituents the analysis on
a polar phase such as Carbowax 20M is frequently combined with the analysis on a non-
polar phase such as OV-101, SE-30 or DB-1 {Fig. 11.3.—9). The determination of retention
indices on two different phases can aid in the characterization of unknowns since it is less
likely that two constituents will have identical indices on both phases.

The most widely used retention index system is that proposed by Kovats {39]. The index
expresses the retention behavior of a compound as equivalent to that of a hypothetical
n-paraffin hydrocarbon. The index is influenced by a number of factors such as fim
thickness, column temperature, type of cross-linking agent used (for the preparation of
bonded phases), column material and age. Using glass capillary columns coated with
Carbowax 20M, SHIBAMOTO et al. [40} reported that the Kovats indices of various alcohols,
aldehydes and ethyl esters increased as the film thickness increased. They suggested the
use of ethyl esters instead of hydrocarbons when determining the retention indices of
polar constituents on Carbowax 20M. The influence of column temperature on retention
indices was recently discussed by GroB and GRros [41]. Since stationary phase polarity is
temperature dependent, changes in solute elution order can occur at different temperatu-
res. This phenomenon can be exploited to resolve overlapping solutes. The magnitude of
retention index shift with temperature (Al/10° provides additional information about the
compound. The identification of terpenes in essential oils was aided through the use of
different column temperatures [42]. SAAeD et al. [43] reported the Kovats indices of twenty
monoterpene hydrocarbons on wide bore glass capillary columns coated with SE-30 and
Carbowax 20M. Using moderately thick stationary phase films the researchers found only
a small influence of column material (soda-lime glass or borosilicate glass) on the retention
indices. However, the retention indices were strongly dependent on column wall pretreat-
ment when thin film coatings were used. WRIGHT et al. {44] studied the influence of cross-
linking on stationary phase polarity using a variety of free-radical generators. Surprisingly,
it was observed that tert.-butyl peroxide caused the greatest increase in column polarity.

Of the polar fiquid phases, polyglycol type phases, particularly Carbowax 20M are very
popular in flavor research. Their operating properties are inferior to those of the poly-
siloxanes; they have relatively high minimum operating temperatures, low maximum
operating temperatures and are particularly sensitive to degradation in the presence of
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trace levels of oxygen, especially at high temperatures. Oxidation of Carbowax 20M pro-
duces trace amounts of acetic acid and acetaldehyde [45). The later compound can react
with amines (1°, 2° and 3°). Therefore, these phases are not recommended for the trace
analysis of amines. Commercial “amine deactivated” polyethylene glycol columns which
contain smail amounts of KOH are available. The surface of fused silica is slightly acidic;
the addition of KOH deactivates the column surface through the formation of — Si — OK
functionality. The level of KOH must be carefully adjusted so bound KOH exists without
the presence of free KOH which wouid catalyze the breakdown of stationary phase. Due
to the hydroscopic nature of KOH these columns have a very limited lifetime.

ConDER and co-workers [46] have studied the thermal degradation of polyethylene glycol
20M and reported that trace levels of oxygen had a critical effect on phase composition.
By reducing the concentration of oxygen in the carrier from 10 ppm to 10 ppb the rate of
oxidative degradation was decreased by almost five fold and the temperature at which
decomposition begins was raised from 160 °C to 200 °C. The importance of proper syn-
thesis and purification of the polyethylene glycols to attain maximum thermal stability has
been mentioned [47]. Contamination of the phase with metal ions can catalyze its decom-
position. The properties of the Superoxes, polyethylene glycol polymers treated to contain
only low levels of residual catalyst have been studied [48, 49]. The gum-like character of
the higher Superoxes allowed these workers to prepare columns with very high efficien-
cies (> 95 %). The Superoxes have a higher operating temperature than Carbowax 20M
while maintaining a polarity similar to Carbowax 20M. A drawback of the higher motecular
weight Superoxes is their low solubility in most common solvents and the high viscosity of
its solutions necessitating the use of a high pressure reciprocating pump for the static
coating procedure.

Carbowax 20M is prepared by joining together two poly(ethylene oxide) molecules of MW
6000 by reaction with a proprietary diepoxide [45]. Some disadvantages of Carbowax
20M are its low maximum temperature limit (about 225 °C) and its high minimum tempe-
rature limit; at 556—-65 °C it undergoes phase transition and solidifies leading to poor chro-
matographic performance. The lower molecular weight polyethylene glycols such as Car-
bowaxes 6000, 4000, 1500, 400 have lower minimum operating temperature limits but
also posess lower maximum temperature limits than Carbowax 20 M. Another drawback
of Carbowax 20M is its wide molecular weight distribution [50]. The polarity of the poly-
ethylene glycol polymer is influenced by its molecular weight. The fower molecular weight
polyethylene glycols (such as Carbowaxes 6000, 4000, 1500, 400) have a higher polarity
than Carbowax 20 M. The loss of low molecular weight fragments with heating is one
source of column bleed and can also lead to changes in column polarity.

The immobilization of polyethylene glycol phase was first reported by DENS and DEZEEUW
[51]. However, no experimental details were given on the immobilization procedure. TRAIT-
LER et al. [52] described the immobilization of Carbowax 20M with dicumyl peroxide
(DCUP) and the coupling agent, y-glycidoxypropyltrimethoxysilane. The operating range
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of these columns was reported to be 70-280 °C. A major advantage of this procedure is
its simplicity. The procedure has been thoroughly evaluated by Gros [53] who proposed
several modifications. Sufficient immobilization of the polyethylene glycol was obtained to
aliow column operation at room temperature. The weakness of this immobilization proce-
dure is the residual column activity. The moderate silylating efficiency of the coupling
agent combined with the low reaction temperature result in incomplete silylation of the
silica surface [53). White these columns are very useful for the analysis of fatty acid methyl
esters [52] they are probably not the column of choice for the analysis of solutes with free
hydroxyl or amine groups. Immobilization of polyethylene glycol 40M with methyl(viny)
cyclopentasiloxane and DCUP was reported by BUUTEN et al. [54]. BysTRIcKY [55] used
40 % DCUP to obtain 93-97 % immobilization of Carbowax 20M. The separation of
nectarine volatiles on an immobilized polyethylene glycol capillary column is shown is
Figure 11.3.-10.

The free fatty acid phase, FFAP is produced by esterification of Carbowax 20M with
2-nitroterephthalic acid. The phase has a similar oxygen sensitivity as Carbowax 20M. it
has been reported that the phase irreversibly adsorbs aldehydes [56, 57]. The removal of
aldehydes appears to be time and temperature dependent and seems to diminish with
column use and exposure to air during storage. WITHERS [57] postulated that an acid-
catalyzed aldol condensation was responsible for the removal. The dehydration of aico-
hols by FFAP has been observed by HILTUNEN and RaiSANEN [58]. However, these authors
reported that FFAP gave the best separation of pine needle oil monoterpene hydrocar-
bons of nine stationary phases tested. The separation of elder flower extracts using an
FFAP capillary column is iltustrated in Figure 11.3.~11.

The high sensitivity of aldehydes to acid-base effects on all polyglycol phases should be
noted since they may tail or fail to elute on neutral or basic columns [59]. Polyglycol
columns should be stored under inert gas with sealed ends. The sealing can be done with
polyethylene column caps [53], flame sealing or with septa. Besides their oxygen sensiti-
vity, GROB [53] also observed the light sensitivity of the polyglycols. Exposure to daylight
(not direct sunlight) resuited in column damage manifested first as an increased bleed rate
followed by development of an acidic character. Polyglycol columns should be stored in
the dark to avoid these problems.

The polysiloxanes are the most widely used group of stationary phases in gas chromato-
graphy. They have been the subject of extensive reviews, noteworthy are those of HAKEN
(60, 61] and BLoMBERG [62, 63]. In general, they possess excellent thermal stability and
are available in a wide range of polarity. They exhibit good solute diffusivity, even when
cross-linked. This accounts for the high efficiency generally observed for columns coated
with these phases.

In order to make an inert, efficient and thermally stable capillary column it is necessary to
have a well-deactivated surface which can be wetted by the stationary phase. The modi-
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Fig. 11.3.-11 Chromatogram of three extracts of elder flowers analyzed on a 60 m x
0.4 mm i.d. FFAP glass capillary column. The column temperature was
programmed from 60 °C to 210 °C at 1 °C/min and held. A = steam distil-
led essential oil: B = isopentane extract; C = ethanol concentrate [172].
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fication and deactivation of capillary wall surfaces has been recently reviewed [64] and will
not be covered here. A uniform fim of stationary phase which does not rearrange when
exposed to high temperature is desired in GC. Early attempts to coat polar phases on
fused silica were often disappointing. The poor efficiencies and thermal stabilities obser-
ved were often attributed to insufficient wettability of the phase onto the column wall.
However, using capillary rise measurements BARTLE et al. [65] found that clean fused silica
is a high energy surface completely wettable by most stationary phases. Hence raw fused
silica should produce efficient columns when coated with most stationary phases. Howe-
ver, another factor influencing stationary phase film stability is the stationary phase visco-
sity [66]. When exposed to elevated temperatures coated fims of low viscosity will be
more easily rearranged on the column surface. GOREN [67] has reported that the rate of
such rearrangements is inversely proportional to the film viscosity. Methylpolysiloxanes are
desirable since they have only a minimal change in viscosity with temperature [68]. This
has been attributed to their chemical structure; the methylpolysitoxane molecule repor-
tedly has a helical structure in which the siloxane bonds, oriented toward the axis are
shielded by the outwardly pointing methyl groups [69]. A rise in temperature increases the
mean intermolecular distance, causing a decrease in viscosity; this decrease in viscosity
is partly offset by expansion of the helices, thus decreasing the mean intermolecular
distance. The result of these two opposing actions is that the net mean intermolecular
distance is only slightly changed with temperature and thus there is little change in the vis-
cosity. The substitution of larger groups, such as cyanopropyl or phenyl disrupts the heli-
cal structure, resulting in a greater change in viscosity with temperature. Stationary pha-
ses whose viscosities become low at elevated temperatures are more susceptible to rear-
rangements on the column surface than phases whose viscosities change only slightly
with temperature. This leads to reduced column efficiency due to uneven fim distribution.
The more viscous gum methylpolysiloxanes undergo a smaller relative change in viscosity
with temperature than the less viscous fluid methyl polysiloxanes and hence gum phases
are preferred over fluids.

PeaDEN et al. [70] recently prepared 50 and 70 % phenylmethylphenylpolysiloxanes gum
phases that were more viscous than commercially available phenyl phases and produced
thermally stable and efficient fused silica columns. The incorporation of 1-4 % vinyl
groups in the phases facilitated cross-linking resulting in improved film stability. Immobili-
zation of the phase through in situ cross-linking represents a major breakthrough in capil-
lary chromatography. Stabilization of the stationary phase film is attained thereby minimi-
zing column deterioration due to film rearrangement on the capillary surface at elevated
temperatures. This stabilization is particularly important for the preparation of efficient
polar capiliary columns. Stationary phase immobilization not only improves the thermal
stability but extends the lower temperature limits as well. The separation of C1-C5 hydro-
carbons on fused silica columns coated with cross-linked and non-cross-linked methy!-
polysiloxane gum has been compared [/1]. The non-cross-linked columns suffered a
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sizable loss of efficiency at —60 °C and below while the cross-linked columns showed a
more gradual loss of efficiency. Cross-linking of the stationary phase apparently suppres-
ses the glass transition mechanism. Another advantage of immobilization is that the sta-
tionary phase is rendered insoluble by most solvents. Large volume on-column or splitless
injections can thus be done without the problem of phase stripping. BLOMBERG and co-
workers [72] have demonstrated the ability of cross-linked capillary columns to withstand
aqueous injections. The introduction of water by direct injection or headspace sampling
should be done with care since water causes retention time shifts (73, 74] and can extin-
guish the flame of an FID. The injection of acids and bases together with water can lead
to acid or base catalyzed hydrolysis of the stationary phase. This generates terminal sil-
anol groups, which catalyze the more rapid decomposition of the polymer chain. The
hydroxyl group attacks the polymer chain to release polysiloxane rings of various sizes.
This release is manifested as increased column bleed rates. The degradative reactions
can be blocked by capping the exposed hydroxyl groups. An effective method of resily-
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Fig. 11.3.—12 Grob test chromatograms on a used 20 m x 0.33 mm i.d. SE-54 (d;— 2.5
um) column before (top) and after (bottom) re-silylation. The improved elu-
tion of alcohols, D = 2,3-butanediol; ol = 1-octanol, is noteworthy [75].
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lation to reduce bleed rates has been detailed by GRoB and GroB [75). The authors first
recommend solvent rinsing the column which necessitates the use of immobilized statio-
nary phases. The solvent washing step is followed by resilylation with diphenyitetramethyl-
disilazane (DPTMDS) which reduces the bleed rate of both new and used columns. Used
columns may display improved inertness due to a cleaning effect where high molecular
weight polar contaminants are transformed intc more soluble species (Fig. 1.3.—12). Jen-
NINGS [76] has confirmed the effectiveness of this silylation procedure. Finally, cross-lin-
king makes possible the production and use of thick film columns (d; > 1-2 umy.

Ideally, the immobilization step should not change the stationary phase characteristics.
WRIGHT et al. {44] has studied the effect of free radical cross-linking (using various pero-
xides and azo compounds) on the polarity and inertness of SE-54 capillary columns. The
major problem occurring with free radical cross-linking has been the increased column
activity resulting from free radical generator decomposition products. The cross-linked
columns exhibited increased octanol retention and greater adsorptive activity toward alkyl
amines. BEREZKIN and KOROLEV [77] alsc noted an increased retention of polar com-
pounds on cross-linked phases compared to non-cross-inked phases. They attributed
this behavior to an increased contribution to adsorption to retention. The methods of
stationary phase immobilization have been reviewed by HAKEN [60] and BLOMBERG [78]
and will not be discussed here.

Methylpolysiloxanes are the lowest polarity polysiloxanes. These phases form the most
uniform and stable films on glass and fused silica resulting in the highest column efficien-
cies. Their excellent inertness, wide temperature operating range (- 60 °C to 350 °C) and
relative durability explain their wide use in gas chromatography. These phases should be
tested first when selecting a capillary column for a specific application. The interaction
between solutes and methylpolysiloxanes are largely dispersion forces; solute elution is
based on their vapor pressure and, in general, solutes elute according to their bailing
point.

The trifluoropropyl group has a high dipole moment and a strong electron acceptor ability
which results in the unique selectivity of this phase. Fluoropolysiloxanes are less heat
stable than the methylpolysiloxanes due to their susceptibilty to oxidative degradation and
siloxane bond cleavage [79]. The effectiveness of the trifluoropropy! phase in the separa-
tion of chiral flavor components as their diastereomeric derivatives has been demonstra-
ted. TRessL and ENGeL [80) prepared diastereomeric R-(+)-a-methoxy-«-trifluoromethyl-
phenylacetic acid (R-(+)-MTPA) derivatives of various 3-hydroxy acid esters and found the
best separation of R-(+)-MTPA derivatives of ethyl 3-hydroxybutanoate was obtained on
a DB-210 (50 % trifluropropyl, 50 % methylpolysiloxane) column. TRessL and co-workers
[81] reacted chiral secondary alcohols with R-(+)-phenylethylisocyanate (R-(+) PEIC) to
form diasterecmeric urethane derivatives. High relative retention, « values for these deri-
vatives were obtained on a DB-210 column.
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GROB, Jr. and GRoB [59] discussed the practical significance of varying the film thickness
and gave suggestions for selecting the proper thickness for different types of samples.
Thick film columns of this time had very short lifetimes. The production of stable thick
filmed columns became possible when cross-linking and bonding technology developed.
Today, commercial capillary columns are available in film thickness (d;) ranging from 0.1 to
8.0 um. The typical average film thickness is 0.25 um. This represents a good compro-
mise in terms of efficiency, solute capacity and retention. Increasing the film thickness
results in larger solute partition ratios (k). At the same column diameter doubling the film
thickness will halve phase ratio, B (f = V¢/Vi, Vg = column gas phase volume, V, = column
stationary phase volume), resulting in a doubling of k. Thick film columns (d; > 0.5 um) are
useful for the analysis of highly volatile compounds such as in a headspace sample. The
solute capacities also dramatically increase with increasing film thickness. This may confer
advantages when using techniques such as gas chromatography — Fourier transform
infrared spectroscopy (GC-FTIR) which require larger sample amounts. Thick film columns
should be used with caution since they are not desirable for many applications. Thick film
columns exhibit lower efficiencies than columns coated with conventional film thicknesses
{df = 0.25 um). As dy increases above about 0.4 pm column efficiencies begin to decrease
due 1o an increase in the Cs term in the van Deemter equation. There is a higher level of
bleed associated with thick film columns. This can pose problems in GC/MS applications.

For the analysis of low volatility or thermally labile compounds thin film columns (d; = 0.15
um) should be considered. Compounds will be eluted at shorter retention times than on
normal or thick film columns. In temperature programmed operations compounds will be
eluted at lower temperatures all other factors being same. CRAMERS et al. [82] concluded
that in most situations thin film columns are preferred over thick film columns in trace
analysis.

4 Prefractionation
4.1 Column Chromatography on Silica Gel

The identification of minor constituents in complex flavor mixtures is greatly facilitated by
the preseparation into different fractions prior to gas chromatographic analysis. In the
analysis of essential oils, the separation of the oxygenated fraction from the terpene
hydrocarbons can greatly aid the identification of trace constituents. Column chromato-
graphy using silica gel is a widely used and effective method of fractionation. The hydro-
carbons can be readily separated from the total oil by selective elution with pentane or
hexane [83]. The polar, oxygenated constituents can then be eluted using gradient elution
with increasing levels of diethyl ether. The application of this method has aided in the
identification of the photocitral isomers in natural verbena oil [84]. A silica gel-aluminum
oxide (2:1) column was used by Tresst et al. [85] to separate a beer extract into six
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fractions. The pretreatment led to the identification of 45 new beer constituents. The iden-
tification of a number of hop oil constituents was noteworthy since these components are
normally masked by other beer constituents. SCHREIER and co-workers have utilized silica
gel prefractionation with a pentane-diethyl ether gradient in their examination of the
volatiles from cherimoya (86}, papaya [87], guava [88] and Alphonso mango [89].

Silica gel must be used with caution since it may cause compositional changes in
samples due to isomerization reactions. The isomerization of limonene with silica gel at
100 °C and 150 °C has been studied [90]. Limonene initially isomerized to a-terpinene,
y-terpinene, terpinolene and isoterpinolene, which subsequently underwent dispro-
portionation and polymerization reactions. The isomerization of sabinene into a-thujene,
a-terpinene, y-terpinene, limonene, B-phellandrene and terpinolene during thin-layer chro-
matography has been reported {91]. Evidence supported an acid-catalyzed isomerization
of sabinene since silica gel chromatostrips prepared by using 0.1 N NaOH in place of
distiled water resulted in much lower isomerization. It has been suggested that acid-cata-
lyzed reactions observed with silica gel chromatography are probably due to presence of
acidic impurities since carefully purified silicas exhibit only small tendency toward acid-
catalyzed sample reactions [92].

To prevent the isomerization of sensitive terpenes during column chromatography, statio-
nary phases such as Emulphor-O [93] and Carbowax 20M [94] have been used to
deactivate active sites on silica gel. However, the rearrangement of citronelial has been
reported despite the deactivation of silica gel with polyethylene glycol [95]. Additionally,
since the stationary phases are not bonded to the silica they may be eluted from the silica
and contaminate the various fractions.

The use of water is an effective and simple alternative for deactivation of silica gel. No
changes in a monoterpene hydrocarbon mixture were found after column chromato-
graphy on silica gel with a water content of 7 % [96). SCHEFFER et al, [97] were able to
prevent the isomerization of various monoterpene hydrocarbons by using an acid and
base washed silica gel with a 5 % water content. They reported that the water content
of the silica ge! should be kept low for the efficient separation of the terpenes.

Despite the use of other chromatographic adsorbents such as Florisil [98] and alumina
[99], silica is preferred due to its greater linear capacity and higher column efficiencies.

42 HPLC

High performance liquid chromatography (HPLC) is being increasingly used for the pre-
fractionation of flavor mixtures. Due to its greater speed and efficiency, HPLC has advan-
tages over conventional column chromatography. There is less danger of sample rearran-
gements since the material is in contact with the adsorbent for a much shorter time. The
sample throughput is increased and the improved resolution is advantageous in the sub-
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sequent GC analyses. The use of HPLC in the isolation and analysis of flavor constituents
has been reviewed by BITTEUR [100]. MORIN et al. [101] discussed the separation of ter-
pene compounds using the main modes of HPLC (adsorption, reversed-phase, exclusion,
ligand exchange). A strategy using various separation techniques to analyze complex fla-
vor mixtures was proposed by TeTELBAUM [102]. The first step involved a preliminary
clean-up with a silica gel column. The next two steps involved the use of HPLC, first in the
adsorption mode and then in the partition mode {(normal or reversed phase). In the final
step, GC is used to separate the desired fractions. Many of the early flavor fractionating
studies utilizing HPLC involved the use of synthetic mixtures. JONES et al. {103] used
HPLC to separate a model mixture of terpenes. In their study of a model browning
system, YAMAGUCHI et al. [104] used HPLC to fractionate a complex mixture of heterocy-
clic compounds (furans, thiophenes, pyrroles, thiazoles, oxazoles, pyrazines and imidazo-
les) prior to GC analyses. Reversed-phase HPLC was utilized by Kueczka [105] to frac-
tionate a mixture of oxygenated terpenoids, monoterpene hydrocarbons and sesquiter-
pene hydrocarbons in 12 min. A general HPLC method for the prefractionation of oxyge-
nated constituents of essential oils was proposed by CHaAMBLEE et al. [106]. Samples were
fractionated on three different silica columns in series using a ternary solvent system of
ethyl acetate:methylene chloride:hexane (8:46:46, v/v). Collected fractions were concen-
trated and then directly analyzed by GC-MS. The appiication of this technique to cold
pressed lime oil aided the identification of 23 new constituents. MoRIN et al. [107] used
reversed-phase HPLC to separate essential oil constituents before applying GC-MS. The
Vervain essential oil was separated on a C,g phase using a water-acetonitrile gradient.
The use of agueous solvents in reversed-phase systems is a limitation since fractions
must be extracted before they can be concentrated and analyzed by GC.

The isolation of germacrene B, an important flavor impact compound of lime peel oil, was
accomplished through the use of a combination of chromatographic techniques [108].
The separation scheme is shown in Figure 11.3.-13. Column chromatography with silica
gel was used to separate the hydrocarbon compounds in the residue. The hydrocarbon
fraction was subjected to preparative GC using a 12 ft. X 4 in. (i.d.) glass column packed
with HP-5 % Triton X-305 on Chromosorb W (80—100 mesh). The partially purified ger-
mancrene B was finally cleaned up using normal phase HPLC.

4.3 Preparative GC

Preparative GC is another traditional method for the prefractionation and purification of
flavor mixtures. The technique must be used with care since there is the risk of thermal
degradation of sensitive compounds. Packed columns have been typically used in prepa-
rative applications though systems designed for micropreparative jsolation and enrich-
ment from capillary columns have been described [109, 110}. One limitation of packed
columns is the activity of the support material. As the stationary phase loadings on the
support decrease, the inertness of the support becomes increasingly important. Acidic
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Fig. 11.3.-13 Scheme for the isolation of germacrene B from expressed lime oil [108].

sites on the support can cause the isomerization and decomposition of sensitive consti-
tuents. GiLLEN and SCANLON [111) reported that the enolization of isomenthone increased
with decreasing stationary phase loadings. DEMOLE et al. {112] stressed the importance of
column deactivation in their isolation and identification of the important grapefruit flavor
impact compound, 1-p-menthene-8-thiol. The researchers used semipreparative GC in
one of their isolation steps. It was necessary to deactivate the packed silicone column by
treatment with dimethylaminoethanol and Silyl-8 (Pierce Chemical Company, Rockford,
IL.) to elute the sulfur compound. Glass columns are preferred over metal columns for
reasons of inertness. DEBRAWERE and VERZELE [113] used preparative GC (glass column
12m x 11 mm id., 10 % Carbowax 20 M on Chromosorb G, 30—40 mesh) to isolate
various monoterpene hydrocarbons from black pepper oil. They subsequently obtained
structurat confirmation of the collected terpenes by IR and NMR spectroscopy. Sample
decomposition in the thermal conductivity detector (TCD) may occur in preparative GC
(114, 115]. VERZELE [115] reported that an acid contaminated TCD can cause sample iso-
merization. As an alternative, a glass effluent splitter may be used at the column exit with
2-5 % of the flow directed to an FID [1186].

4.4 Preconcentration of Flavor Precursors

Flavor precursors typically exist as complex mixtures of polar constituents which are often
conjugated as glycosides. Their water soluble nature makes them difficult to separate
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from other highly polar material such as sugars and organic acids. An elegant solution to
this difficult analytical problem was provided by WiLLIAMS and co-workers {117} who used
a C,g reversed-phase adsorbent to isolate monoterpene glycosides and nor-isoprenoid
precursors from grape juice and wines. These compounds are selectively retained on the
adsorbent (other polar material such as sugars and organic acids are washed off the
column with water) and a 20,000 fold concentration can be achieved in a single chroma-
tographic step. The method has been subsequently used to examine the glycosidically
bound components of yellow passion fruit [1 18], apricot and mango {119]. Additionally,
the non-ionic polystyrene copolymer, Amberlite XAD-2, has been used to isolate glycosi-
dic components in grape juice and wines [120].

Droplet countercurrent chromatography (DCCC) has been applied to the resolution of
polar constituents in grape juice [121, 122]. The technique aided in the separation of the
conjugated forms, including glycosides of various terpenoids and phenols. Juice samples
were prepared by prefractionation on C18 reversed-phase adsorbent or were directly
subjected to DCCC.

4.5 Headspace Sampling

This topic has been the subject of many reviews {123, 124] and books (125, 126]. The
reader is referred to these references for background and specialized information. The
present review will examine new trends in headspace sampling and discuss their role in
flavor research.

4.5.1 Direct Headspace Injection

Direct analysis of headspace vapors offers several advantages; the technique is simple,
rapid and minimizes qualitative and quantitative changes that often occur in other sample
preparation methods. The method involves little or no sample preparation. In static head-
space sampling the sample is placed in a closed container and allowed to come to ther-
modynamic equilibrium. A sample of headspace vapor is then transferred to the GC
system. In dynamic systems there is a continual gas flow swept through the container
holding the sample (Fig. I1.3.-14). This method may be preferred for following changes in
living tissues (e.g. following changes during fruit ripening). Because of the limited concen-
tration of volatiles in the headspace both methods usually require relatively large sample
volumes which leads to the introduction of long sample bands and resuilts in broad chro-
matographic peaks. The use of on-column injection permits the direct introduction of
volatiles inside a fused silica column thus avoiding the dilution by carrier gas normally
involved in conducting the sample from the injection port to the column. Cryogenic focu-
sing is normally employed to shorten sample bands resulting in enhanced chromatogra-
phic performance. Cryogenic focusing involves the use of subambient temperatures over
a portion or all of the column to concentrate the sample in a narrow band at the head of
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Fig. 11.3.-14 Headspace sampling chamber for following changes in ripening fruit vola-
tiles [173].

the column. TAKEOKA and JENNINGS [127] have discussed the theory of cryogenic focusing
and have described a simple procedure for focusing on-column headspace injection (Fig.
1.3.—15). The authors place a short loop (25 cm) of the capiliary column into a Dewar flask
containing liquid nitrogen at the time of injection and remove it to commence the chroma-
tographic run. The procedure has been applied to the analysis of ripening bananas [128],
birch syrup {129} and onions {130] and smoked sausages and bacon [131]. A chromato-
gram of smoked sausage (Landjaeger) headspace volatiles is shown in Figure 11.3.~16.

The size of the headspace sample is usually restricted by the formation of the ice plug
that takes place inside the column. However, the use of wide-bore columns (0.5—-0.7 mm
i.d.) has permitted the analysis of air sample volumes as large as 100 mL [132]. Additio-
nally, wide bore pre-columns can be attached to the front of conventional capillary
columns (0.25-0.32 mm i.d.) to accomodate large volume headspace samples without
sacrificing column efficiency.

Water may cause other problems in direct headspace sampling. BURNS and co-workers
[73] have shown that water vapor shifts solute retention times (1-5 %) on fused silica
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Fig. 1.3.-16 Chromatogram produced by on-column headspace injection (10 mi) of
smoked meat sample (Landjaeger). A 30 m x 0.26 mm i.d. DB-1 column

was employed [131].
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columns. Retention times of solutes increase with increasing water content until maximum
retention shifts are obtained. The mechanism of this effect is not understood since the
non-polar DB-1 column used has little affinity for water. It has been observed that water
forms clusters on methylpolysiloxane films [133] and the resulting aggregates may influ-
ence solute retention. In the analysis of birch syrup headspace volumes up to 15 mL
could be injected without a shift in retention times [134]. GRoB and HasiCcH {74] studied
the effect of much larger amounts of water (split injections of solutions containing
30-100 % water) on solute retentions on a polyethylene glycol column. Retained water
caused an increase in column polarity; non-polar solutes were eluted much earlier while
polar solutes displayed longer elutions. The magnitude of the effect was influenced by the
amount of water introduced into the column. To obtain reproducible results with head-
space and direct aqueous injections the column should be heated above 100 OC between
runs to remove adsorbed water. The large amount of water may occasionally extinguish
the flame of an FID during a chromatographic run. This problem can be alleviated by
increasing the air flow rate to 600 mL/min [135].

Another complication with direct headspace injections is the introduction of large amounts
of oxygen into the column. The premature deterioration of polyethylene glycol columns
with 10 mL headspace injections has been observed [134]. While it may be useful to pre-
purge the sample container with an inert gas such as nitrogen or helium the use of more
oxygen resistant phases such as methylpolysiloxane or methyl-phenylpolysiloxane is
recommended.

With regard to the injection speed with gas-tight syringes, it has been found that slow
injections (0.5 mL/min) favor the recovery of the more volatile solutes [134]. This is
probably due to the higher inlet pressures generated with fast injection speeds which may
force solute vapors back up the carrier line or out the top of the on-column injector in the
space between the fused silica needie and the restrictor tube. Similar effects have been
noted for splitless headspace injection. Fast splitless injections produced lower solute
recoveries since a large portion of the sample was forced into the septum purge system
and exited out the vent line [136].

4.5.2 Trapping with Very Thick Film Columns

The development of cross-linking and bonding technology has permitted the production
of very thick (12-100 pm) film columns. These columns represent an alternative to classi-
cal adsorbents such as Tenax or charcoat in headspace trapping. Cross-linked stationary
phases offer temperature stability, inertness and compatibility with most solvents (usefut
when using solvent elution). In addition, no displacement effects as encountered with
solid adsorbents occur since retention is based on dissolution. GroB and HasicH [137]
pioneered the use of thick film capillary traps in headspace analysis. The authors tested
short (60 mm x 0.3 mm i.d.) traps coated with 12—15 pm immobilized PS-255. The traps
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possessed excellent inertness when tested with heat labile compounds. The biggest
drawback of the traps was their low retention. BURGER and MUNRO [138] studied the bre-
akthrough volumes of 1 m (0.32 mm i.d.) capillary traps with film thicknesses of 12 um.
Breakthrough volumes of 0.2, 0.4, 0.9, 3.5, 13 and 26 mL were obtained for propane,
methanol, pentane, chloroform, toluene and octane, respectively. These values again
confirm the low retention on fused silica traps. BiccHi et al. [139] used longer (up to 3 m)
capillary traps coated with 15 um stationary phase films to collect volatiles emitted by
living plants. The authors found quantitative and qualitative differences between sampling
under pressure and sampling under vacuum. In general, breakthrough volumes were
lower when sampling under vacuum. In contrast to previous studies the authors used
intermediate cryogenic focusing of desorbed volatiles prior to sequential analysis on an
analytical column.

thermal desorption
and
cryofocusing
W lL WA —
'c 1527 50 ‘ 130 210
MIN 0 15 20 25 a0 35

Fig. 1.3.-17 Chromatogram of spice (Origanum vulgare) headspace volatiles collected
on a thick fim capillary trap (1.5 m x 0.7 mm i.d., d; — 91 um) coated with
cross-linked Sylgard 184. The volatiles were desorbed from the trap at
100°C and cryofocused on a cross-linked OV-1701 capillary column
(20 m x 0.32 mm id., d; — 0.23 pm) [140].

To overcome the problem of iow retention on capillary traps a new coating method was
developed to allow the production of stationary phase films up to 100 um thick [140]. The
method involves an immediate cross-linking of a prepolymer fim formed during static
coating. The resulting columns have low phase ratios and hence exhibit very high reten-
tion. The retention of such a thick film column (d; = 80 um) is roughly equivalent to the ret-
ention of an empty tube held at a temperature 80—90 °C lower. With these thick film traps



137 Analysis of Food Ingredients

it is possible to trap headspace samples or effluent from capillary columns for preparative
work. The volatites can then be released from the trap by either thermal desorption which
yields a solvent free extract or solvent elution which provides milder conditions for heat
labile compounds. A chromatogram of spice headspace volatiles obtained by concentra-
ting volatiles on a thick film trap followed by thermal desorption to the analytical column
is shown in Figure 11.3.-17.

5 Important Flavor Compounds

The compounds included in this category possess unique sensory properties (Fig.
Il.3.-18). Though foods and essential oils contain complex mixtures of chemicals the odor
character of a food or oil may reside largely in one or a few compounds. Such com-
pounds have been termed “character impact compounds” by JENNINGS and SEVENANTS
[141). Examples include 2-isobutyl-3-methoxypyrazine which has the characteristic odor
of green beli pepper and ethyl (E, 2)-2,4-decadiencate which possesses the typical Bart-
lett pear odor. These impact compounds are typically potent odorants possessing very
low odor thresholds. The odor thresholds reported in Figure 11.3.—18 were measured in
water. The grapefruit impact compound, 1-p-menthene-8-thiol, and bis (2-methyl-3-furyl)
disulfide have the lowest known thresholds. The latter compound had been previously
identified as a constituent produced from heating a mixture of thiamin hydrochloride, L-
cysteine, hydrolyzed vegetable protein and water [142]. The authors also identified the
related compound, 2-methyl-3-furanthiol in the mixture. This compounds which has a
strong beef extract aroma was recently found in canned tuna fish [143]. 3,9-Epoxy-p-
menth-1-ene is the impact compound of fresh dill herb. BRUNKE and ROJAHN {144] have
concluded that its absolute configuration must be that shown in Figure 1.3.-18. The
hydrocarbon, 1-(E, Z)-3,5-undecatriene, has been identified as an impact compound of
the essential oil of Galbanum [145, 148]. 1-(E, Z,2)-3,5,8-Undecatetraene first identified in
the essential oil of the Hawaiian seaweed Dictyopteries [147] acts as a sperm attractant
in the brown alga Ascophylum nodosum {148]. This hydrocarbon was later found in
mango by IDSTEIN and SCHREIER [149)]. These unsaturated hydrocarbons probably play an
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Fig. 11.3.—-18 Important Flavor Compounds.
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important role in pineapple flavor [150]. Though the thresholds of these hydrocarbons
have not been reported, sniffing of the gas chromatographic effluent permitted detection
in the picogram range [150]. These potent odorants have been found in various fruits and
vegetables [151]. The double bond configuration in the 5 position is crucial to the odor
potency; the corresponding isomers, 1-(E, E)-3,5-undecatriene and 1-(E, E, 2)-3,5,8-
undecatetraene have odor thresholds 10°% and 10* times higher, respectively [150]. These
hydrocarbons must be analyzed with care since they are sensitive to enzymatic and/or
oxidative degradation [150]. The sequiterpene hydrocarbon, germacrene B, has a warm,
sweet, woody-spicy, geranium-like odor and is an important compound in expressed lime
oil [108]. The authors reported a 10—15 % loss (relative to HPLC) of this labile sesquiter-
pene when analyzed by GC. The important cooked rice aroma compound, 2-acetyl-1-
pyrroline, particularly characterizes the more aromatic varieties such as Basmati where it
occurs at high concentrations [152]. This compound was later found to be the dominant
odor constituent of wheat bread crust [153]. Due to its low odor threshold this “cracker-
like” odor compound probably has an important flavor role in other baked products.
y-Decalactone is an important aroma constituent in peach and nectarine [154]. 2,5-Dime-
thyl-4-hydroxy-3(2H)-furanone {furaneol) has been identified in a variety of foods {155]. At
higher concentrations furaneol has a caramel, burnt sugar odor while at lower concentra-
tions it beomes fruity and strawberry-like [156]. Odor studies of the four Z stereoisomers
of methyl jasmonate revealed that only (+)-methyi epijasmonate has a strong and charac-
teristic odor and thus is largely responsible for the odor of commercial mixtures of methyl
jasmonate [157]. The important role of 1-octen-3-one in fresh mushroom odor was
recently confirmed by FiSCHER and GROSCH [1568]. KEMP et al. [159] identified a key melon
constituent, (Z)-6-nonenal in muskmelon. Lenthionine is a significant compound in the fla-
vor of Shiitake mushroom. The identification of the cucumber impact compound, (E, 2)-
2 6-nonadienal was a noteworthy achievement since it pre-dated the use of gas chroma-
tography [160]. Two diastereomeric forms of p-methane-8-thiol-3-one-occur at the level
of about 0.5 % in Buchu leaf oil [161]. The trans isomer imparts the black current principle
in Buchu leaf oil [162]. Ethyl 3-mercaptopropanoate, a Concord grape component, has a
skunky or foxy aroma at high concentrations while on dilution it takes on a pleasant fruity,
grape-fike character [163). Its contribution to the “foxy” character of some American
wines has been postulated [163]. Based on the amounts present and its low odor thres-
hold dimethyl trisulfide is considered to be an important component of cooked cabbage,
broccoli and caulifiower [29]. 2-Methoxy-3-isopropylpyrazine has been identified in potato
where it contributes to the earthy aroma [164]. Though implicated in musty-earthy off-
odor taints in water supplies geosmin is an important constituent of beetroot [165] and
also contributes to the earthy aroma of soil [166]. The identification of the important Bul-
garian rose oil constituent, B-damascenone was reported by DEMOLE et al. [167]. This
potent odorant has also been detected in apple [168], grape [169] and tomato [170].
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I.4 Stereodifferentiation of Chiral Flavor
and Aroma Compounds

K.-H. Engel

1 Introduction

Optical activity is a ubigquitous phenomenon in the chemistry of natural systems. Accor-
dingly there are many chiral molecules among the naturally occurring fiavor and aroma
compounds. Comparable to the influence of the sterecchemistry on the biological activi-
ties of pharmaceuticals [1] and pheromones [2], sensory properties of flavor and aroma
compounds can also depend on their configurations. Many examples demonstrate this
principle of enantioselectivity in odor perception [3, 4].

In the past, however, systematic investigations of the naturally occurring enantiomeric
compositions of chiral flavor and aroma compounds have been lacking; this is mainly due
to the fact that these volatiles are mostly contained as trace constituents and conventio-
nal chiroptical methods [5, 6] cannot be applied. NMR-spectroscopic methods, based on
the use of chiral shift reagents or the investigation of diastereomeric derivatives, have
been developed [7, 8]. Chromatographic techniques are alternatives requiring less sophi-
sticated and less expensive instrumentation. High pressure liquid chromatography [9] and
thin layer chromatography [10] can be employed to resolve optical isomers. For the ana-
lysis of chiral volatiles high resolution gas chromatography, a technique characterized by
simpiicity, sensitivity and accuracy, represents the method of the art.

Gas chromatographic resolution of chiral compounds can be achieved by two different
approaches. Indirect methods are based on Pasteur’s principle of converting enantiomers
to diastereomeric derivatives by reaction with an optically pure reagent; however, the clas-
sical techniques employed to separate these diastereoisomers, e.q. crystallization or frac-
tional distillation are replaced by the more efficient gas-liquid chromatography. Direct
separations are due to differences in the association of enantiomers to an optically active
stationary phase in the course of the chromatographic process. Comprehensive over-
views covering the tremendous progress for both techniques in the last decades are avai-
lable [11-20].

Investigations of the chirality of flavor and aroma compounds is a field of increasing
importance to both basic research and food quality control. Some of the reviews concen-
trate on recent developments in the analysis of chiral volatiles [21, 3]. However, for
someone intending to begin in this field the flood of information can be overwhelming and
difficult to judge. Therefore, this contribution will not present another complete survey but
select those data which are of special importance to the analysis of flavor and aroma
compounds. The objective is to focus the available information in a way that it may help
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in the selection of the most appropriate method for a specific problem in the analysis of
chiral volatiles.

The first part of the chapter will briefly summarize principles of both direct and indirect
capillary GC separations of enantiomers and discuss their scopes and limits with regard
to chiral flavor compounds. The second part will be devoted to applications of these tech-
niques to the determination of naturally occurring enantiomeric compositions in various
foods, the required basis for possible differentiation of “natural” and “nature-identical” fia-
vor and aroma substances by means of chiral analysis.

2 Analytical Techniques

2.1 Indirect Methods
2.1.1 Derivatizing Reagents

Starting from the first reports in the early 1960’s [22, 23] a large number of reagents
suitable for formation of diastereomers which can be separated by means of gas chroma-
tography have been employed. Derivatization strategies, aspects of the mechanisms of
resolution and applications have been reviewed extensively by Git-Av and Nurok [11]. In
recent years the tremendous increase of separation efficiency in high resolution capiliary
gas chromatography led to an additional boost in this field. Four major reagents, currently
used for chirality investigations of flavor and aroma compounds, have been selected to
demonstrate advantages and limits of this technique. Their structures are shown in
Figure 11.4.—1.

Fg}C1 OCH3 AcO H
t 20 /( Z0
©/ el ™
{a) (b)
H  CHs

A7 ./
O O ",,H Cl C\N:C_
(c) (d)

Fig. 1.4.-1 Structures of major derivatizing reagents
(a): (S)-a-methoxy-a-triffluoromethyiphenylacetyl chloride

(S)-MTPA-CI
(b): (S)-O-acetyllacty! chloride
(S)-O-AL-Cl
(c): (S)-tetrahydro-5-oxo-2-furancarboxylic acid chloride
(S)-TOF
(d): (R)-1-phenylethyl isocyanate
R)

T,
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Table 11.4.—1 Application of derivatizing reagents to chirality investigations of different
classes of flavor and aroma compounds

Classes of Derivatizing References
compounds reagents
Alkan-2-ols (S)-O-AL-Ci [23], [27], [29], [3Q]
(R)-PEIC [28], [31]
(S)-MTPA-CI [27], [31}, [33]
(S)-TOF [27)
3-Hydroxyacid esters (S)-MTPA-CI [31], [32], [33]
(R)-PEIC [31]
(S)-TOF [34]
4-Hydroxyacid esters (S)-MTPA-CI [33]
(R)-PEIC [31]
5-Hydroxyacid esters (R)-PEIC [31]
(S)-TOF [34]

(S)-(+)-a-methoxy-a-trifluoromethylphenylacetyl  chloride ((S)-MTPA-CI) was originally
developed for assessment of optical purities by means of NMR-spectroscopy [24, 25].
The compound, known as Mosher's reagent, has become a versatile auxiliary for HPLC
and GC separations. (S)-O-acetyllactyl chloride ((S)-O-AL-Cl) is one of the pioneer rea-
gents used for the first separations of diastereomeric esters of secondary alcohols [23,
26). (S)-tetrahydro-5-oxo-2-furancarboxylic acid chloride ((S)-TOF) is an example of a rea-
gent which can be synthesized easily from the inexpensive naturally occurring (L)-glutamic
acid [27], an interesting aspect for preparative applications. Not only diastereomeric
esters but also carbamates, obtained after derivatization with (R)-1-phenylethyl isocyanate
((R)»-PEIC), can be separated by capillary GC [28]. Table 1l.4 -1 presents an overview on
applications of these derivatizing reagents to chirality investigations of flavor and aroma
compounds.

2.1.2 Evaluation of Derivatizing Reagents

The gas chromatographic separation factors « (quotients of the retention times) of the
derivatives obtained are the major criteria in evaluating the usefulness of a chiral com-
pound as derivatizing reagent. Each reagent can be especially suitable for certain classes
of compounds. Structural influences on the separation factors of diastereomers are
demonstrated in Table il.4.—2. The position of the hydroxy group decisively influences the
applicability of reagents to the investigation of chiral hydroxyacid esters.
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Table 11.4.-2 Structural influences on the separation factors of diastereomeric
derivatives of hydroxyacid esters

Compounds Separation Factors (o)?
(S)-MTPA-CI (R)-PEIC (S)-O-AL-Cl
Ethyl 2-hydroxyhexanoate 1.193 1.015 1.141
Ethyl 3-hydroxyhexanoate 1.065 1.031 1.082
Ethy! 5-hydroxyhexanoate 1 1.080 1.055

a = column DB-210 (J&W)

A major advantage of chirality investigations via diastereomeric derivatives is the fact that
a broad spectrum of commonly available, achiral stationary phases can be used. Syste-
matic investigations can provide the basis for selecting the combination of derivatizing
reagent and capillary column which is the most appropriate for a certain class of chiral
compounds (13, 27].

Among the variety of stationary phases employed for chirality investigations trifluoropro-
pylmethylsilicone (commercially available as chemically bonded fused silica column, DB-
210, J&W) turned out to be outstandingly suitable for the separation of diastereomeric
derivatives. Resolution of all types of diastereoisomers listed in Table 11.4.—1 can be achie-
ved on this phase. The column exhibits high stability in the course of the analysis of com-
plex mixtures;, due to its intermediate polarity time consuming work up of derivatization
mixtures, necessary if polar stationary phases, such as DB-Wax are used, is not required.

in addition to the separation factors, various other parameters, such as optical purity of
the reagent, time required for the derivatization process, and volatility of the formed deri-
vatives, have to be considered in choosing the appropriate auxiliary. They can seriously
limit the usefulness of a reagent.

The availability of the reagent in optically pure form is an essential prerequisite. To a
certain extent optical impurities can be considered by means of calculations [13]; accurate
determinations of high enantiomeric excess, however, can only be carried out if the rea-
gent is optically pure. (R)-1-phenylethyl isocyanate, for example, is a suitable reagent lea-
ding to excellent separation factors for various classes of compounds (Table 11.4.—1); the
optical purity of the commercially available compound, however, varies considerably and
each batch of reagent should be checked before use.

To rule out errors, caused by enantiomeric discrimination in the course of the derivatiza-
tion process, the conversion has to proceed quantitatively. Some reagents, e.g9. (5)-O-Al-
Cl, exhibit high reactivities resulting in reaction times of only a few minutes [29]. In cases
of sterically hindered reactions, such as the derivatization of the tertiary alcohol! linalool
with (R)-PEIC [35] or the formation of dicarbamates from 1.4- and 1.5-diols [36], the use
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of a catalyst and prolonged reaction times are required. However, conditions leading to
partial racemizations have to be avoided at any rate.

The volatility of diastereomeric derivatives can be a limiting factor in gas chromatographic
analysis. (S}-O-acetyliactyl esters are rather volatile; on the other hand hydrogen had to be
used as carrier gas to achieve elution and partial separation of di-[(R)-1-phenylethyl]
carbamates derived from 1.4- and 1.5-diols on a DB 210 column without exceeding its
temperature limit [36].

in most cases the elution order of diastereomeric derivatives remains constant within a
. homologous series. There are, however, significant exceptions, which demonstrate that
optically pure reference compounds are needed for unambiguous determination of abso-
lute configurations (29, 37].

2.1.3 Derivatization Strategies for y- and o-Lactones

If chiral compounds do not have reactive functional groups, investigations via diastereo-
meric derivatives can be a difficult task. Laborious reaction sequences had to be worked
out to convert chiral monoterpene hydrocarbons to diastereomeric ketals which can be
separated by capillary GC [38]. An important class of flavor and aroma compounds
lacking reactive moieties are y- and d-lactones (4- and 5-alkanolides). Due to their pro-
nounced sensory properties they play significant roles as flavor constituents in several
foods [41]. Chirality investigations of y- and &-lactones are of particular interest and
various efforts have been made to accomplish gas chromatograhic separation techni-
ques.

Formation of diastereomeric ketals obtained by direct reaction with optically pure 2.3-
butanediol has been described for d-lactones [32, 40]. In general, however, a conversion
of lactones to intermediates with reactive functional groups is required before diastereo-
meric derivatives can be formed. Table I1.4.—3 summarizes derivatization strategies (com-
binations of intermediates and suitable derivatizing reagents) employed to obtain
diastereoisomers, which can be separated by means of capillary GC.

Some of the procedures applied are relatively straightforward, e.g. the reduction of
lactones to 1.4.- and 1.5-diols by means of lithiumaluminumhydride (34, 36, 42]. The
applicability of others, such as the formation of hydroxyacid isopropylesters, is limited by
reaction times unacceptable for routine analysis [44]. The major drawback of these proce-
dures is the strong effect of lactone structure and chain length on the separation factors
of diastereomeric derivatives. The results obtained for (S)-O-acetyllactyl esters of 1.4-diols
and 4-hydroxyacid isopropylesters, respectively, [29, 42], are complementary (Fig.
il.4.-2). Replacement of the acetyl moiety of (S)-O-AL-Cl by longer acyl side chains
slightly improved the separations factors obtained for the higher lactone homologues [42).
However, a combination of both approaches would be needed to cover the complete
spectrum of relevant lactones.
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Fig. 11.4.-2 Capillary gas chromatographic stereodifferentiation of y-lactones via
(a): 1.4-diols as diesters of (S)-O-acetyllactic acid (DB-210, 30 m,
N,: 0.8 bar, 140 °C/ 2 °/min.)

(b): 4-hydroxyacid isopropylesters as (S)-O-acetyllactyl esters
(DB-210, 30 m, N,: 0.8 bar, 140 °C/2.5 °/min.) [29]
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Table 11.4.~3 Derivatization strategies for y- and &-lactones

Intermediates Reagents Ref.
Methyl and ethyl 4/5-hydroxyacid esters (S)-MTPA-CI [32], [33]
(R)-PEIC 31}
Isopropyl 4/5-hydroxyacid esters (S)-O-AL-Cl (29]
(S)-TOF [39]
1.4/1.5-Diols (8)-O-AL-Cl [42]
(S)-TOF [34]
(R)-PEIC [36]
N-Butyl 4/5-hydroxycarboxamides (R)-PEIC [43]

The best results are obtained after conversion of lactones to N-butyl 4/5-hydroxycarbox-
amides and subsequent derivatization with (R)-(+)-1-phenylethyl isocyanate [43). This deri-
vatization strategy leads to gas chromatographic separation factors high enough to inve-
stigate the chirality of the complete series of y- (Cs—C,) and 6-(Cs—C,,)-lactones, those
members of the class of lactones which are of special interest as constituents of fruits and
vegetables (Fig. 1.4.-3).

2.2 Direct Methods

2.2.1 Chiral Recognition via Hydrogen-Bonding

The first pioneering results in the area of direct gas chromatographic separations of enan-
tiomers have been reported in 1966 by GiL-Av et al. {45, 46]. They made use of the
chirality of amino acid building blocks to prepare optically active stationary phases for
capiliary columns. The separation of enantiomers is caused by the different stabilities of
diastereomeric complexes, formed during the chromatographic process by reversible
association between the chiral amino acid selectors in the stationary phase and the enan-
tiomers.

Hydrogen bondings and dipole-dipole interactions play the most important roles. Modifi-
cations of the amino acid, peptide and ureide selectors extended the scope of this
method from amino acids to a broad spectrum of chiral compounds [15].

The low temperature stability, however, remained a general drawback of these chiral sta-
tionary phases. This problem has been overcome by coupling the chiral amide moieties
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Fig. 11.4.-3 Capillary gas chromatographic separation of 4- and 5-((R)-1-
phenylethylcarbomoyloxyl-N-butylcarboxamides derived from y-lactones
(Fig. a) and &-lactones (Fig. b)
(DB-210, J&W, 30 m/0.32 mm i.d., film thickness 0.25 um, hydrogen:
0.85 bar, 220 °C for 5 min. then progammed to 240 °C with a rate of
1 %/min.) (43]
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Fig. 1.4.-4 Structures of (a) Chirasil-Val [47] and (b) XE 60-L-valine-(S)/(R)-1-
phenylethytamide [49, 50)

with polysiloxanes. Figure il.4.—4 presents the structures of the two major polymeric chiral
phases. Chirasil-Val has been introduced by BAYER et al. [47, 48]; they bonded L-valine-
tert.-butyl-amide to a copolymer of dimethylsiloxane and (2-carboxypropylimethylsiloxane.
KONIG et al. [49, 50] modified XE-60-polysiloxane by connecting the polymeric skeleton
with diasteromeric side chains consisting of {L)-valine-(R)- or (S)-1-phenylethylamide.

For most compounds chiral recognition by the stationary phase can only be achieved by
formation of derivatives with additional C-O or CO-NH containing functional sites, thus
increasing the molecular interactions between chiral selectors and enantiomers. Isocyana-
tes [51] and phosgene [52] proved to be universal reagents for the derivatization of chiral
compounds.

The formation of isopropyl urethanes made possible the separation of a broad spectrum
of chiral alcohols, such as the homologous series of alkan-2-ols [53]. Further examples of
chiral aroma compounds separated on chiral amide phases are octan-3-ol, terpinene-4-
ol, isoborneol, a-bisabolot and «-ionol [54]. The resolution of the eight sterecisomers of p-
menthan-3-ol could be achieved by means of multidimensional capillary GC, involving a
preseparation of diastereomers on a non-chiral stationary phase and subsequent separa-
tion of enantiomers on the chiral column {51, 55]. Enantiomers of 2- and 3-hydroxycarbo-
xylic acids could be separated after conversion to isopropylcarbomoyloxy-N-isopropyl-
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carboxamides [51, 56] and tert.-butylcarbomoyloxy-N-tert.-butylcarboxamides  [57],
repectively. Isopropy! urethane derivatives were also used to separate a-hydroxy ketones,
such as acetoin [58]. Volatile ketones, e.g. fenchone, camphor and menthone were
converted to oxime derivatives by reaction with hydroxyl-ammonium chloride {59, 60); the
application of the procedure, however, is limited by the formation of syn- and anti-
isomers.

Due to efficient deactivation of the inner column surface and the use of fused silica mate-
rial enantiodifferentiation without previous derivatization could be achieved for certain
classes of compounds [61, 62]. The four sterecisomeric sulfoxides, derived from cis-2-
methyl-4-propyl-1.3-oxathiane can be separated on Chirasil-Val without derivatization (37,
63]. In general, however, prederivatizations are required; this limits the applicability of the
technique to compounds with suitable functional groups (comparable to the indirect
method). Low conversion rates, formation of by-products, and partial racemizations in the
course of these derivatization steps can limit the accuracy of chirality investigations [64].

The high temperature stability and the broad spectrum of classes of chiral compounds
which can be resolved are major advantages of chiral polysiloxane phases. Modifications
of the chiral selectors may further enlarge the selectivity [65]. Immobilization techniques
[66—68] will increase their stability and open the way for further applications, e.g. in capil-
lary supercritical fluid chromatography [69, 70].

2.2.2 Chiral Recognition via Coordination

This technique employs organometallic chelate complexes derived from optically active
monoterpene diketonates and transition metal ions as chiral selectors. Starting from the
first separation of the enantiomers of an underivatized chiral olefin in 1977 [71] SCHURIG et
al. developed a variety of chiral additives to stationary phases, thus establishing “com-
plexation gas chromatography” as a valuable analytical tool with a wide scope of applica-
tions {16, 18, 21}. Some of the major “Chira-Metal” coordination compounds currently
used are shown in Figure 11.4.-5.

The maijor advantage of complexation GC is the fact that compounds capable of coordi-
nation to metal ions can be analyzed without any previous derivatization steps. Table
Il.4.~4 presents a selection of chiral aroma compounds which have been separated on
Chira-Metal stationary phases. The separation of the four sterecisomers of 2-methyl-4-
propyl-1.3-oxathiane, important flavor constituents of passion fruits is an impressive
example [75] (Fig. 11.4.-6). .

Due to extremely long retention times and peak-tailings, complexation gas chromatogra-
phy cannot be applied to direct separations of lactone enantiomers [21]. The detour via
1.4-diol acetonides (1.3-dioxepanes) and subsequent analysis on Chira-Metal phase (V)
can be considered as practical alternative for y-lactones [77].
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C3Fy
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Fig. 1.4.-5 Examples of Chira-Metal coordination compounds used as chiral selectors
in complexation gas chromatography

Most of the possible sources of error in determinations of optical purities by means of
complexation GC can be eliminated by choosing the appropriate experimental conditions
[20, 79]. However, the low temperature stability (120 °C) of Chira-Metal stationary phases
is a decisive drawback and limits the applicability of this technique to highly volatile com-
pounds. The investigation of complex mixtures, as usually obtained by extractions from
natural products, can be difficult. A laborious work up procedure was required before the
naturally occurring configuration of cis-2-methyl-4-propyl-1.3-oxathiane in yellow passion
fruit could be determined by means of complexation gas chromatography [78).

The combination of various chiral monoterpene units with metal ions offers the possibility
to create tailor-made Chira-Metal stationary phases for each specific separation problem.
So far, however, no single stationary phase, covering most of the chemical classes of
compounds, which are of interest in enantiomer analysis, is available. This narrow speci-
ficity of each stationary phase and the relatively high costs of purchase of the capillary
columns may be the major reasons that complexation gas chromatography is not as
widely used as one might expect from the potential scope of this elegant technique.
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Capillary gas chromatographic stereodifferentiation of cis/trans-2-methyl-4-
propyl-1.3-oxathiane on Ni(ll)-bis-[3-(heptafluorobutanoyl)-(1R)-
camphorate], 0.125 M in OV-101, fused silica column, 25 m, 90 °C
isothermal [75, 78]
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Table 1.4.-4 Flavor and aroma compounds separated on Chira-Metal stationary phases

Compound Sta. Phase® Compound Sta. Phase?
(Ref.) (Ref.)
Monoterpene alcohols Esters
Menthol 11/[72] Methyl 2-methylbutanoate l/[21)
Neomenthol 11/[73] Isobutyl 2-methylbutanoate n/[21]
Isomenthol 1/[73] Tert. butyl 2-methylbutanoate N/f21]
Borneol I1/[73] Isopropyl 2-methylpentanoate /[21]
Isoborneol (73] 1-Octen-3-yl acetate 1/[37]
a-Fenchol /73] 1-Octen-3-yl propanoate I/[37]
Terpinene-4-ol V[74] 1-Octen-3-yl butanoate 11/{37]
Monoterpene ketones Cyclic ethers
Menthone I/[72] Cis-roseoxide V/[21]
Isomenthone W/[72] Trans-roseoxide IV/[21]
Campher V/[73] Neroloxide v/[21]
Acetals 1.3-Dioxolanes
2-Methyl-4-propyl- IW/[75] 2-Alkyl-4-methyl-1.3- I1,IV/[76]
1.3-Oxathianes dioxolanes

a = the number of the stationary phase corresponds to Figure 1.4.-5

2.2.3 Chiral Recognition via Inclusion

The latest development in the field of direct gas chromatographic analysis of enantiomers
is based on their inclusion in the cavities of chiral oligosaccharides. Cyclodextrins — cyclic
oligomers of 6 (x-cyclodextrin), 7 (B-cyciodextrin} or 8 {y-cyclodextrin) «-1.4 bonded glu-
cose units — proved to be extraordinarily useful. Enantiomers of unsaturated hydrocar-
bons had been separated by using underivatized and permethylated B-cyclodextrin as
stationary phases [80, 81]. The decisive breakthrough has been achieved by introduction
of lipophilic side-arms; regioselective alkylation and acylation of cyclodextrins [82, 83]
extended the scope of application to a broad spectrum of chiral compounds [84].
Commercially available modifications of cyclodextring are shown in Figure 11.4.-7.

Trifluoroacetylation and conversion to cyclic carbonates have been applied as prederiva-
tization procedures for compounds with hydroxy- and amino-groups [82, 83]. However,
direct separations without previous derivatizations have also been achieved; the outstand-
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Fig. 11.4.-7 Structures of commercially available chiral cyclodextrin stationary phases
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Fig. 11.4.~8 Capillary gas chromatographic separation of y-lactone enantiomers on
Lipodex B (hexakis-(3-0-acetyl-2.6-di-O-pentyl-a-cyclodextrin); glass
capillary column, 38 m; temp. program from 135 °C to 200 °C with a rate

of 3 °/min [83]
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ing example in the field of flavor and aroma compounds is the separation of y-lactones
using hexakis-(3-O-acetyl-2.6-di-O-pentyl)-a-cyclodextrin  (Lipodex B) and heptakis
(3-O-acetyl-2.6-di-O-pentyl)-B-cyclodextrin (Lipodex C) as stationary phases [83, 85] {Fig.
I1.4.-8). Other examples of flavor compounds separated are a-ionone, «-damascone,
limonene, carvone and menthone [84).

The stationary phases are thermally very stable (> 200 °C). So far, however, only chemi-
cally non-bonded phases coated on glass capillary columns are available. Chirality investi-
gations of compounds contained in complex mixtures have to be preceded by suitable
purification steps. Liquid-solid chromatography, off-line coupling of HPLC and capillary
GG, and compound transfer by means of multidimensional gas chromatography have
been applied (85, 86). Results conceming the chemical stability of the columns in the
course of routine analysis of complex mixtures will have to be awaited. Suitable immobi-
lization techniques and the use of fused silica material should further eniarge the applica-
bility of this promising new technique.

2.3 Conclusions

Gas chromatographic separations of diastereomeric derivatives are useful tools for
chirality investigations of flavor and aroma compounds, if various shortcomings, which
can limit their accuracy, are considered carefully. The method is characterized by broad
applicability; the fact that commonly used capillary columns can be employed makes it an
especially useful alternative for laboratories with standard GC equipment (and low bud-

get).

Undoubtedly direct separation of enantiomers on optically active stationary phases is the
more elegant technique; especially if no prederivatization procedures are required. At pre-
sent, their use is limited by high costs of commercially available columns on one hand and
narrow specificity and a fack of results concerning their stability in the course of routine
and analysis on the other hand. In the future, however, investigations on optically active
stationary phases will definitely dominate the field of chirality investigations of flavor and
aroma compounds.

3 Applications

The described gas chromatographic methods can be used to determine configurations of
chiral constituents in natural systems, even if they are present only at trace levels. This in-
formation is extremely valuable for both fundamental research and practical applications
in flavor production and food quality control.

To meet the increasing demand for “natural” flavor, basic knowledge about the pathways
involved in the biogenesis of volatiles is needed. For chiral compounds the configuration
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offers an additional, valuable criterion to trace back biogenetical routes. Current strategies
for the investigations of chiral flavor and aroma compounds are based on different
approaches: (a) determination of naturally occurring configurations in plant or microbial
systems, (b) studies on the stereochemical course of the metabolization of potential pre-
cursors, (c) isolation of enzymes involved and characterization of their enantioselectivity,
and (d) use of commercially available enzymes or microorganisms as model systems to
simulate “in vivo-conditions”. This combination of methods revealed some new aspects of
the biosynthesis of chiral flavor and aroma compounds [34, 87, 88].

This chapter will concentrate on determinations of naturally occurring configurations of
chiral volatiles in plant systems and the possible application of these data to food quality
control. The European legislation for the regulation of flavoring substances used in foods
distinguishes between “natural” and *“nature-identical” flavor and aroma compounds.
“Natural” flavors must be isolated from natural sources by means of physical methods
(e.g. distillation, extraction) or may be obtained by means of fermentative processes
starting from natural material. “Nature-identical” flavoring substances can be produced via
chemical synthesis but they have to be chemically identical to the naturally occurring
compounds.

it can be difficult to determine the category to which an aroma constituent belongs. For
chiral compounds their configuration should offer an additional criterion to differentiate
between “natural” and “nature-identical” flavor substances. Generally, chemically synthe-
sized compounds are racemic, unless (expensive) stereospecific catalysts are used. On
the other hand, enzyme-catalyzed reactions are known to proceed with a high degree of
enantioselectivity; therefore, optically active compounds are expected in natural systems.

The application of this concept, however, has been seriously complicated by results of
investigations of naturally occurring configurations. They revealed that chiral flavor and
aroma constituents are not always present in optically pure form but in some cases as
mixtures of enantiomers. Detailed knowledge of the limits between which naturally occur-
ring optical purities of a compound can vary is an essential premise before chirality inve-
stigations can be applied to determine the “natural” character of a flavoring substance.
These data are rather scattered in literature; this chapter will present a summarizing com-
pilation for selected classes of compounds.

3.1 Chiral Alcohols

Mushrooms contain the unsaturated chiral Cg-alcohol 1-octen-3-ol as aroma contributing
constituent [89—-91]. It had been known from polarimetric studies that the levorotatory
enantiomer is naturally occurring in mushrooms [89); its exact enantiomeric purity could

be determined by means of capillary GC investigation of diastereomeric derivatives (Tab.
i1.4.-5).
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Table 1.4.-5 Naturally occurring enantiomeric compositions of 1-octen-3-ol

Natural Systems 1-Octen-3-ol

% (R) % (S) Ref.
Agaricus campestris 97 3 {30}
Psalliota bispora 93 7 [92]
Cantharellus cibarius 89 11 (30
Red clover (Trifolium pratense L.) 100 - [94]
Subterranean clover (Trifolium subterraneum) 100 - [94]
Alfalfa (Medicago sativa) 99.5 0.5 [94]

High amounts of 1-octen-3-ol could also be isolated by means of simultaneous distilla-
tion-extraction from some forage legumes, such as clover and alfalfa [93]. These plants
might be used as alternative natural sources for 1-octen-3-ol; chirality investigations by
capillary GC revealed that they contain the same enantiomer as mushrooms (Table
I1.4.-5). This indicates that the enzyme-catalyzed stereospecific cleavage of the 10-hydro-
xyperoxide isomer of linoleic acid, elucidated as the decisive step in the formation of 1-
octen-3-ol in mushrooms [92] might be a general principle in the biogeneration of this chi-
ral alcohol.

Sensory evaluation of purified enantiomers demonstrated that only (R)-(-)-1-octen-3-ol is
responsible for the fruity, mushroom-iike flavor, whereas the (S)-antipode exhibits a
moldy, grassy note, reminiscent of mushrooms, but less intensive [95]. A racemic mixture,
however, is still potent enough to be used as flavoring substance in mushroom products.
Due to the uniformly high optical purity of 1-octen-3-ol in natural systems the investigation
of the configuration can be used to detect such adulterations of mushroom-based pro-
ducts by addition of chemically synthesized 1-octen-3-ol.

Odd-numbered alkan-2-ols and their esters are contained as volatile constituents in many
fruits. The (S)-enantiomer of heptan-2-ol has been identified as major component in
blackberries [34]. In contrast to 1-0cten-3-0l, however, the optical purity of alkan-2-ols in
plants cannot be generalized; there are other natural systems, such as passion fruits or
bananas, where alkan-2-ols are not present in optically pure form but as mixtures of
enantiomers (Tab. 11.4.—6). These ratios vary depending on the chain lengths of the alco-
hols. This phenomenon is even more pronounced in corn [34]. As shown in Table 1.4.-7
heptan 2-of is mainly present as (R)-enantiomer; with increasing chain length the propor-
tion of the (S)-antipode increases. A similar distribution of enantiomers has been found in
coconuts [34].
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Table 11.4.-6 Naturally occurring configurations of alkan-2-ols and alkan-2-yl esters in
passion fruits [33] and bananas [30, 96}

Passion Fruit Banana
yellow purple
(R) (S) (R) (S) R S)
Pentan-2-ol 3% 67% -b -b
Heptan-2-ol 14 % 86 % 92 % 8% 39 % 61 %
(2)-4-Hepten-2-ol -8 -8 26 % 74 %
2-Heptyl esters -2 100 % - - 100 %

a = not contained, b = not determined

Table I.4.-7 Enantiomeric ratios of secondary alcohols in corn varieties [34]

Secondary alcohols Bonanza Golden Bantam Golden Jubilee
(S) (R) S ®) S R)
Heptan-2-ol 26 % 74 % 25 % 75 % 13 % 87 %
(£)-4-Hepten-2-ol 24 % 76 % 11 % 89 % 13 % 87 %
Octan-2-ol 28 % 72 % 28 % 72 % 11 % 89 %
Nonan-2-ol 48 % 52 % 35 % 65 % 27 % 73 %
Decan-2-ol 63 % 37 % 43 % 57 % 24 % 76 %
Undecan-2-ol 77 % 23 % 98 % 2% M % 59 %

The biogenesis of methyl ketones can be explained by modified B-oxidation of fatty acids
[33]. Reductions of methyl ketone precursors by xerophilic fungi have been used as
model systems to study the stereospecificity of the last step of the formation of secondary
alcohols. The obtained enantiomeric ratios indicate the presence of at least two chain
length specific oxidoreductases with different enantioselectivities [34].

In contrast to the free alcohols, alkan-2-yl esters in passion fruits and bananas are present
in optically pure form (Tab. 11.4.—6). The enzyme catalyzed esterification of secondary
alcohols in fruits is characterized by high enantioselectivity. The presence of opposite
enantiomers of heptan-2-ol in the two passion fruit varieties and the exclusive esterifi-
cation of the (R)-antipode to (R)-alkan-2-yl esters in the purple fruits are a basis for a
differentiation of the two varieties [33]. Bananas, on the other hand, contain the (S)-con-
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figurated esters [30]; these (S)-enantiomers exhibit the typical fruity, estery notes [97]. The
enzymes involved in the strictly enantioselective esterification of secondary alcohaols in
fruits are not known as yet. Ester syntheses catalyzed by commercially available lipases in
organic solvent have been investigated as model systems to get more insight into this
process [98, 99].

3.2 Hydroxyacid Esters

Hydroxy- and acetoxyacid esters are typical constituents of various tropical fruits. Ethyl
3-hydroxyacid esters have been identified in passion fruit and mango [100, 101]; the
corresponding methyl 3-, 4-, and 5-acetoxyacid esters are prominent constituents of
pineapples [102, 103]. Enantiomeric ratios determined in various fruits by capillary GC
separations of MTPA- and PEIC derivatives are listed in Tables 11.4.-8 and 11.4.-8.

Table H.4.—8 Enantiomeric compositions of 3-hydroxyacid esters in tropical fruits [33]

Ethyl Ethyl
3-hydroxybutanoate 3-hydroxyhexanoate
R ) R )
Yeliow passion fruit 18 % 82 %
Purple passion fruit 69 % 31 %
Mango 78 % 22 %
Purple passion fruit 85 % 15 %

Table 1.4.~9 Enantiomeric compositions of hydroxy- and acetoxyacid esters in pine-

apple [31, 33]

Pineapple R) (S)
Methyl

3-hydroxyhexanoate 9% 91 %
Methyl

3-acetoxyhexancate 7% 93 %
Methyl

5-acetoxyhexanoate 21 % 79 %
Methyl

5-acetoxyoctanoate 47 % 53 %
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The almost inverse enantiomeric ratios of ethyl 3-hydroxybutanoate and ethyl 3-hydroxy-
hexanoate in purple passion fruits are similar to those obtained by reduction of the cor-
responding oxoprecursors by baker's yeast. The combination of enzyme purification
steps and gas chromatographic chirality investigations revealed that two enzymes with
different enantioselectivities and different substrate specificities, the so-called (R)- and
{S)-enzymes, compete for the substrate in the course of the reduction of 3-oxoacid esters
by baker’s yeast [104]. Incubation of pineapple tissue with oxoacid esters revealed that
the optical purities of the hydroxyacid esters formed depend on the chain lengths of the
substrates [88]. This indicates a competition of oxidoreductases in plant systems compa-
rable to baker’s yeast.

if chiral compounds are present in natural systems as mixtures of enantiomers rather than
in optically pure form, the constancy of such enantiomeric ratios is an essential premise
for further use of this criterion in the evaluation of the “natural” origin of a flavoring sub-
stance. In pineapples subjected to postharvest ripening at room temperature over a
period of five days the concentrations of chiral hydroxy- and acetoxyacid esters increased
considerably, their enantiomeric compositions, however, remained nearly unchanged [88],
(Fig. 1.4-9).

3.3 y- and 6-Lactones

Chirality investigations of hydroxy- and acetoxyacid esters may be considered as esoteric
fundamental research; investigations of the related y- and &-lactones, however, are of
greatest practical importance. These compounds contribute significantly to the aroma of
many fruits; coconuts, peaches, apricots and nectarinegs are prominent examples [41,
108—-110]. Due to their flavor and aroma qualities they are widely used as flavoring mate-
rials. The tremendous efforts made to establish capillary gas chromatographic methods
for investigations of their optical purities (described in the first part of this chapter) reflect
the significance of this class of compounds. Applications of these procedures to lactones
isolated from natural systems revealed a high diversity of naturally occurring configura-
tions; for some lactones ratios of enantiomers identified in various foods are summarized
in Table 11.4.—10. The results are rather complex: there are lactones occurring in optically
pure form, some exhibit a significant excess of one enantiomer and others are present as
almost racemic mixture.

Investigations of different oak woods revealed the presence of varying ratios of cis/trans
isomers of 3-methyl-4-octanclide (the so-called “quercus” or “whisky” lactone); their con-
figurations, however, are always 3S,4R (trans) and 3S,4S (cis), respectively [85, 107].
v-Decalactone and y-dodecalactone are contained as optically pure (R)-enantiomers in
strawberries [44, 85].

In other fruits, such as mangos, peaches and nectarines, only an excess of the (R)-enan-
tiomer was determined for y-decalactone. §-Octalactone is mainly present as (R)-enantio-
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Fig. I1.4.-9 Concentrations and enantiomeric compositions of chiral pineapple
constituents at different stages of ripeness

mer in coconut, in pineapple, however, it is contained as almost racemic mixture. Investi-
gations of nectarines demonstrated that the enantiomeric compositions of lactones remai-
ned nearly unchanged during the maturation period [34].

Mixtures of lactone enantiomers in natural systems may be rationalized by the complexity
of their biogenesis. Addition of labelled precursors revealed that three independent path-
ways, (@) reduction of 5-oxoprecursors, (b) chain elongation of 3-hydroxyhexanoate, and
(c) hydration of {Z)-4-octenoic acid are involved in the biosynthesis of -octalactone in
pineapple [88]. If different enzymes competing for a common substrate or different path-
ways leading to the same product exhibit inverse enantioselectivities ratios of enantiomers
rather than optically pure compounds can finally be obtained.
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Table I1.4.—10 Naturally cccurring enantiomeric compositions of y- and é-lactones

Fruit v-Hexalactone Ref. Fruit 5-Octalactone Ref.
R) (S) R (S)

Pineapple 85% 15% [31] Pineapple 56 % 44 % [31]

24% 76 % [88] 51% 49 % (88]

20% 80% [88] 53% 47 % [88]

Mango 45% 55% [109] Coconut 92 % 8 % [32)

86% 14 % [30]
Nectarine 86% 14 % [34]

Fruit v-Decalactone Ref. Fruit 5-Decalactone Ref.
R (S) R) )

Mango 72% 28% (105 Mango 89% 11% [105]

Strawberry 100 % - (44] Coconut 85% 15% [32]

[85] 1% 29% [30]

Peach 89% 11% [106] Nectarine 95 % 5% [34]

Nectarine 90% 10% (34]

3.4 Conclusions

If chiral aroma compounds, such as 1-octen-3-ol, are generally present in natural systems
in optically pure form or at least with high enantiomeric excess, determinations of their
configurations can be applied to detect the use of chemically synthesized, racemic flavor-
ing substances. If chiral constituents occur as mixtures of enantiomers the following
aspects have to be considered before conclusions concerning the natural origin of
flavoring material can be drawn:

{a) What are the possible ranges of enantiomeric ratios? Examples presented in this
chapter demonstrate that optical purities of chiral volatiles can be rather independent from
the stage of maturity or ripeness. This has to be verified for other classes of compounds
and other plant systems. Possible variations of optical purities depending on origin, variety
or technological processing have to be determined.




171 Analysis of Food Ingredients

{b} If (nearly) racemic mixtures of chiral compounds occur naturally, e.g. d-octalactone in
pineapple, the proof of an adulteration is even more difficult. A natural system containing
such racemic mixtures can always be claimed as the source which had been used to iso-
late the flavoring substance. In such cases gualitative and quantitative data concerning
the aroma profiles are additionally required.

{c) Biotechnological procedures leading to optically pure enantiomers are of increasing
importance in the industrial production of chiral flavoring compounds. As long as fermen-
tations starting from natural sources are applied the products obtained are to be conside-
red as “natural”; biotransformations of chemically synthesized intermediates, however,
lead to “nature-identical” compounds. This material might be used to adjust the optical
purity of flavoring compounds to the “correct”, naturally occurring enantiomeric ratios; the
proof of such an adulteration would be difficuit.
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1.5 High Molecular Weight Compounds
R. Hardt

1 Introduction

Gas chromatography (GC) is a well established method in the analysis of volatile low
molecular weight compounds in food. Especially, capiliary gas chromatography (HRGC) is
the method of choice in many problems of food analysis, because of its extremely high
separation efficiency. Compounds to be analyzed by GC have to be volatile without
decomposition. Many food components, however, have high molecular weights or low
thermal stability. This chapter outlines the possibilities for the analysis of such compounds
by HRGC.

2 Theoretical Aspects
2.1 High Temperature Gas Chromatography

In general, the volatility of chemical compounds is decreased with an increase in mo-
lecular weights. Consequently, elevated temperatures have to be used in the GC of high
molecular weight compounds. The limiting factors in high temperature gas chromatog-
raphy (HTGC) are the maximum cperating temperatures of the GC and the capillary col-
umn, as well as the thermal stability of the compounds to be analyzed. The development
of metalclad fused silica columns coated with cross-linked and chemically bonded sta-
tionary phases of high thermal! stability allows operation at temperatures as high as 500
°C[1, 2], and 430 °C using columns with a high temperature polyimide coating. Recently,
some manufacturers of gas chromatographic equipment offer instruments which are
capable of column oven temperatures up to 520 °C.

Such elevated temperatures have been used in the gas chromatographic analysis of long
chain hydrocarbons, which are of relatively high thermal stability, however, less stable
compounds, such as many food ingredients, may thermally decompose at temperatures
required for their elution.

2.1.1 Injection Techniques

The sampling of high molecular weight compounds requires careful attention in order to
avoid quantitative sample losses. Low discrimination sample introduction is now generally
achieved using techniques such as cold on-column and PTV injection systems. In con-
trast the split injection has a reputation of showing severe discrimination of high-boiling
compounds. However, Dawes and CumMBERS {1] have shown, that split injection can be
used in HTGC of high molecular weight compounds (n-alkanes up to Cgg) without discri-
mination when compared to the cold on-column technigue.
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Significant losses of compounds above n-Cg, have also been observed with programmed
temperature splitless injection, when the PTV inlet is purged too soon after injection.
HinsHaw and ETTRe [3] have demonstrated, that a split flow turn-on time of one minute
leads to a significant discrimination of high-boiling substances above Cg,. The pattern of
discrimination shifts towards higher carbon numbers as the split turn-on time increases.
The results for PT spilit injection and cold on-column injection were equivalent to +5 %.

PTV injectors contain a glass liner packed with some material (e.g. silanized quartz wool)
to provide efficient transfer of liquid sample from the syringe to the injector. Recently a
new injection system for HTGC, the Septum-equipped Programmable Injector (SP) has
been developed [4]. This injector contains an especially designed glass insert, which
allows operation in a mode analogous to on-column injection. However, a special syringe
needle is not required in PTV injection technique, and automatic injection is readily
achieved with many types of autosamplers.

Some problems may arise in the analysis of high molecular weight substances with an on-
column injector by non-volatiie sample by-products. For these the use of an uncoated,
deactivated pre-column, a so-called retention gap, is generally recommended. The pre-
column prevents the capillary column to be contaminated by low volatie residues.
Furthermore, the use of a retention gap reconcentrates the solute bands at the beginning
of the coated column [5]. Band length must be as short as possible at the beginning of
the chromatographic process to fully utiize the separation efficiency of the capillary
column {6].

The risk of column contamination is diminished by using a PTV injector. Non-volatile resi-
dues are accumulated in the removable liner instead of in the capitlary column itself.

2.1.2 Chromatographic Conditions

Not only may the chosen injection technigue lead to quantitative sample losses, but also
the chromatographic conditions. The exposure of thermally labile sample molecules to the
elevated operating temperatures in HTGC raises the possibility of rearrangement or
decomposition reactions during the chromatography. The probability of such thermal
reactions decreases with lower temperatures and shorter exposure times of the sample to
high temperatures.

Analysis time and elution temperature may be affected by varying the following parame-
ters [3, 6]: column length and diameter, polarity and thickness of the stationary phase,
carrier gas velocity, and the temperature program of the oven. All of these parameters
have to be optimized to obtain the desired degree of resolution power in combination with

an as short as possible analysis time. Relatively short columns with thin apolar fims have ’
been used successfully for a large number of HTGC analyses. HinsHaw and ETTRE [3]
have investigated thermal effects in the column for a series of pure triglycerides by varying
the temperature program rate and initial carrier gas velocity. The elution temperature of a
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compound is increased significantly by higher program rates and lower gas velocities.
However, little effect on triglyceride recoveries was observed by changing the temperature
programming rate. In contrast, changing the initial gas velocity from 30 to 125 cm/s had
a significant effect on recoveries of the later eluting peaks, as shown in Figure I1.5.—-1. Gre-
atly improved recoveries were obtained at the higher gas velocity. The described effect
was independent of the injection technique chosen. Equal recoveries were observed for
PT split, PT splitless, and cold on-column injection. Decomposition reactions while traver-
sing the column may be the reason for these sample losses, although expected baseline
fluctuations caused by elution of breakdown products were not observed.

2.2 Derivatization

Chemical derivatization is a very useful tool for the manipulation of samples when the boi-
ling points of the components are too high for HTGC, or there are polar functional groups
present that prevent chromatography due to strong intermolecular hydrogen bonding.
This method is not only used to increase the volatility of sample components, but also to
enhance their thermal stability. The sensitivity of a chromatographic method may be signi-
ficantly improved by adding functional groups that allow the use of specific detectors
such as electron capture. Furthermore, chemical derivatization may improve the separa-
tion of components that are not easily differentiated in the underivatized sample such as
isomeric compounds. The improvement of peak symmetry by derivatization of active
species such as hydrogen atoms leads to an increase in response. Derivatization reac-
tions for GC mainly involve esterification, alkylation, or silylation [7]. Some examples for
this method will be presented later in this chapter.

2.3 Chemical Decomposition

The direct analysis of extremely high molecular weight compounds such as proteins and
polysaccharides by GC is impossible. These large molecules must be broken down to
smaller products before GC can be attempted. In most cases polymeric substances are
chemically broken down into their monomeric units. Enzymatic degradation techniques
may also be used. The decomposition products can then either be directly analyzed by
GC, or if necessary after a chemical derivatization step.

2.4 Pyrolysis

In pyrolysis, high molecular weight compounds to be analyzed are thermally fragmented
in an inert atmosphere to form products of lower molecular weight and higher volatility.
This method has been widely used in the analysis of synthetic polymers and biological
materials. Irwin [8] has given an excellent overview upon the different pyrolysis techniques
and their applicability. Pyrolysis methods can be classified to two major groups depen-
ding upon the heating mechanism, either the continuous mode or the pulse mode.
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Fig. 11.5.-1 Synthetic triglyceride standard at low and high linear velocities. A 125 cm/s
B 30 cm/s {3].
Conditions: 7 m x 0.25 mm Al-clad fused silica WCOT, coated with high
temperature methylsilicone (0.15 um). Temperature: 50 °C initial, 10 °C/min
to 420 °C. Carrier gas: He. Injection: PTV, 50 °C initial, 440 °C final, split
flow: 50 ml/min. Detector. FID, 450 °C.

[

ey

Fig. 1.5.—2 Curie-point pyrolysis unit for mounting in front of the GC-injector [16].

1 GC, 2 injector, 3 septum, 4 high frequency induction coil, 5 solenoid valve,
6 PTFE carrier gas tube, 7 T-connection, 8 glass pyrolysis chamber, 9 stain-
less steel injection needle, 10 ferromagnetic conductor.
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In continuous mode systems such as microreactors or furnace pyrolyzers the sample
container is heated by an external source normally a metal tube which is energized by an
electrical resistive heating device. A common method is to introduce the sample, usually
up to milligram amounts in a “boat”, into the tube free from wall contact.

The two most common techniques in the pulse mode are resistive heating of a platinum
filament (heated-filament pyrolysis), or inductive heating of a ferromagnetic conductor
(Curie-point pyrolysis). In both methods the sample, usually in the microgram or sub-
microgram range, is coated directly onto the wire, which is heated to the equilibrium tem-
perature in just some milliseconds.

In pyrolysis gas chromatography (PyGC), the sample to be analyzed is thermally fragmen-

ted into a stream of an inert carrier gas, and the reaction products are passed directly into

a gas chromatographic column where they are separated. Under the following conditions,

the structure of the fragments obtained correlates closely with the structure of the starting

material [9, 10]:

1. The fragmentation of the sample must be carried out in such a high dilution and the
fragments so quickly stabilized that no undesirable secondary reactions occur.

2. The sample must be heated to a constant pyrolysis temperature as quickly and as
reproducibly as possible.

3. The pyrolysis temperature must not be too high, since non-characteristic fragments
can otherwise be preferentially formed.

The above conditions are satistied by Curie-point pyrolysis GC in a nearly ideal manner
[9-15]. In this method a ferromagnetic conductor in contact with the sample is heated in
20 to 30 milliseconds inside a low dead volume glass pyrolysis chamber which is located
along the axis inside a high frequency coil. The power consumption of the conductor
depends on the magnetic field inside the coil, the radius, specific resistance, and magne-
tic permeability of the conductor, as well as the frequency applied. Owing to the drastic
change in the magnetic permeability of the ferromagnetic conductor at the Curie-point,
the energy input drops at this temperature. If the energy loss of the conductor above the
Curie-point is equal to or larger than the energy uptake from the field. the conductor will
warm up only to that temperature. By using conductors of different materials the Curie-
point can be varied from 300 to 900 °C.

Figure 11.5.~2 shows schematically a Curie-point pyrolysis unit (Model 310, Fischer Labor-
und Verfahrenstechnik, Meckenheim b. Bonn, F.R.G.) attached to a GC. The ferromagne-
tic conductor coated with the sample is placed into a glass pyrolysis chamber equipped
with a stainless steel injection needle. For pyrolysis, the needle is inserted through the
septum of the GC injector in such a way that the conductor is centered axially in the high
frequency induction coil which is fitted to the injector. By switching a solenoid valve carrier
gas can be passed through a PTFE tube connected to the pyrolysis chamber. Pyrolysis
time is variable in a range from 0.2 to 10 seconds.
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Pyrolysis gas chromatography may be used as a fingerprint technique for the material stu-
died, or as a method in the structural elucidation of organic compounds, as wel! as in the
qualitative and quantitative analysis of mixtures. The pyrolysis gas chromatogram of a
defined mixture can be obtained by adding together the signals of pyrograms of the indi-
vidual components. The coupling of capillary gas chromatography with mass spectrome-
try (MS) or Fourier transform infrared spectroscopy (FTIR) is an attractive analytical tool for
the separation of pyrolysis products and the subsequent determination of their structures.

3 Applications
3.1 Lipids

Recent reviews on HRGC applied to lipid analysis have been published by TRAITLER [17]
and MaRes [18]. Therefore, only some important applications will be discussed in this
chapter.

3.1.1 Triglycerides

Triglycerides containing higher molecular weight fatty acid groups such as stearic or oleic
acid belong to the least volatile compounds in food which have been analyzed directly by
gas chromatography. in contrast to the analysis of fatty acid methyl esters, GC of
triglycerides not only enables the analyst to obtain information upon nature and amount of
the fatty acids present in a fat or oil but aiso on their distribution in the component
triglyceride.

Some years ago, only apolar stationary phases could be used in the GC of triglycerides
because of the high temperatures (over 300 °C) needed for their elution. On apolar
columns, the GC separation of triglycerides is based on the difference in carbon number.
During the past few years thermally stable stationary phases (50 % phenyi-/50 % methyl-
silicone) have been developed, so that resolution is now achieved not only by carbon
number, but also by a further refined separation which is related to the degree of
unsaturation. Polarity increases relative to the total number of double bonds present in a
triglyceride molecule. As a result, those triglyceride molecules with a high proportion of
double bonds have the fongest retention times (19, 20]. Using capillary columns with such
stationary phases, the triglycerides of a fat or oil can be separated in less than 30 minu-
tes. For example, Figure [1.5.—3 shows the analysis of the triglycerides of a butter fat, and
Figure I1.5.-4 the chromatogram of a peanut oil, respectively. As is Clearly demonstrated,
triglycerides of the same carbon number are eluted within a group, but with a further sep-
aration according to the number of double bonds.

Mass spectrometry is a very efficient tool in the structure determination of triglycerides.
This method aliows the identification of the fatty acids present in a triglyceride as well as




183 Analysis of Food Ingredients

2
0
"
9“\‘
)
1
% g ¢
\l a Tso
N
h T T R
. o 2

0 29 min
Fig. 11.5.-3 Analysis of butter fat triglycerides [19].

Conditions: 25 m x 0.25 mm armoured fused silica WCOT, coated with TAP
(0.10 pm), Chrompack. Temperature: 280 °C (1 min) initial, 3 °C/min to
335 °C. Carrier gas: H,, 100 kPa. Injector. on-column. Sample: 0.2 l of
0.05 % butter fat in hexan. Detector. FID.

Peak identification: 1 cholesterol, 2 PPP, 3 PPS, 4 PPO, 5 PSS, 6 PSO,
7 POO, 8 SSS, 9 SSO, 10 SO0, 11 O0O0. P = palmitic acid, S8 = stearic
acid, O = oleic acid

the elucidation of the position of the acid groups [21-27]. Here one has to consider that
co-eluting trigylcerides may lead to misinterpretations. It seems to be impossible to totally
separate all the triglycerides, that can be present in a fat or oil, because of the muttitude
of possible triglyceride molecular species. If only the 10 most common fatty acid groups
are considered, a complete analysis would require the separation of up to 550 different
triglycerides.

GC of triglycerides is suitable as a method in the investigation of the purity of fats and oils,
and in the qualitative and quantitative analysis of fat mixtures. As an example, cocoa but-
ter can be distinguished from cocoa butter substitutes, even when the substitutes are
composed of mixtures having nearly the same composition of fatty acids [28, 29]. Typical
gas chromatograms of cocoa butter and some different substitutes using an apolar
column are shown in Figure 11.5.—5. The better separation of cocoa butter triglycerides of
the same carbon number on a more polar stationary phase is demonstrated in Figure
11.5.-6.
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Fig. 1L.5.—4 Analiysis of peanut oil triglycerides {20].

Conditions: 25 m x 0.25 mm WCOT, coated with RSL-300 (0.1 um), Alltech.
Temperature: 340 °C initial, 1 °C/min to 360 8C. Carrier gas. H,, 0.8 bar.
Injector: H.O.T. cold on-column. Sample: 0.2 pl of 0.05 % peanut oit in iso-
octan. Detector. FID.

Peak identification. P = paimitic acid, $§ = stearic acid, A = arachidic acid,
Be = behenic acid, Lg = lignoceric acid, O = oleic acid, L = linoleic acid, Ga
= gadoleic acid.
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Fig. 11.5.-5 Triglycerides of cocoa butter A and cocoa butter substitutes. Calvetta B, Sal
fat C, llexao D. From [30].
Conditions: 8 m x 0.3 mm glass WCOT, coated with OV-101. Temperature:
330 °C isothermal. Carrier gas. H,, 0.5 bar. Injection: split 1:10.

Thermal degradation of fats has practical importance because it takes place in cooking
and food processing. The pyrolytic behaviour of triglycerides was investigated by several
authors [32—-39]. The intention of these works was primarily to determine, which products
are formed by heating triglycerides in the absence of air, or to get information on the
degradation mechanisms. In some cases the triglycerides have been heated for several
hours, and the pyrolysis products formed were analyzed by GC using packed columns. In



Analysis of Food Ingredients 186

T50 752 Ts4
T48
L 034 D36

I 1
0 30 min

Fig. N.5.-6 HTGC of cocoa butter triglycerides [31].
Conditions: 25 m x 0.25 mm fused silica WCOT, coated with TAP (0.1 um),
Chrompack. Temperature: 340 °C initial, 1 °C/min to 365 °C. Carrier gas: H,
100 kPa. Injector: cold on-column. Detector: FID, 380 °C. Sample: 0.1 ! of
0.05 % cocoa butter in pentane.

Curie-point pyrolysis HRGC of tristearin nearly 90 pyrolysis products could be identified
[40]. Figure 11.5.—7 shows the pyrograms of tristearin obtained at different pyrolysis tem-
peratures. The most prominent pyrolysis products identified by mass spectrometry are
homologous series of 1-alkenes and n-alkanes with 1-heptadecene (a) and n-heptade-
cane (b) as the homologs with the highest chain length, and stearic acid (c). The fragment
with the highest degree of structural information is 2-propenyl stearate, a compound
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Fig. I.6.=7 Curie-point pyrolysis HRGC of tristearin at different pyrolysis temperatures
[40].
Conditions: Fischer Curie-point pyrolyzer Mod. 310. Pyrolysis time: 10 s.
Sample: 10 ug of tristearin. 256 m x 0.25 mm glass WCOT, coated with SE-
30 (0.19 um), Chrompack. Temperature: 40 °C (5 min) initial, 3 °C/min to
270 °C. Carrier gas: He, 2 ml/min. Injector. split-/splitless-injector, 300 °C,
1 min splitless. Detector: FID, 300 °C.
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containing the parent acid as well as the three carbon atoms of the glycerol part of the tri-
gylceride molecule. By means of these fragments, the identification of a mixed triglyceride
should also be possible. Whether or not the position of the fatty acids in the glyceride
molecule can be determined by PyGC, as it is possible by mass spectrometry, is still a
question. Aldehydes, alkylfurans, alkylbenzenes, and some different bi- and tricyclic
aromatic hydrocarbons belong to the pyrolysis products detected in smaller amounts. All
of these fragments are already formed at a pyrolysis temperature as low as 300 °C. This
temperature is exceeded in HTGC of triglycerides, so that thermal decomposition reac-
tions may also occur using this method.

3.1.2 Sterois

In many cases HRGC of sterols is an excelient method in the characterization of fats and
fat mixtures. Adulterations of animal fats with vegetable fats, and vice versa are easily
detectable. Mixtures of vegetable fats are also testable [41]. For analysis, the sterols are
being extracted from a fat after an initial saponification. Thin layer chromatography, liquid
chromatography, or lipophilic gel chromatography have been used as subsequent clean-
up procedures [42, 43]. The extract containing the sterols can directly be analyzed by GC,
or after derivatization of the OH-groups. Figure 11.5.—8 shows the chromatogram of a mix-
ture of free plant sterols, and Figure 11.5.-9 that of TMS derivatives of sterols in tuna olive
oil.

3.2 Proteins, Peptides, and Amino Acids

Direct gas chromatography of proteins is impossible, because of their extremly high
molecular weights, extensive hydrogen bonding, and ionic character. Proteins must be
reduced to their component amino acids by acidic or basic hydrolysis, before GC can be
attempted. The carboxyl as well as the amino groups of the amino acids must be deri-
vatized to achieve sufficient volatility and stability for GC analysis. Modification of the car-
boxyl groups to their propyl or butyl esters, and derivatization of the amino groups using
trifluoroacetic (TFA), heptafluorobutyric (HFB), or acetic anhydride, is a common method
{41, 42].

At the present time amino acid analyzers and high-performance liquid chromatography
(HPLC) methods are predominantly used in the determination of the amino acid compo-
sition of food, while GC is only of secondary importance. However, HRGC is excellently
suitable in the separation of the optical isomers of amino acids. Figure 11.5.~10 shows the
GC separation of the enantiomers of 19 amino acids using a chiral phase capillary
column.

The thermal fragmentation of amino acids was investigated in detail by severat authors.
Already in 1965 SIMON and GIACOBBO showed in one of their fundamental papers on
Curie-point pyrolysis GC, that the naturally occurring amino acids can be identified on the
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Fig. 11.5.-8 Analysis of a mixture of free plant sterols [44].

Conditions: 15 m x 0.25 mm fused silica WCOT, coated with DB-1701 (0.15
um), J&W. Temperature: 260 °C isothermal. Carrier gas: H,, 55 cm/s. Injec-
tor: split. Detector. FID.

Peak identification. 1 brassicasterol, 2 campesterol, 3 stigmasterol,
4 3-sitosterol.
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Fig. 11.5.~9 TMS-Derivatives of sterols in tuna olive oil {45].
Conditions: 15 m x 0.22 mm fused silica WCOT, coated with CP-Sil 8 CB
(0.12 um), Chrompack. Temperature: 240 °C isothermal. Carrier gas. Hy,
130 kPa. Injection: split 1:60. Detector. FID.
Peak identificatior: 1 cholesterol, 2 24-methylenecholesterol, 3 campesterol,
4 stigmasterol, 5 B-sitosterol, 6 sitosterol, 7 65-avenasterol, 8 &7-stigmaste-
rol, 9 &7-avenasterol, 10 erythradiol, 11 uvaol.
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Fig. 11.56.-10 HRGC analysis of amino acids (TFA/isopropy! esters) [46].

Conditions: 25 m x 0.22 mm fused silica WCOT, coated with Chirasil-L-
VAL (0.12 pm), Chrompack. Temperature: 75 ° (3 min) initial, 3 °C/min to
195 °C. Carrier gas: H,, 90 kPa, 48 cm/s. Injector. split, 30 ml/min, 220 °C.
Detector. FID, 220 °C. Sample: 0.05 ul, 1—2 ng/component.

Peak identification: 1 DL-ALA, 2 DL-VAL, 3 DL-THR, 4 GLY, 5 DL-«-ILE,
6 DL-PRO, 7 DL-ILE, 8 DL-SER, 9 DL-LEU, 10 DL-CYC, 11 DL-ASP,
12 DL-MET, 13 DL-PHE, 14 DL-GLU, 15 DL-TYR, 16 DL-ORN, 17 DL-
LYS, 18 DL-ARG, 19 DL-TRP. D-enantiomer elutes first.

basis of their pyrograms. They used 30 to 50 m long GoLAY columns to separate the
pyrolysis products. The fragments observed in the pyrolysis of amino acid mixtures were
also formed in the fragmentation of the corresponding dipeptides, but the relative inten-
sities of the signals were affécted by the peptide linkage [9]. The coupling of PyGC with
mass spectrometry enabled the identification of the pyrolysis products [10, 12], and infor-
mation about the fragmentation mechanisms could be obtained by pyrolysis radio gas
chromatography of "“C- and 3-H-labelled amino acids [10].

important pyrolysis products of amino acids with alkyl or aryl residues are the correspon-
ding nitriles, formed by decarboxylation of the amino acids and subsequent dehydration
of the resulting amines. Alkanes and alkenes, representing the alkyl residues, as well as
aldehydes and ketones have also been found in the pyrolyzates of aliphatic amino acids
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[12, 47-49]. On pyrolysis of aromatic amino acids, the fragmentation of the aromatic
nucleus is negligible [12, 50]. Nitrogen-containing heterocyclic compounds, such as
pyridines, piperidines, and pyrroles belong to the pyrolysis products of lysine [51].

3.3 Carbohydrates and Related Compounds

3.3.1 Mono-, Oligo-, and Polysaccharides

Carbohydrates belong to the main ingredients in food of plant origin. Different methods
are used in their analysis, especially enzymatic analysis, HPLLC, and GC particularly in the
determination of mono- and ofigosaccharides. Enzymatic analysis is well established and
specific, but the specificity can be a drawback when several sugars are to be assayed. In
such cases this method becomes time consuming and expensive. GC and HPLC are
more common in the qualitative and quantitative analysis of complex carbohydrate mixtu-
res. Since carbohydrates have a low volatility and lack thermal stability, they have to be
derivatized prior to GC analysis, however chemical derivatization of the hydroxyl groups is
not required in HPLG. HRGC is much more sensitive than HPLC with refractive index (Ri)
detection, as well as the separation power of HRGC is higher when compared with HPLC
152}

Before analysis, polysaccharides, which are often used as thickening agents in food, must
be decomposed to their monomeric units enzymatically or by acid hydrolysis. Pyrolytic
methods have also been used with success for the characterization of polysaccharides.

3.3.1.1 HRGC of Volatile Derivatives

Ditferent techniques have been applied to obtain derivatives of carbohydrates having vola-
tility and stability high enough for GC analysis. For example, sugars have been converted
to their methyl ethers, acetates, trimethylsilyl (TMS) ethers, or triflucroacetates. Anomeri-
zation of reducing sugars may lead to multiple peaks, and can complicate the chromato-
grams. Co-eluting peaks make quantitative analysis difficult as well. A simplification of the
chromatograms can be achieved by sodium borohydride reduction of the carbonyl group
of reducing sugars to form the corresponding alditols, which can be analyzed as their
TMS derivatives or acetates, although information may be lost because some sugars yield
the same alditol [41, 42, 53].

Low and SPorNs [53] described a method to separate and quantitate most of the di- and
trisaccharides composed of glucose and fructose moieties found in honey. The oligosac-
charides in honey, representing approximately 3 % of the total sugars, can consist of
more than twenty different di- and trisaccharides. At least twelve closely related di- and
seven trisaccharides were successfully identified and quantitated employing a combina-
tion of reduction and trimethylsilylation. Figure 11.5.~11 shows the capillary gas chromato-
gram of the disaccharides, and Figure I1.5.-12 that of the trisaccharides in an alsike honey
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Fig. 11.5.-11 HRGC of the disaccharides in an alsike honey sample [53].

Conditions: 30 m x 0.25 mm fused silica WCQOT, coated with DB-5, J&W.
Temperature: 210 °C (12 min) initial, 2 °C/min to 290 °C. Carrier gas: He,
27 cm/s. Injection: split 1:30, 300 °C. Detector. FID, 300 °C.

Peak identification: 1 sucrose, 3 neotrehalose, 4 cellobiose, 5 laminari-
biose, 6 turanose and nigerose, 7 maltulose and turanose, 8 maltose and
maltulose, 9 kojibiose, 10 gentiobiose, 11 palatinose, 12 isomaltose and
palatinose.

sample. Most of the disaccharides could be indentified and quantitated directly. An
exception was the disaccharide maltulose in which both reduction peaks were found to
overlap, with the glucitol peak identical to the maltose reduction peak, and the mannitol
peak overlapping with the glucitol peak of turanose. The separation of these overlapping
peaks was made possible using isothermal conditions at 250 °C. Therefore two injections
were necessary for the quantitation of all disaccharides present in this honey.
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Fig. 11.5.-12 HRGC of the trisaccharides in an alsike honey sample [53].
Temperature. 290 °C isothermal. Other conditions as in Figure 1.5 -11.

Peak identification: 2 isopanose, 3 erlose, 4 theanderose, 5 maltotriose,
6 panose.

Procedures for the simultaneous determination of a wide variety of monosaccharides ran-
ging from five-carbon atoms through nine-carbon atoms and consisting of neutral, alco-
hol, and amino sugars have been described by GUERRANT and Moss [54]. Neutral and
amino sugars were analyzed as their aldonitrile acetates, while alcohol sugars were
simultaneously derivatized as alditol or cyclitol acetates. Aldonitrile acetate derivatives
have been used instead of alditol acetate derivatives because of easier preparation,
greater stability, and good chromatographic separation. In addition, neutral and amino
sugars were derivatized as O-methyloxime acetates, with alcoho! sugars as alditol or
cyclitol acetates.

ScHERZ and MERGENTHALER [55] have reviewed the analytical methodology for the determi-
nation of polysaccharides, used as thickening agents in foods. After isolation and purifi-
cation, the polysaccharides are chemically degraded to their monomeric units by acid
hydrolysis. The monosaccharides can then be identified and quantitated by gas chroma-
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Fig. I.5.-13 HRGC of the monomeric units of some polysaccharides, used as thicke-
ning agents in food {57].
a locust bean gum, b gum arabic, ¢ agar, d pectin.
Conditions: 35 m x 0.3 mm glass WCOT, coated with SE-30. Temperature:
120 °C initial, 4 °C/min to 190 °C. Carrier gas. N,, 1.5 mi/min. Injection:
split 1:20, 250 °C. Detector. FID, 250 °C.
Peak identification: 1 isoerythrit (internal standard), 2 3 6 arabinose,
4 5 rhamnose, 156 32 33 glucuronic acid, 16 20 28 29 galacturonic
acid, 21 23 mannose, 22 26 27 30 galactose, 35 sorbitol (internal stan-
dard), A B C 6-methyigalactose.
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tography preferably as their aldonitrile acetates. Using this derivatization method, each
monosaccharide leads to a single peak in the chromatogram.

Polysaccharide mixtures having identical sugar units, but differing in their linkages can be
identified by means of methylation analysis [55, 56]. Such mixtures are methylated prior to
hydrolysis, and the resulting methyl sugars are separated and identified by GC as their
aldonitrile acetate derivatives.

Preuss and THIER [57, 58] have presented an analytical method for fast and simple isola-
tion of natural thickeners and gums from a great variety of foods and the subsequent
quantitative determination by HRGC. Methanolysis was used instead of hydrolysis to
decompose the polysaccharides. The methylglycosides formed were analyzed as their tri-
methylsilyl ethers. Figure I1.5.—13 shows the capiliary gas chromatograms of the monome-
ric units of four different food thickeners analyzed by this method.

3.3.1.2 Pyrolysis

Heating of sugars leads to the formation of brown polymeric substances and a large num-
ber of volatile degradation products having a great aroma potential. 1,4:3,6-Dianhydro-D-
glucopyranose, furans, aldehydes, ketones, diketones, and aromatic hydrocarbons
belong to the main pyrolysis products of D-glucose [59]. HEyns and KLEr [60] have
shown, that on pyrolysis at 300 to 500 °C for a short period of time, different mono-,
oligo-, and polysaccharides give the same volatile degradation products. They suggested,
that all of these compounds form similar polymeric intermediates by degradation,
dehydration, and condensation reactions, which undergo a secondary thermal fragmen-
tation.

JOHNSON et al. {61] found, that the volatile products from sucrose pyrolysis and from an
aqueous acid-stannous chloride degradation of glucose are similar in composition, which
suggest some similarity in reaction mechanisms. Prev et al. [62] investigated systemati-
cally the amount of reaction water and of volatile organic fragments formed from D-glu-
cose at different pyrolysis conditions. Results supported the assumption that the polyme-
ric product being formed must consist of furan compounds.

In Curie-point pyrolysis HRGC-MS of different mono-, oligo-, and polysaccharides more
than 125 fragmentation products could be identified [63]. Furan derivatives belong to
the most concentrated decomposition products at a pyrolysis temperature of 700 °C.
VAN DER KAADEN et al. [64] investigated the influence of inorganic additives to the pyro-
lysis mixture by Curie-point pyrolysis MS and Curie-point pyrolysis HRGC-MS of amy-
lose. Carbonyl compounds, acids, and lactones were released from alkaline and neutral
mixtures. Furans and anhydrohexoses are especially formed under neutral and acidic
conditions. Pyranones have been found as being specific for phosphate matrices.
Unsaturated hydrocarbons and aromatic substances arise from strongly alkaline or
dehydrating matrices.
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Identification of a single food thickener is possible by pyrolysis HRGC-MS [65]. Selected
ion monitoring of peaks at m/z 60 (acids), 88 (ethyl esters), 81 (furans), 95 (pyranes), 108,
and 126 were used 1o reveal differences between the tested polysaccharides. Many of
the identified pyrolysis products were present in the pyrograms of all investigated food
thickeners, but the differences in quantities of various compounds could be used in the
identification of the polysaccharides. However, accurate analysis of a mixture of food
thickeners was not achieved by this method.

HELLEUR [66] has shown that under optimum pyrolysis conditions polysaccharides will
preferentially depolymerize by a transglycosidation reaction forming stable anhydro sugar
products. The stereo-configuration of the initial saccharide units were thus retained. The
anhydro sugars formed by pyrolysis were resolved on a capillary column and identified by
mass spectrometry. It was found that uronic acid-containing polysaccharides required the
carboxylate functional group to be protonated in order to obtain structurally-significant
pyrolysis products.

3.3.2 Caramel Colours

Caramel colours are brown food colourings, produced by heating sugars in the presence
of browning accelerators. On the basis of the accelerators used, the following classes of
caramel colours are recognized [67]:

Class | CP: Caramel Colour (Plain). Spirit Caramel, Non-ammonia Caramel
Class Il CCS: Caramel Colour (Caustic Sulphite Process)
Class I AC: Ammonia Caramel Colour, Beer Caramel

Class IV SAC: Sulphite Ammonia Caramel, Soft Drink Caramel, Acid Proof Caramel

At the present time gel filtration is used most often for the detection of caramel colours
in foodstuffs. This procedure, however, is not specific and therefore cannot be employed
on food containing brown compounds with high molecular weight naturally.

Curie-point pyrolysis HRGC-MS enables the differentiation between the four classes of
caramel colours on the basis of the most concentrated of more than 100 identified pyro-
lysis products [68, 69]. Figure 11.5.—14 shows the pyrograms of caramel colours of class
I, I, and V. The pyrogram of a caustic sulphite caramel colour and the mass fragmen-
togram of m/z 64 (SO,, M) are presented in Figure 11.5.—15. Sulphur dioxide is the main
pyrolysis product of caramel colours of class Il and V. The pyrolyzates of caramel colours
of class I, ll, and IV contain primarily furans and furanones, while nitrogen-containing hete-
rocyclic compounds, especially pyrazines, dominate the pyrograms of ammonia caramel
colours. These compounds can also be found in lower amounts in the pyrolyzates of sul-
phite ammonia caramels. Their main precursors are polyhydroxyalkylpyrazines, which are
ingredients of ammonia and sulphite ammonia caramels [70].
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Fig. I.L5.-14 Pyrolysis-gas chromatograms of caramel colours, class |, I, and IV (top to

bottom) [68].

Conditions: Fischer Curie-point pyrolyzer Mod. 310. Pyrolysis temperature:
600 °C. Pyrolysis time: 10 s. Sample: 100 ug of caramel colours. 30 m x
0.25 mm fused silica WCQOT, coated with DB-210 (0.25 pm), J&W. Tem-
perature: 40 °C (5 min) initial, 3 °C/min to 210 °C. Carrier gas: He, 35 cm/s.
Injector. split-/splitless-injector, 250 °C, 1 min splitless. Detector. MS. loni-
zation: El, 70 eV.

Peak identification: 19 pyrazine, 20 pyridine, 27 methylpyrazine, 32 2,5-
and 2,6-dimethylpyrazine, 40 furan-2-carboxaldehyde, 45 2-cyclopentene-
1-one, 55 2-acetylfuran, 56 benzaldehyde, 62 5-methylene-2(5H)-fura-
none, 63 5- and 6-methylpyrazine-2-carboxaldehyde, 685 5-methylfuran-
2-carboxaldehyde, 83 2(5H)-furanone, 92 2-pyridinecarbonitrile, 95 furan-
2,5-dicarboxaldehyde, 100 5-hydroxymethylfuran-2-carboxaldehyde.
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Fig. I1.5.-14 Pyrolysis-gas chromatograms of caramel colours, class 1, ll, and IV (top to

bottom) (continued)
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Fig. 1.5.-15 Pyrolysis-gas chromatogram and mass fragmentogram of m/z 64 (SO,, M")
of a caramel colour, class Il [68].
Conditions: 30 m x 0.32 mm fused silica WCOT, coated with DB-210
(0.50 um), J&W. Other conditions as in Figure I1.5.—14.

Peak identification: 23 1-hydroxy-2-propanone. Other peaks as in Figure
1.5.-14.

The detection of caramel colours in liquid foodstuffs such as vinegar. brandy. and soft
drinks is also possible by Curie-point pyrolysis HRGC-MS after isolation of the polymeric
ingredients of the colourings by ultrafiltration {7 t]. Curie-point pyrolysis of non-ammonia
caramels and of caramel syrups, produced by heating sugars in the absence of browning
accelerators, leads to the same degradation products. Such caramel syrups are used in
foods because of their typical aroma. Light brown carame! syrups can be differentiated
from caramel colours of class | CP on the basis of quantitative differences of some pyro-
lysis products, while extremely dark brown products, having an unpleasent aroma, yield
the same fragments in nearly the same amounts as non-ammenia carame! colours [72].
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4 Conclusions

Techniques as HTGC, chemical derivatization, chemical decomposition, or pyrolysis
enable analyses of high molecular weight or thermally labile compounds by high resolution
gas chromatography. When compared with HPLC, a method often used in the analysis
of such compounds, HRGC offers more separation power and, using short capillary
columns, a faster analysis time. The specificity and sensitivity of the detection techniques
available are important factors in the choice of a chromatographic method. In this respect,
GC has a clear advantage over HPLC. On the other hand, HPLC can be faster and more
accurate, when hydrolysis or derivatization procedures are not needed. SANDRA and DAVID
[73] have clearly illustrated the possibilities of different chromatographic techniques for a
selected application.

Advantages of pyrolysis when compared to chemical degradation techniques are speed
and simplicity of the method, and the low amount of sample needed, usually in the micro-
gram range. However, chemical degradation can be the better method, when decompo-
sition to the monomeric units is possible, and quantitative results are needed. MCKNIGHT
HALKET and SCHULTEN [74] have described the analytical application of direct pyrolysis field
ionization-mass spectrometry and Curie-point pyrolysis GC-MS to various whole food-
stuffs. This methodology provides precise information from the sample in an extremely
short period of time without any need of sample preparation, and offers great potential
for the rapid characterization of foodstuffs and raw materials.
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Hl.1 Pesticide Analysis
C. First

1 Introduction

Pesticides are chemically and biologically active substances directed against animal-,
vegetable- and microbiological pests. They are not only used for pests of cultivated
plants, but also against those pests, which directly threaten the health of man and
animals. Moreover, pesticides are employed against rodents, snails, household- and
storage pests.

Pesticides mainly function to increase the vyields in the production of agricultural goods
and to inprove their quality. In addition, they are of great health protection importance,
especially in tropical and subtropical areas where they are applied to kill mosquitoes
which carry malaria, Hence, pesticides not only help to augment food production around
the world, but also save thousands of human lives.

Unfortunately, some pesticides do not break down very quickly and remain in the
ecosystem for a long time. This is especially true for some lipophilic insecticides, like DDT
and HCH, which over a period of years have accumulated in food chains. Although ban-
ned in North America and Europe in the 1970s, these compounds can still be determined
in many food samples in~ludir, . “uman milk.

Newer and more effective pesticides break down more quickly reducing the chance of
possible accumulation in organisms. Albeit ecologically more safe, these newer pesticides
may still lead to residues in foods, especially if the withdrawal period between application
and harvest has not been adhered to or the applied pesticide concentration was initially
oo high.

It is estimated that 500 to 600 different pesticides are used world-wide [1]. Depending on
their biological activity and application, they may be classified into the following important
classes:

— insecticides

- fungicides

— herbicides

— acaricides

- nematocides

— rodenticides

- fumigants

— plant regulators

Besides these pesticides, residues of other compounds have gained public interest in the
past few years. This is for example the case for halogenated cleansing solvents, like
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tetrachloroethylene or halogenated carboxylic acids, and the increasing group of various
environmental contaminants.

It is obvious that the huge number of potential residues makes analysis more difficult
because in most cases the history of the sample to be analyzed is not known to the
analyst.

2 Extraction

To effectively control residues of pesticides below maximum residue limits or to check for
substances which are banned, it is necessary to use multiresidue procedures instead of
methods which are only specific for a single compound. A simplified scheme of such mul-
tiresidue procedures as used for analysis of pesticides and also for the determination of
veterinary drugs in foodstuffs of animal origin is depicted in Figure 111.1.-1 [1].

Extraction Acetone Acetonitrile
l,d S |
|
Water
Partitioning Water Org. Phase
Org. Phase

!
Lo .,_.;.,JT l |

Clean-up Column Gel Permeation Sweep Co Other
Chromatogr. Chromatography Distill. Methods
T ) ]
o 1 I i

Determination { GC { GC/Mg‘] ( HPLC Others

Fig. IIl.1.—=1 Simplified scheme for muitiresidue procedures [1]

Some substances undergo metabolism or are bound to tissues or cell walls. This is
especially important for the analysis of pharmacologically active substances, which may
have been transformed into glucuronides and sulfates or show a strong binding to
proteins [2]. For the hydrolysis of these conjugates and bound residues and the release of
the genuine active compounds, mostly enzymatic methods, which are milder than acid or
alkali treatments, are used.




209 Analysis of Residues and Contaminants

Compared with samples of animal origin, hydrolysis of metabolites in vegetables or fruits
is normally of less importance. Only those pesticides, which penetrate into the interior of
the cells are transformed to a certain degree {1]. This was reported e.g. for the widely
used herbicides 2.4-dichlorophenoxyacetic acid, linuron, diuron and the fungicide
pentachiorophenol [3—5].

When choosing a solvent for extraction, some important aspects should be considered.

solubility of the active substance of interest

solubility of naturally occurring compounds (water, fat, proteins and carbohydrates)
behaviour of the foodstuff towards the solvent

toxicity
Common solvents for extraction in order of increasing polarity are:
dichloromethane < acetone < ethyl acetate < acetonitrile < ethanol < methanol

For residue analysis methods in particular, it has proved very worthwhile to extract active
substances by homogenizing the sample with polar organic solvents. For the analysis of
acidic or basic compounds it is important to adjust the pH to a value where the substan-
ces of interest are largely non-dissociated prior to analysis.

Amphoteric compounds show the lowest water solubility at the isoelectric point and
should be extracted with an organic solvent at the corresponding pH-value.

In principle, it is possible to perform residue extraction of pesticides with water-soluble
(acetone, acetonitrile, methanol) or water-insoluble solvents (ethyl acetate, dichiorome-
thane, diethyl ether). The latter have the advantage that the majority of sample ingredients
remain in the water phase, which facilitates further clean-up steps. The disadvantage of
these solvents is that, because of their lipophilic properties, they cannot penetrate into the
interior of cells where hydrophilic conditions are predominant. This leads to poorer
recoveries of biologically adsorbed residues bound to proteins.

During the extraction of food samples the possible formation of intractable emulsions may
become very problematic. This can clearly be demonstrated by homogenizing liver with
dichioromethane, which results in a creamy consistency making further clean-up impos-
sible [6].

Toxicity is an additional criterion, which should be considered when choosing a solvent.
For health reasons, solvents, like chloroform or benzene should be avoided.

From the above considerations, it follows that there exists no ideal solvent. But two
solvents, acetone and acetonitrile, come very close to being idea! and thus are widely
used for residue analysis. Due to their polar properties and their excellent water solubility,
they are able to penetrate into the interior of tissues usually leading to high recoveries for
active substances with only minor co-extraction of unwanted plant or tissue materials.
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Because both solvents denature proteins and only marginally dissolve carbohydrates, this
kind of extraction is already combined with a first clean-up step.

However, when working with acetonitrile all procedures should be performed in a fume
hood because this solvent might also be harmful to one’s health.

Using acetone or acetonitrile, water is also extracted from the sample. This may easily be
removed by saturation with sodium sulfate followed by addition of dichloromethane. In
this way high recoveries can be obtained even for active substances, which have high
water-solubility 7, 8].

When analyzing lipophilic compounds, which are mainly stored in fatty tissues, the first
step normally consists in extraction of the lipid together with the substances of interest,
followed by a clean-up step to remove the fat. This applies to the determination of
organochlorine pesticides, such as DDT, HCB and HCH as well as for most halogenated
environmental poliutants.

3 Clean-up

The choice of a clean-up procedure is dependent on the type of detection system to be
used for the analytical determination. Normally investigations employing combined gas
chromatography-mass spectrometry (GC-MS) require less extensive clean-up steps than
analyses with a gas chromatograph equipped with an electron capture detector.

The following clean-up procedures are mostly used in residue analysis:
— adsorption column chromatography

— gel permeation chromatography

— sweep co-distillation and

- liquid/liquid-partitioning

3.1 Adsorption Column Chromatography

In the scientific literature a multitude of clean-up procedures based on adsorption column
chromatography have been described. THiER and FREHSE give an actual comprehensive
review on the various feasibilities with respect to residue analysis [1].

Common adsorbants are Florisil, alumina, silica gel in different modifications and charcoal.

Because of the introduction of mini cartridges, like Sep-Pak, Bond-Elut or Baker car-
touches, a scaling down of purification steps has been possible in the past few years.
Due to the minimal space required and the extensive accessories commercially available,
these cartridges also offer the advantage that large sample sets can be worked up at the
same time. This explains inter alia the increasing importance of these systems especially
in water analysis.
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Using adsorbants, one should always be aware of the possibility of different separation
properties depending on the lot. Because most separations are carried out within a
narrow range of conditions, it is absolutely necessary to recheck the elution profile with
standard compounds when working with a new lot. It should also be noted that condi-
tions optimized for a material from one manufacturer in most cases cannot be adopted
without qualification for a product from a second manufacturer although the adsorbants
seem to be the same.

Despite all the restrictions mentioned, adsorption column chromatography is the clean-up
procedure most widely used in residue analysis. This is also because it is possible using
suitable conditions not only to remove the majority of unwanted co-extractives but also to
fractionate the compounds of interest into several eluates of different polarity, which faci-
litates the subsequent analytical determination.

SPecHT and TiLLKES describe a multiresidue procedure for the analysis of lipid- and water-
soluble pesticides in food- and feeding stuffs of vegetable and animal origin (8]. The key
step of this method is the fractionation of a crude extract on a mini silica gel column con-
taining only 1 gram adsorbant. Using various solvents of increasing polarity, one obtains
up to seven eluates of 10 ml each. In this way, for example, polychlorinated and polybro-
minated biphenyls are separated from most of organochlorine pesticides thus reducing
the possibility of false positives and making quantification easier. Elution data for more
than 400 active substances have been reported so far [8]. Another major advantage of
this procedure is that it provides efficient identification and determination even of those
compounds which cannot be separated on a capillary column, provided they show a dif-
ferent elution profile on the mini silica gel column.

3.2 Gel Permeation Chromatography

Gel permeation chromatography (GPC) is a very mild and universal clean-up procedure
sometimes also described as size-exclusion chromatography. GPC mainly separates
according to molecular weight in which exclusion size is dependent on the gel material.
Clean-up procedures using GPC have been reported for the analysis of pesticides [7-10],
environmental contaminants [11—-13} as well as for residues of pharmaceutically active
substances in foodstuffs (6, 14, 15].

Whereas Bio-Beads S-X3 (Bio-Rad), a copolymer of styrene and 3 % divinyl benzene with
a mesh size of 200—400, is mostly used for pesticide and environmental analysis,
Sephadex gels are preferred for the determination of pharmaceutically active substances.

A major advantage of GPC is the possibility for automation. The GPC AUTO PREP 1001
{Analytical Biochemistry Laboratories, Inc.) which is widely used in residue analysis is
equipped with 23 sample loops each containing a volume of exactly 5 ml. With this instru-
ment one may clean-up 23 samples unattended overnight.
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It had previously been considered as a disadvantage that at least 7—8 ml of sample have
to be injected onto this system to overcome the dead volume between injection valve and
sample loop. This involves a considerable loss of extract potentially leading to a poorer
sensitivity because the sample loops can only take up 5 ml. This problem can be over-
come by using an injection technique according to NORSTROM et al. [12]. Actually, this
technique requires several sample loops per extract, which reduces the total number of
specimens automatically cleaned up overnight. But this restriction is of minor importance
in particular for the analysis of environmental poliutants in the ppt and ppg range where
it is absolutely necessary to minimize potential losses during the clean-up in order to
achieve a sensitive analytical determination.

To establish the elution times of the compounds from the GPC-column, elution profiles for
the active substances as well as for extracts of foodstuffs to be analyzed must be deter-
mined. Once the elution profile of the active substances is known, fractionation using a
very narrow volume range can be carried out in order to remove as many co-extractives
as possible.

After changing columns, elution profiles have to be rechecked because swelling of the gel
is highly dependent on the lot. But even appyling crude extracts, a GPC-column normally
survives several thousand analyses.

3.3 Sweep Co-Distillation

Sweep co-distillation (SCD) is a relatively fast and simple method suitable for a multitude
of different compound classes [16—18]. It is mainly used for the residue analysis of vege-
tables.

The principle of this technique consists in first condensing an extract as a thin layer on an
inert material in a specific column. The volatile compounds are then stripped off from the
condensate either by injection of solvent or by addition of inert gas and collected in a cold
trap. In most cases this technique yields very clean extracts because only volatile com-
pounds are recovered.

The only restriction is that substances, which are volatile but degrade cannot be analyzed
by means of sweep co-distillation.

Compared to the milder, but more time-consuming gel permeation chromatography,
sweep co-distillation has its benefits when quick results and conclusions are required.
This is especially true for regulatory pesticide analysis as part of import control.

3.4 Liquid/Liquid-Partitioning

Ligud/liquid-partitioning is based on the different solubility of compounds in two non-mis-
cible solvents. For a better partitioning, the solvents may be saturated with the
corresponding partner.
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Separatory funnels used for liquid/liquid-partitioning in residue analysis should be equip-
ped with inert stopcocks, such as teflon or PTFE. If only glass stopcocks are available,
one must not lubricate, but only moisten them with a droplet of water.

Because liquid/liquid-partitioning is very fabor- and sometimes time-consuming, especially
when emulsions are formed, their importance in residue analysis decreases in favor of the
above mentioned procedures.

Exceptions are, however, the analysis of acidic and basic substances, which can be easily
separated from the matrix by means of acid/alkaline partitioning. This was reported for the
fungicide pentachlorophenol and chlorinated phenoxy carboxylic acids widely used as
herbicides [19, 20]. In both cases, the separation of the active substances from the majo-
rity of the matrix was performed using a borate buffer pH 10.

Partitioning an extract between an organic layer, like hexane and sulfuric acid is a special
case of liquid/liquid-partitioning [21, 22]. This is a highly effective procedure to degrade
and remove lipids from PCBs and other lipophilic compounds, such as polychlorinated
dibenzodioxins and dibenzofurans.

In contrast, such pesticides as dieldrin and methoxychlor are not stable under these
conditions and therefore are also degraded.

Summarizing, it can be stated that for the clean-up of food extracts a variety of feasibilities
are reported in the scientific literature. Depending on the type of sample and active sub-
stance to be analyzed, these procedures should be combined like modules to give
extracts as clean as necessary or possible.

Robots constitute the latest development in sample extraction and clean-up. Recently
MEs reported on the use of a robot for analysis of organochiorine pesticides and poly-
chiorinated biphenyls (PCBs) in milk [23]. In this case, the robot performs the complete
extraction and clean-up procedure, from weighing samples through fractionation of orga-
nochiorine pesticides from PCBs by use of adsorbant silica column chromatography. The
final extract can directly be applied to gas chromatographic analysis. Compared with
manual extraction and clean-up, the precision of the procedure was pretty much the
same. This approach will certainly be more ubiquitious in the future because robots can
operate unattended and thus make a high sample throughput possible.

4 Detection

Depending on the type of active substance to be analyzed, various detectors are avai-
lable. For residue analysis, the following detectors are most important:

— electron capture detector (ECD)
- nitrogen-phosphorus detector (NPD, TID, PND, N-FiD)
- mass selective detector (MS, MSD, lon Trap)
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Besides these, further detection systems, such as flame photometric detectors (FPD) for
selective identification and determination of sulfur- and phosphorus-containing substan-
ces as well as electroconductivity detectors (e.g. Hall detector) for the determination of
nitrogen-, sulfur- or halogen-containing compounds are occasionally used.

4.1 Electron Capture Detector

Introduction of the electron capture detector (ECD) in the early sixties substantially contri-
buted to the importance of gas chromatography in residue analysis [1, 24—26]. Because
of an extreme sensitivity for halogenated compounds, it has been classically used for the
determination of organochlorine pesticides and polyhalogenated pollutants.

However, the ECD response is not only dependent on the type and number of halogen
atoms, but also on their position in the molecule. This may probably lead to difficulties
when quantitating complex mixtures like PCBs, because the various isomers of a given
group can not be calculated by using the same response factor. For this, a precise quan-
titation can only be achieved when the actual substance of interest is available as a refe-
rence standard, and therefore a calibration can be performed.

in case of polychlorinated and polybrominated biphenyls (PCBs, PBBs), this is almost
impossible because only a very limited number of distinct isomers is commercially avaifa-
ble. With respect to these two classes of environmental pollutants, the difficulties just
mentioned, may be overcome by using a flame ionization detector for an intermediate
quantification. This will be explained in detail in the chapter on contaminants (lll. 2).

Analyzing samples of vegetable origin, compounds to be determined may occasionally be
superimposed by matrix compounds of the plant, which are normally present at a large
surplus. This is especially true for esters and sulfur-containing compounds typical of
onions and garlic, which, due to their high concentration, also give a signal on the ECD.

Another group of compounds showing strong ECD signals are phthalates widely used as
plasticizers. In these cases, further clean-up steps or other detection systems such as
combined gas chromatography-mass spectrometry (GC-MS) should be used to differ-
entiate between active substances and matrix compounds.

Despite this limited selectivity, the ECD is still the most important detector in residue ana-
lysis because it shows not only a high sensitivity for halogenated compounds, but also for
nitro- and thiophosphate-containing phosphoric acid esters.

Further relevant uses for ECD are the analysis of halogenated solvents, disinfectants and
cleansing agents. Examples are the determination of tetrachloroethylene in fatty food
samples [27] and the analysis of halogenated carboxylic acids in beer and sparkling wine
(28].
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4.2 Nitrogen-Phosphorus Detector

Because of its high sensitivity for phosphorus- and nitrogen containing compounds, the
nitrogen-phosphorus detector (NPD, TID, N-FID) is the detector of choice for the analysis
of organophosphorus pesticides and triazine herbicides. Moreover, it is best suitable for
the determination of nitrogen containing pharmaceutically active substances in foodstuffs.
In contrast to the ECD, this detector belongs to the highly selective ones [24-26).
Although simpler constructed than the ECD, the nitrogen-phosphorus detector normally
demands more “fine tuning” from the analyst when optimizing detector conditions.

Important criteria for an optimum sensitivity and a high selectivity are the temperature of
the alkali salt bead, its distance from the nozzle and the ratio of hydrogen and air. The
change of this ratio shifts selectivity and sensitivity towards nitrogen or phosphorus
containing compounds.

Due to the high selectivity of nitrogen-phosphorus detectors, normally no extensive clean-
up steps are necessary when analyzing food extracts.

However, despite the high selectivity and use of capillary columns, it should be mandatory
to perform the chromatographic analysis on two capillaries of different polarity. This
should be part of quality assurance in residue analysis.

4.3 Multidetection Systems

information from residue analyses performed on electron capture and nitrogen-phospho-
rus detectors complement one another. Therefore the two detectors are occasionally
used in parallel [29-31]. This can be achieved by splitting the carrier gas at the end of the
capillary column and directing it simultaneously onto the two detectors or by mounting the
NPD on top of the ECD. In the second case this is possible because the electron capture
detector works without degradation of the compounds.

Figure I1.1.—2 shows a schematic diagram of the multidetection system proposed by
DeLeu and CopPN [29]. In this case, an ECD is connected in series with a nitrogen specific
detector (NPSD) and a sulfur specific detector is used in parallel. A '/, zero dead volume
tee with special adapters is used for splitting of the effluent. Using this technique, one
gains a high degree of information on the probable cccurrence of various compound clas-
ses by only performing one injection.

4.4 Combined Gas Chromatography-Mass Spectrometry

In the past few years, combined gas chromatography-mass spectrometry (GC-MS) has
become a powerful tool in residue analysis. This technigue provides the analyst not only
with full mass spectral information important for structure elucidation of unknown com-
pounds, but also with high sensitivity and selectivity for selected ion monitoring (SIM) nor-
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Fig. lIl.1.-2 Configuration of the multidetector system according to Deleu and Copin [29]
1 ECD; 2 SSD; 3 NPSD; 4 Dead volume coupling

mally employed in trace analysis. Moreover, current technology has led to a considerable
price reduction. Application of menu driven and user-friendly software made operation
easier. The best examples are the introduction of mass selective ~ [32] and ion trap
detectors [33].

In principle, two different modes of GC-MS operation can be distinguished:
— Acquisition of full mass spectral data (Full Scan)
— Mass fragmentography {selected ion monitoring (SM) or multiple ion detection (MID))

4.4.1 Full Scan

In the case where the identification of unknown peaks is needed, it is normally necessary
to acquire complete mass spectra. Especially with respect to residue analysis, it can be
often observed that, when using multiresidue procedures with ECD or NPD, signals are
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detected whose retention times do not correspond with those of reference compounds
even if hundreds are available. In this case, GC-MS analysis leads to important informa-
tion if the peak in question is an active substance or an interfering matrix compound,
which because of a high concentration also gives a signal on the above mentioned detec-
tors.

Besides the identification of unknown compounds, combined gas chromatography-mass
spectrometry may also serve well for confirmation of resuits. Depending on the concen-
tration of the compound in question and equipment available, this can be achieved either
by mass fragmentography or acquisition of complete mass spectra. For example, if ioni-
zation is performed in the electron impact mode (El), the conventional and most widely
used ionization technique, analysis requires approximately 1-10 nanogram to record a
complete mass spectrum. Hence, this mode can only be applied to compounds occur-
ring at relatively high levels.

On the other hand, if resuits, which were obtained with highly sensitive detectors, like
ECD and NPD, have to be confirmed, the concentration, which is sometimes only in the
low picogram range is normally too smail to acquire a complete mass spectrum in the El-
mode. In this case, confirmation of results may be performed using either mass fragmen-
tography or with the aid of other ionization technigues, such as chemical ionization.

Chemical ionization belongs to the so-called soft ionization techniques [34]. During the
analysis a constant stream of reagent gas, mostly methane or iso-butane, flows into the
source of the mass spectrometer. Whereas electron impact ionization is normally perfor-
med at a source pressure of 10 ® to 1077 torr, the addition of reagent gas results in a
source pressure of approximately 10 torr, ideal for chemical ionization. Because of the
large excess, the reagent gas is ionized at first, and in turn ionizes the analytes eluting
from the column into the mass spectrometer. The resulting mass spectra in most cases
show an intense molecular ion and only very little fragmentation. Using chemical ioniza-
tion, it is often possible to determine the molecular weight of substances for which the
molecular ion is not obtainable in the electron impact mode due to their instability under
the latter ionizing conditions.

If compounds contain electron-withdrawing substituents, chemical ionization can result in
the formation of negative ions caused by resonance electron capture (NCI). This pheno-
menon can be observed from the analysis of halogenated pesticides, which under suita-
ble conditions yields high ion currents making a very sensitive NCI determination possible.
For some compounds, only picogram amounts are needed to acquire a complete mass
spectrum. In practice, special equipment is required for recording negative ions.

However, the major advantage of this technique is that compounds with a suitable
structure can be determined with high selectivity and extreme sensitivity. The increasing
importance of NCl-measurements in residue analysis can be attributed to the above men-
tioned facts.
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4.4.2 Selected lon Monitoring

With the aid of selected ion monitoring (SIM), often also called selected ion recording {SR)
or multiple ion detection (MID), quantification of trace residue levels can selectively be
achieved by combined GC-MS. This technique is preferentially used when the substances
to be determined are already known. For this purpose, the mass spectrometer is
employed as a mass selective detector.

A prior knowledge of the mass spectra of substances to be analyzed is the basic requi-
rement for SIM analyses. Characteristic ions are then chosen from the spectra. With
regard to high sensitivity and selectivity, fragments showing intense relative abundances
and ions with a high mass-to-charge ratio are of special interest. During the analytical run
only a few selected fragments and not complete mass ranges are recorded. This techni-
que leads to an enhanced sensitivity because the scan time for each fragment is consi-
derably longer. Moreover, clean chromatograms are normally obtained because only
those compounds are determined, which contain at least one of the specific fragments
chosen for analysis.

5 Specific Applications of Capillary Gas Chromatography

Whereas in former years many packed columns were necessary when dealing with resi-
due analysis, more than 90 % of the problems refated to residues of pesticides and con-
taminants, which are accessible by gas chromatographic analysis, can be investigated
using only three columns of different polarity today. For almost all compounds it has
proven feasible to perform the analysis on a nonpolar as well as on a medium polar
column because of their refatively high maximum operation temperature. However, more
polar compounds, like phencls or alcohols, may require the use of polar columns.

The introduction of cross-linked and chemically bonded fused silica columns has not only
facilitated the handling of capillary columns, but also improved their thermostability and
reduced the ability of column bleed. Hence, these column types are preferred in residue
analysis. In any case, it should be noted that the life-time of columns can be prolonged by
placing water- and oxygen traps in the carrier gas lines.

High numbers of routine analyses make automation necessary. Modemn laboratory data
systems not only control automatic liquid samplers, but also process the raw data from
integrators and store the results for future calculations or statistics. For this, gas chroma-
tographs can be operated unattended even ovemight, a basic requirement for a high
sample throughput.

The following examples illustrate the use of capillary columns in combination with different
detectors in residue analysis.

No emphasis has been given on a systematic classification of active substances. This is
described in detail elsewhere [1, 35-37]. The reader is also referred to the papers publis-
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hed by the Food and Agriculture Organization (FAO) of the United Nations [38]. These
papers, named “Pesticide Residues in Food” comprise the results of the annual joint mee-
tings of the FAO panel of experts on pesticide residues in food and the environment and
the WHO expert group on pesticide residues with respect to all aspects related with pesti-
cides.

Comprehensive reviews, progress reports and archival documentations are also included
in the “Reviews of Environmental Contamination and Toxicology”, the continuation of the
former "Residue Reviews” [39].

5.1 Insecticides

Organochlorine pesticides (OCP) comprise lipophilic and persistent compounds, such as
DDT, hexachlorocyclohexane (HCH), aldrin, dieldrin and heptachlor. These active sub-
stances belong to the early generation of synthetic organochlorine compounds, which
played a significant role as insecticides in pest control over the past 30-50 years. Due to
their lipophilic properties and high persistency, these pesticides bicaccumulate in food
chains and therefore have been banned in almost all countries of the western world.
Nevertheless, residues and metabolites of these compounds can still be determined in
various food samples, and especially in human milk.

Residue analysis of organochlorine pesticides is mostly performed by capillary gas chro-
matograhy on two columns of different polarity with electron capture detection (ECD).

Figure II1.1.—3 shows the gas chromatographic separation of a human milk extract on a
SE-30/52 and an OV-1701 column, respectively [40]. The organochlorine pesticides were
separated from PCBs according to the multiresidue procedure of SPECHT and TILLKES
[7, 8]. The effluent stream from the SE-30/52 column was split and directed to an ECD
and TID, which were placed in paraliel. In this way, one obtains important structure-spe-
cific information from the compounds in addition to their retention times.

It can be seen that oxychlordane and cis-heptachlorepoxide are only partly resolved on
the SE-30/52 column. Their simultaneous presence could, however, be confirmed by
analysis on the OV-1701 column, which unequivocally separates both compounds. At the
end of the analytical run, a computer program integrates the signals and perfoms the
identification of the compounds by comparing their measured retention times with identi-
fication times of corresponding reference standards stored in a calibration file [40]. Finally,
a compressed report including the name of the compound, its actual retention time (RT)
and identification time (ID-TM) as well as the concentration measured on both columns is
printed out (Fig. Hl.1.—4).

This mode of operation represents a valuable aid for the analyst. However, it does not
replace his expertise in interpreting the results.
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Fig. IIl.1.-3 Gas chromatographic separation of a human milk extract on a 50 m SE-30/

52 and OV-1701 column, respectively [40]
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RESULT FILE:/DATA/LOOP/RESULT/MBO23.RES
RESULT FILE:/DATA/LOOP/RESULT/0B0Z23.RES

RT(30/52) 1ID-TM  MG/KG  RT(1701) 1ID-TM  MG/KG NAME

11.70 11.72 .093 12.33  12.35 .100 BETA-HCH

12.03 12.04 .011 8.46 8.48 .013 GAMMA-HCH

13.04 -13.0 .481 12.70  -12.7 .481 EPSILON-HCH (ISTD)

18.21 18.23 .076 14.44 14.45 .077 CIS-HEPTACHLOREPOXIDE

18.33 18.31 .027 13.48 13.49 .025 OXYCHLORDANE

20.52 20.49 .046 17.18  17.17 .047 TRANS-NONACHLOR

21.16 21.11 .104 17.70  17.74 .108 P.P.DDE

25.68 25.72 .047 24.73 24.74 .052 P.P.DDT

32.04 31.95 .599 30.84 30.87 .636 DIETHYLHEXYLPHTHALAT
Fig. lll.1.-4 Compressed report of a human milk analysis for residues of organochlorine

pesticides [40]

Identification of compounds based on their absolute retention times may become probie-
matic if columns are aging or have to be shortened due to deposits of nonvolatile com-
pounds at the column inlet. For this reason, several attempts have been made to develop
specific index standards that offer similar feasibilities in residue analysis as n-alkanes,
which serve as a basis for the Kovats-index system for FID measurements {41, 42].

Recently MANNINEN et al. reported on the synthesis of a homologous series of alkylbis-
(trifluoromethyliphosphine sulfides (M-series), which have the specific label atoms at one
end of a hydrocarbon chain [43].

The structure of these compounds is shown in Figure 11.1.—5. Because these substances
are thermally stable and give responses on flame ionization-, nitrogen-phosphorus-, flame
photometric- and electron capture detectors, they ideally serve as universal retention
index standards. Application of the muitidetector retention index standards (MDRI) to the
residue analysis of a sweet pepper sample on a dual channel GC system is demonstrated
in Figure 1l.1.—6 [43].

FPD
ATD | PD
“ S -

I
CF3 — IP - (CHZ)I”I_ CH3

foCFy

ECD FID
Fig. Il.1.-5 Structure of alkylbis(triftuoromethyliphosphine sulfide
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Fig. lll.1.-6 Gas chromatographic separation of a sweet pepper sample on a dual chan-
nel GC system [43]
Mg—M, © Index standards with even carbon numbers Cg—Cyg
6 = alpha endosulfan; 7 = beta endosulfan;
8 = endosulfan sulfate

Peaks marked Mg through M., are the index standards with even carbon numbers
(Cs—C.o) and peaks 6, 7 and 8 represent three pesticides (alpha-endosulfan, beta-
endosulfan and endosulfan sulfate), which were determined in this sample. Identification
of the compounds was achieved by applying the cubic spline retention index method

[44].
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Complete systems comprising dual channel GCs and a data station which is capable of
controlling an autosampler as well as identifying compounds based on the multidetection
retention index standards are now commercially available [45].

An elegant method of analyzing one extract on two capiltary columns of different polarity
consists in application of two-dimensional gas chromatography [31, 46-50].

STaN et al. reported on the analysis of about 100 halogenated and organophosphorus
pesticides [31] and 57 organophosphorus pesticide residues in food [46], using two-
dimensional gas chromatography with pneumatic column switching according to DEANS
51, 52]. '

The principle of this technique, also called “live chromatography'', consists in changing
the direction of the effluent flow between columns by means of make-up gas generated
by activation of external valves. The system works with slight pressure differences adjusted
by two make-up gas lines between the two ends of a T-piece. Compounds separated on
the first column can either be directed to the detector or further analyzed with a second
column.

Application of this technique to the analysis of several organophosphorus pesticides is
depicted in Figure Ill.1.-7.

v
i
~

3.58
34

11.54
1

35

o

~l

CUT [P BACK

Fig. Nl.1.~7 Two-dimensional gas chromatography (SP 2100 and OV-225) of organo-
phosphorus pesticides [46]
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It ilustrates the identification of six organophosphorus pesticides, which are not comple-
tely separated on the first column (SP 2100). Hence, this group was cut out from the mix-
ture by directing the effluent to the second column of different polarity (OV-225). The cut
procedure is indicated by the striped box. After the last peak in question had been trans-
ferred 1o the second column, the backflush was activated in order to prevent co-elution
with late eluting substances from the first column. Identification of the compounds is
finally achieved by comparing their total retention times with those of standard com-
pounds.

If pesticides exceed regulatory maximum residue limits, confirmation of the results should
be performed using a different detection system such as GC-MS.

Figure 1l1.1.—8 shows total ion chromatograms of an orange extract obtained from three
GC-MS runs with different ionization modes [53]. In this case, ECD and NPD analysis
revealed the presence of the phosphoric acid ester, chlorpyrifos. GC-MS-analysis was
employed to ensure that the peak really is the above mentioned insecticide and not a
matrix compound, which due to an excess amount also generates a signal on the ECD.
The peak of interest is marked by an asterisk. it is interesting to compare the height of this
peak as a function of the ionization technique applied. It can be clearly seen that the peak
in question shows the highest response in the NCI chromatogram. From this, one might
already deduce that this signal most likely represents a halogenated compound.

A library search of the mass spectrum obtained in E} mode confirmed the presence of
chlorpyrifos. The good concurrence of the mass spectra of unknown peak (A) and the
best match gained from the library search (B) is illustrated in Figure Il.1.-9.

The availability of mass spectral libraries is very useful. Modern GC-MS systems contain
libraries with up to 80 000 compounds and perform a computer based search of an
unknown mass spectrum in less than one minute. Unfortunately, to date only mass spec-
tral iibraries acquired in El mode are commetcially available because PCl- and NCI spec-
tra are basically dependent on the type of reagent gas and the MS conditions, like souice
temperature and source pressure. For this, PCI- and NCI spectral libraries have to be
created by the user himself.

Although GC-MS libraries contain thousands of spectra, occasionally the compound of
interest is not included. In this case, interpretation of the mass spectrum normally has to
be done manually, albeit there already exists an automatic approach for this purpose.

The self-training interpretive and retrieval system (STIRS) for interpretation of unknown
mass spectra is a package of computer programs developed by MCLAFFERTY and co-
workers that supports the mass spectrometrist in the analysis of mass spectra of
unknown compounds [54, 55].

For manual interpretation, it is helpful to perform data acquisition by means of different
ionization techniques. Figure Il.1.-10 shows the GC-MS analysis of a tomato extract in
which an unknown signal was detected in both an ECD and NPD run [53].
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The upper chromatogram represents the total ion current recorded in electron impact
mode (El}. Whereas NCI runs normally look like ECD chromatograms, El runs are more or
less similar to analyses using a flame ionization detector (FID). Hence, a lot of substances,
mainly flavor compounds, which do not give a signal on an ECD are also detected in the
upper chromatogram. This makes GC-MS analysis in El mode more difficult because the
ratio of the peak of interest and surrounding peaks differs considerably in the two detec-
tion modes. For example, a polyhalogenated substance giving a strong signal on an ECD
may only reveal a weak peak in a GC-MS-El run. A flavor compound like a terpene is not
detected from an ECD but generates a large signal in an El run. It should also be consi-
dered that retention times normally cannot be compared because most GC-MS systems
demand helium as carrier gas whereas hydrogen and nitrogen are preferred for other GC
investigations. For this, use of relative retention indices facilitates identifying the peak in
question amongst a bunch of other signals.

The mass spectrum of the peak marked by an asterisk is depicted in the lower part of
Figure lIlt.1.-10. A library search revealed no positive result. Hence, the PCI and NCI spec-
tra were also acquired. These are shown in Figure lil.1.-11,

The NCI spectrum clearly shows that one or more chlorine and bromine atoms (m/z 35,
37, 79 and 81) must be part of the compound.

Positive chemical ionization (PCI) reveals that due to the protonated “quasimolecular ion”
at m/z 373, the molecular weight is most likely 372. Moreover, the characteristic isotope
pattern indicates that the compound contains only one chiorine and bromine atom,
respectively. Higher fragments, which are caused by addition products of the reagent
gas, are very important for identifying the molecular ion.

From the El spectrum one can deduce inter alia the presence of a phosphorothionate
group (m/z 125).

Based on the combined information gained from the three mass spectra, this compound
was finally identified as the phosphoric acid ester prophenofos, an insecticide, which is
not registered in the Federal Republic of Germany.

5.2 Herbicides

Herbicides are chemically active substances, which control unwanted plants that infest
agricultural crops. This group of pesticides comprises a variety of different compound
classes such as triazines, urea derivatives, carbamates, thiocarbamates, amide derivati-
ves and many others [1]. The most important herbicides are, however, chlorinated pheno-
xycarboxylic acids and their derivatives. These compounds have found wide-spread use
in pest control because they promote the development and production of cultivated
plants by inhibiting weeds, which are mostly dicotyledons.
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Fig. ll.1.-12 Mass fragmentograms of a standard mixture containing eight chlorinated
phenoxycarboxylic acids as methyl esters and HCB as internal standard,
separated on a 30 m SE-30 glass capillary column [20]

1 = Mecoprop 2 = MCPA 7 = MCPB 8 =245-T
3 = Dichlorprop 4 = 2,4-D 9 =24-DB
5 = HCB(STD) 6 = Fenoprop



231 Analysis of Residues and Contaminants

Chlorinated phenoxycarboxylic acids are relatively persistent compared with other herbici-
des. Thus, use of these chemicals most likely results in residues, especially in grain, grain
products, wild mushrooms and -berries.

Because chlorinated phenoxycarboxylic acids are polar and less volatile, they have to be
derivatized prior to gas chromatographic analysis. Methylation results in a poor ECD
response for the monochloro-compounds MCPA, mecoprop and MCPB making ECD
analyses at residue levels almost impossible. Enhanced sensitivity can be achieved by
derivatization with pentafluorobenzylbromide, 2, 2, 2,-trichloroethanol, 2, 2, 2,-trifluoro-
ethanol and similar halogen containing compounds {56]. These reagents cover, however,
also other acidic co-extractives, which generally results in a high number of interfering
signals in GC/ECD analysis, making an unambiguous determination of active substances
very difficult.

The problem just mentioned can be overcome by employing a mass spectrometer
instead of an ECD for the detection of chlorinated phenoxycarboxylic acids. Because of
the high selectivity and sensitivity of mass selective detection, an introduction of halogen
containing groups is superfluous. Moreover, purification of samples can be reduced to a
minimum [20].

Figure fll.1.—12 shows mass fragmentograms of a standard mixture, which contains the
most important chlorinated phenoxycarboxylic acids as their methyl esters [20]. Separa-
tion of the compounds was carried out on a 30 m SE-30 glass capillary column. MS ana-
lysis was performed in the SIM mode with electron impact ionization. One specific ion for
each active substance was chosen for screening runs. HCB served as an internal stan-
dard. The topmost chromatogram represents the sum of the ion current measured for all
prechosen mass fragments. The other traces were subsequently reconstructed by choice
of specific mass fragments for each compound. Although MCPB and 2,4,5-T co-elute
completely, a definite identification and quantification of both herbicides is possible due to
their different mass fragments, even if they are present simuttaneously.

Fig. .1.-~13 shows mass fragmentograms of a wheat specimen in which dichlorprop is
present at a concentration level of 0.01 mg/kg (ppm) [20]. Five specific ions were measu-
red. Due to the fact that besides the retention time also the relative ratio of their peak
areas was in good agreément with those of the reference standard, the presence of
dichlorprop can be regarded as confirmed.

Triazines, like atrazine and simazine, represent another class of herbicides with increasing
importance, especially in corn cultivation.

Due to their wide-spread use in some countries, these substances have already found
their way into drinking water. Because of the presence of nitrogen atoms in their molecu-
les, a NPD is the detector of choice for the residue analysis of triazine herbicides. In most
cases, drinking water extracts reveal very clean NPD chromatograms only showing very
few peaks.
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Unfortunately, another compound, giving a strong signal on a nitrogen-phosphorus
detector, tris(2-chloroethyl-)phosphate almost co-elutes with atrazine and simazine.
Figure 11.1.-14 shows the elution order of the most important triazine herbicides and the
co-eluting interfering compound on a 30 m DB-5 capillary column [57].

In the past, tris(2-chlororethyl-)phosphate, widely used as a flame retardant in paints was
occasionally determined in well water [57]. This compound is probably released from the
interior of the well shaft or the pump itself. Regardless of its source, this compound may
give the false pretention of triazine herbicides.

This example demonstrates the importance of confirming analytical results either on a
second capillary column of different polarity or on an independent detection system. GC-
MS analysis in SIM mode, for example, offers the feasibility not only to differentiate
between the triazine herbicides and the flame retardant in question, but also to guantitate
these compounds, even if they are present simultaneously and co-elute completely.
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5.3 Fungicides

Pentachlorophenol (PCP) is a pesticide which acts as a herbicide as well as a fungicide.
Itis used as a contact herbicide to control weeds, especially in rice and soya cultivation.

More important is, however, the wide-spread use of PCP as a wood preservative
because of its fungicidal effects. This application can resuit in residues e.g., if mushrooms
are cultivated in wooden boxes, which had been impregnated with pentachlorophenol.

MEEMKEN et al. determined PCP levels up to 0.2 mg/kg (ppm) in fresh mushrooms [19].
The PCP levels in the wooden boxes employed for cultivation even ranged up to 3.9 g/kg.

The analysis was accomplished by combined GC-MS using selected ion monitoring and
electron impact ionization. Chromatographic separation was performed after derivatiza-
tion with diazomethane on a 30m SE-30 glass capillary column. Hexachlorobenzene
(HCB) served as internal standard. Typical chromatograms are depicted in Figure lll.1.-15.
The topmost chromatogram shows the total ion current of the mass range m/z 33-350.
The retention times of PCP—methyI ether and HCB are indicated by arrows. Application
of selected ion monitoring to the same extract resulted in traces B and C, which represent
the mass fragmentograms for the ions m/z 265 and 284, respectively, typical of PCP-
methy! ether and HCB.

The chromatograms being almost free of interfering signals, demonstrate the powerful
feasibilities of mass selective detection in residue analysis. Confirmation of the result was
performed by measuring four ions, which revealed the same relative intensities as the
corresponding reference compound.

It should be noted that the yield in the mushroom production increased significantly after
the producer was urged to reduce the pentachlorophenol level in the wooden boxes [19].

6 Summary

Residue analysis has made great progress in the past few years. The introduction of inert
glass and fused silica capillary columns has increased chromatographic resolution drama-
tically. Multidetector retention index standards now offer the possibility of creating large
index libraries for aimost all pesticides on various stationary phases and different detec-
tors, a valuable help for regulatory pesticide analysis.

Using on-colurmn or programmed temperature vaporizer (PTV) injection techniques, ther-
mally labile substances, such as aldicarb, which are subject to decomposition in hot glass
inserts of conventional injection ports, can now be analyzed with high sensitivity.

Although the performance of detectors has improved, a certain trend to mass selective
detection can be observed because application of this technique not only reveals a ret-
ention time, but also gives important structural information of the compound. Moreover,
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time- and labor consuming clean-up procedures can often be circumvented due to the
high selectivity of mass selective detectors.

Whereas in the past, emphasis was mainly given to the automation of the analytical
measurement, nowadays great attempts are made to automate the extraction of samples
and the purification of extracts. As a consequence the first reports on the successful use
of robots for this purpose have appeared.

All these sophisticated improvements have provided the analyst with powerful to0ls,
enabling him to face the various problems related to pesticide analysis.

Acknowledgement: The author is grateful to Dr. J. J. Rvan, Health and Welfare
Canada, for many valuable hints and for critically reading the manuscript.
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.2 Contaminant Analysis
P. Furst

1 Introduction

In the past few years contaminant analysis has become of increased public interest. This
is due to the fact that, in addition to pesticides as “classical residues”, environmental pol-
lutants like polychlorinated biphenyls (PCB), polybrominated biphenyls (PBB), polychiori-
nated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) have become issues of major
concern. Moreover, using the latest technology modern analytical instrumentation nowa-
days offers the feasibility to penetrate into concentration levels of ng/kg (ppt) and even
pg/kg (ppa). These extreme detection limits now enable the identification of compounds
which have contaminated the environment for years but which could not be detected for-
merly for the lack of approprate analytical equipment. This is clearly demonstrated by the
present day determination of polychlorinated dibenzo-p-dioxins and dibenzofurans in
human milk and foodstuffs.

On the other hand, measurements at these extreme low levels demand a high degree of
critical faculty from the analyst with respect to the results and the consequences from his
investigations.

Dependent on the type of foodstuff, whether it be of vegetable or animal origin, the
analyst dealing with food control has to consider a variety of contaminants. Table H1.2.—1,
while not claiming to be complete, shows some of the most common classes of com-
pounds possibly leading to a contamination of foodstuffs.

All these compounds, whether used for special industrial purposes or formed as unwan-
ted by-products during synthesis of other technical substances, have been identified in
the environment. Hence one may expect that these classes, if they have not already, will
also find their way into the food chain and, because of their lipophilic nature, probably
lead to a considerable bicaccumulation.

2 Extraction and Clean-up

For extraction and ciean-up of the samples basically the same procedures are used,
which have already been described in the chapter on pesticide analysis (II. 1).

Due to the fipophilic nature of most contaminants resulting in storage and accumulation in
fatty tissues, the first analytical step normally consists in extraction of the lipids along with
the substances of interest. This extraction also contains the persistent organochlorine
pesticides, which are normally present in a large surplus.
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Table H1.2.-1 Common environmental pollutants which can contaminate food samples

Polychlorinated Biphenyls
Polychlorinated Biphenylethers
PCB — Substitutes
Polychiorinated Biphenylenes
Polybrominated Biphenyls
JPolybrominated Biphenylethers
Polychlorinated Dibenzo-p-dioxins
Polychlorinated Dibenzofurans
Polybrominated Dibenzo-p-dioxins
Polybrominated Dibenzofurans
Mixed-halogenated Dibenzo-p-dioxins
Mixed-halogenated Dibenzofurans
Polychlorinated Naphthalenes
Polybrominated Naphthalenes
Polychlorinated Terphenyls
Polyhalogenated Xanthenes
Polyaromatic Hydrocarbons
Polyhalogenated Hydrocarbons
Polychlorinated Fluorenes

Polyaromatic Chloroethers

Excellent fat solubility and similar physico-chemical properties of many contaminants
make analysis more difficult because partitioning into separate fractions often cannot be
achieved. Obviously this makes great demands on the analytical determination.

Removal of lipids is performed mostly by using gel permeation chromatography (GPC), a
mild and universal clean-up procedure [1] or by degradation with concentrated sulfuric
acid. The latter procedure does not only remove lipids but also other oxidizable compo-
nents. This may be achieved by partitioning an extract between sulfuric acid and an orga-
nic solvent, like hexane {2] or by passing the extract, dissolved in a suitable solvent,
through a column containing sulfuric acid coated sifica gel [3]. This procedure is highly
effective and therefore has found widespread use, especially for the determination of
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polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins (PCDDs) and
dibenzofurans (PCDFs).

Depending on the compounds to be analyzed and their expected concentration in the
sample, further clean-up steps may differ considerably. For example, if food samples have
to be analyzed for residues of PCBs, normally further clean-up simply consists of separa-
tion from organochiorine pesticides, which may be present at a similar level. However,
analysis for residues of PCDDs and PCDFs, which are present in food samples at con-
centrations three to six orders of magnitude lower than PCBs, actually requires meticu-
lous clean-up steps in order to remove the bulk of co-extractives, which might probably
affect the analytical measurement.

Besides the commonly used adsorbants, Florisil, alumina and sifica gel, special carbon
types have become more important in recent years. Although various clean-up proce-
dures employing carbon have been described in the past {4, 5], this adsorbant gained
special importance only due to a particular pretreatment. Some carbon types effect the
separation of planar and co-planar substances from non-planar ones. This is of special
interest for the analysis of the planar PCDDs and PCDFs for which separations from non-
planar lipophilic poliutants, like most polychlorinated biphenyls on Amoco PX-21 (Amoco
Research Corp. Chicago, IIl.) Degusorb BK (Degussa) and Carbopack C (Supelco) have
been described [6-10].

The principle of carbon column enrichment consists of a strong retention of the planar
and co-planar compounds, which can only be removed by elution with planar solvents,
like toluene or benzene. Because of their small particle size, easily leading to blockage of
the column, it is necessary to disperse the carbon into shredded glass fiber filters [6] or to
mix it with support materials like Celite 545 [10].

The unique properties of these carbon types will presumably lead to a widespread use in
residue analysis in the future. Recently, new applications have been reported for the
separation of co-planar polychlorinated [11] and polybrominated biphenyls [12] from non-
planar ones as well as for the determination of benzo(a)pyrene in smoked foodstuffs [13].

in order to improve analytical precision it has proven good to fortify the samples prior to
extraction with °C-labelled or deuterated compounds. These surrogates are considered
as ideal internal standards because they behave similar to the corresponding native com-
pounds during the analysis.

Although gas chromatographic separation of fabelled and deuterated compounds from
their corresponding native analogues is not possible, differentiation can easily be achieved
using combined gas chromatography-mass spectrometry (GC-MS) with the aid of selec-
ted ion monitoring (SIM), based on the different mass fragments. For this, one gets an
informative idea on the recoveries of the analytes in question.
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3 Detection

Because most contaminants are polyhalogenated compounds their determination can be
achieved with high sensitivity by electron capture detection (ECD). For the analysis of
PCBs in food samples, the ECD is the detector or choice. However, ECD analysis may
become problematic if PCBs and PCB-substitutes are present simultaneously or the con-
centration of contaminants is very low. in this case GC-MS is employed preferentially.
Application of the latter technique especially in combination with selected ion monitoring
(SIM), not only reveals a retention time but also gives important information on the pre-
sence of specific mass fragments, which improves the selectivity of the analytical result.
Moreover, modern GC-MS systems nowadays offer the feasibility of measuring com-
pounds at levels of 100 femtogram and lower. Details of GC-MS measurements have
already been described in the chapter on pesticides (lll. 1).

A variety of different mass spectrometrical techniques have been used to perform anal-
yses of environmental contaminants. The most common types are quadrupole mass
spectrometers (LRMS) and double-focussing mass spectrometers (HRMS). Whereas
LRMS systems are operated at unit mass resolution < 1 000 (low resolution, LRY), the latter
ones are often applied at a mass resolution of 10 000 (high resolution, HRY).

Sensitivity and selectivity of LRMS can dramatically be increased by employing negative
chemical ionization (NCI).

In the past few years occasionally the question has been raised whether high resolution
mass spectrometry is mandatory for environmental analysis, especially for the determina-
tion of polychlorinated dibenzo-p-dioxins and dibenzofurans. Actually, a round robin study
organized by the World Health Organization (WHO) showed, at least for the analysis of
PCDDs and PCDFs in human milk, that the applied clean-up procedures and the expe-
rience of the analyst are more important than the MS-equipment available [14]. This fin-
ding was also substantiated by LINDSTROM [15] who demonstrated that PCDD and PCDF
analysis in milk samples using low resoclution mass spectrometry after high performance
clean-up revealed the same accuracy as medium to high resolution mass spectrometry.

However, for the future it can not be excluded that use of high resolution mass spectro-
metry will become absolutely necessary if investigations have to be performed either at
levels far below the present ones or in the simultaneous presence of compounds genera-
ting almost the same mass fragments.

More recently two new MS techniques have been reported: MS/MS and lon Trap Detec-
tion (ITD).

Use of MS/MS systems may probably allow interference-free determination of contami-
nants in complex samples with reduced clean-up. A round robin study involving GC-MS/
MS, GC-LRMS and GC-HRMS was designed to determine the feasibility of using GC-MS/
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MS techniques for the analysis of PCDDs and PCDFs in difficult environmental samples
[16]. Preliminary results showed however, that even this highly effective method requires
a certain degree of sample clean-up.

Although the principle of ion trapping has been known since a long time, ion trap detec-
tors became commercially available only a few years ago [17]. The latest ITD version
equipped with the enhanced automatic gain control software provides a considerable
improvement in sensitivity. As a result of this new acquisition technique, the sensitivity
attainable in the linear scanning mode is aimost comparable to that in selected ion moni-
toring (SIM), which is normally employed in trace analysis. Hence the full mass spectral
information important for structure elucidation of unknown compounds can be combined
with the high sensitivity of SIM.

4 Analytical Determination of Various Compound Classes

4.1 Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) comprise 209 chlorinated congeners of biphenyl with
one to ten chlorine atoms (Fig. 1.2.-1).

PCB

Fig. l.2.—~1 Structure of polychlorinated biphenyls (PCBs)

PCBs are the major components in products marketed as Arochlor 1221, 1242, 1254,
1260, Kanechlor 300, 400, 500, 600 and Clophen A30, A40, A50 and AGO.

Owing to their excellent physical properties, polychlorinated biphenyls have enjoyed wide-
spread use as dielectric fluids for capacitors and transformers because they possess
excellent thermal conductivity while their electric conductivity is extremely low [18]. They
have also played a significant role as hydraulic fluids in underground mining, solvent
extenders, flame retardants and organic diluents [19]. The widespread use of technical
PCB mixtures coupled with improper disposal practices has meanwhile led to their global
distribution. Moreover, disposal of PCB containing wastes may represent a severe
problem because incomplete incineration results in formation and emission of PCDDs and
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PCDFs. These toxic contaminants have also been introduced into the environment from
fires of capacitors and transformers [20, 21].

Due to their lipophilic nature, PCBs are stored in fatty tissues and bioaccumulated in the
food chain.

Until recently, most investigations concerning PCB analysis have been carried out by
using packed columns. The concentrations were then estimated by comparing specific
signats, which were not superimposed with known organochlorine pesticides with corres-
ponding peaks from a technical PCB mixture. Actually this calculation does not take into
account that a lot of PCBs are metabolized in biota while others are more resistant to
biodegradation and therefore accumulate.

On the other hand, it is difficult to compare results from different countries due to the fact
that various technical mixtures, which serve as reference standards, differ to a certain
degree. Hence PCB data from biological samples originating from investigations using
packed columns can only be considered as semiquantitative estimates of the total PCB
level [22].

Moreover, biologic and toxic effects of PCBs are highly dependent on structure [23, 24].
The most toxic PCBs known are 3,4,3',4’-tetra-, 3,4,5,3',4'-penta- and 3,4,5,3",4’,5'-
hexachlorobiphenyl [25, 26]. Toxicity of these congeners is caused by their co-planar
structure making them approximately isostereomer with 2, 3, 7, 8-tetrachlorodibenzo-
p-dioxin (2, 3, 7, 8-T,CDD). Addition of a single ortho-chloro substituent to the co-planar
PCBs diminishes their toxic potency [22].

From what was mentioned above it follows that the use of capillary gas chromatography
for isomer-specific analysis of PCBs in biological samples is mandatory in order to
compare analytical results and to make a meaningful risk assessment.

In addition, some countries plan to issue PCB regulations based on single congeners. For
example, in the Federal Republic of Germany maximum residue limits for PCBs with num-
bers 28, 52, 101, 138, 153 and 180 have been passed [27]. The numbers refer to the
BALLSCHMITER and ZELL numbering system, which has been internationally accepted [28].

Figure lI.2.-2 shows the gas chromatographic analysis of the technical PCB mixture
Arochlor 1254 on a DB-5 column [29]. A typical chromatogram of a composite human
milk extract originating from Canada is depicted in Figure Il.2.~3 [29]. These two
chromatograms clearly demonstrate the striking differences in the congener pattern for a
technical mixture and an extract of a biological specimen which has undergone metabo-
lism.

In human milk samples, congener numbers 74, 118, 138, 153 and 180 make up approxi-
mately 6775 % of total PCBs with numbers 153 and 138 as predominant components
[30-32].
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Some fish samples, however, may reveal chromatograms, which resemble closely techni-
cal mixtures. Figure Ill.2.—4 shows chromatograms of the technical mixture Clophen A40,
a common PCB product in the Federal Republic of Germany and a fish extract, both
separated on a DB-5 column under the same conditions [33}. The chromatograms exhibit
great similarities with respect to the peak pattern. So one can assume that a considerable
biodegradation in the fish has not occurred so far. This might be due to the fact that the
fish was caught in an area of extensive mining where PCB-mixtures are widely used as
hydraulic fluids in underground mining. Although this use is listed as a closed application,
the hydraulic fluid seems to be discharged. Once set free underground, it can enter the
environment through pit waters, mine outputs and ventilation systems [18].

The ECD response is not only dependent on the type and number of halogen atoms but
also on their position in the molecule. This may lead to difficulties when quantifying com-
plex PCB-mixtures because different isomers of a given degree of chlorination cannot be
calculated using the same response factor. Consequently a precise quantification of
PCBs is only possible if the compound of interest is available as a reference standard and
a calibration can be performed. Obviously, this causes some problems because only a
limited number of PCB-congeners are commercially available.

The problem can be circumvented by using a flame ionization detector (FID) for an “inter-
mediate” quantification of a technical mixture. This is feasible because the FID response
is a function of the number of chiorine atoms in the molecule. With the aid of a calibration
standard containing one isomer per degree of chlorination, response factors can be
calculated for each isomer group. Subsequently these factors can be used for quanti-
fication of all congeners in a technical mixture [34, 35].

This approach basically requires knowledge of the number of chlorine atoms of each
component, which can be performed by GC-MS. Finally the data gained from the FID
measurements can be used to calculate the response factors on the ECD.

Recently MuLLIN et al. [36] synthesized all 209 different PCB congeners and reported their
relative response factors and relative retention times in relation to octachloronaphthalene.
The measurements were performed on a capillary column coated with SE-54. These data
may serve as a valuable basis for an isomer-specific PCB analysis for those laboratories
which only have access to a very limited number of standard compounds.

As mentioned earlier, the most toxic PCB congeners are non-orthochlorine substituted
and therefore can adopt a co-planar conformation. Their co-planar structure, allows
the separation from the bulk of other PCBs by means of a carbon column {11]. Some
carbon columns offer the feasibility to strongly retain planar and co-planar compounds
while non-planar substances pass. Finally the co-planar PCBs can be removed from
the column by elution with benzene or toluene resulting in a high enrichment of the toxic
congeners.
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Up to the present there are only very few data on levels of coplanar PCBs in the envi-
ronment [11] but these results indicate that we have to contend with a widaspread distri-
bution of these highly toxic environmental pollutants.

4.2 PCB - Substitutes

in the last few years the knowledge of the potential health risk of PCBs has led to efforts
to replace them. Meanwhile suitable substitutes are available for almost all purposes [18].
One group of substances that has replaced PCBs to a large extent are tetrachloroben-
zyltoluenes (TCBTs). The structure of these compounds is shown in Figure IIl.2.-5.

o

Cl Cl
X X+y=4 y

CHg

Fig. ll.2.-5 Structure of tetrachlorobenzyltoluenes (TCBTs)

TCBTSs are the major components in products marketed as Ugilec 141, which is a mixture
of pure TCBTs, and Ugilec T, additionally containing about 40 % of trichlorobenzenes.

Because of their good technical properties, comparable to those of PCBs, and in accor-
dance with safety requirements, TCBT containing products have found widespread use
as hydraulic fluids in underground mining.

TCBTs released underground can enter the environment via pit waters, mine outputs or
ventilation systems and as a consequence they can contaminate the food chain. Only
recently these compounds have been determined in fish from areas of extensive mining
[37-39].

Analysis of TCBTs in food samples is complicated by the simultaneous presence of
PCBs. Due to their simifar polarity, it is almost impossible to separate these two classes
selectively. Moreover, they possess comparable volatility, which leads to co-efution in gas
chromatographic analysis.

Figure Ill.2.—6 compares chromatograms of the technical mixture Ugilec 141 with parts
of the PCB mixture Clophen A30/A60 and some selected PCB congeners, separated on
a 30 m DB-5 fused silica column [40]. These chromatograms clearly demonstrate that
TCBTs elute from the column between the PCB congeners with Ballschmiter numbers
101 and 138. For this, GC-ECD analysis of tetrachlorobenzyltoluenes is adversely affected
when PCBs are present simultaneously.
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Fig. I1.2.-6 Gas chromatograms of a mixture of Clophen A30/A60 (A), selected PCB
congeners (B) and Ugilec 141 (C) separated on a DB-5 column [40]
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Fig. I1l.2.-8 Chromatograms of a pike extract [40]

(A) Total ion chromatogram
(B) Mass fragmentogram m/z 318-320 (TCBTs)
(C) Mass fragmentogram m/z 358-360 (Hexachlorobiphenyls)
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On the other hand, isomer-specific PCB determination with the aid of GC-ECD may reveal
false positive results due to residues of TCBTs. This may become problematic in so far
as the German Government recently issued maximum residue limits for six PCB conge-
ners including numbers 101, 138 and 153 [27].

Because both groups generate different mass fragments, mass selective detection per-
mits an accurate determination of both TCBTs and PCBs, even in the presence of a large
excess of the other components.

Figure IIl.2.—7 shows mass fragmentograms for the ion range m/z 318-320 of a mixture
of Clophen A30/A60 and Ugilec 141 obtained with an ion trap detector. It can be clearly
seen that the specific fragments chosen for the determination of TCBTs do not interfere
with PCBs, even if the PCB concentration is 100 times higher. The only interfering signal
so far recognized is p,p,-DDE, which is also detectable within this mass range but elutes
directly before the first TCBT isomer.

The simultaneous determination of TCBTs and hexachiorobiphenyls in a pike extract is
depicted in Figure I1.2.~8. The upper chromatogram represents the total ion current, and
the two lower ion traces show the presence of TCBTs (B) and hexachiorobiphenyls (C)
reconstructed by choice of characteristic masses for the compounds of interest [40].

Investigations of fish samples from areas with extensive mining revealed TCBT levels up
to 25 mg/kg (ppm) calculated as Ugilec 141 based on the edible portion [37-39]. Due
to the lack of specific isomers, gquantitation was accomplished by an external standard
method using Ugilec 141 for calibration. Hence, these levels only reflect an approximation
of the real concentrations.

It is interesting that the isomeric pattern differs considerably depending on the fish spe-
cies. Figure 111.2.-9 compares the TCBT-profiles from three different species [38]. The
presence of TCBTs was confirmed by acquisition of complete mass spectra.

The relative ratios of the three signals marked by an asterisk were surprisingly constant
and independent from the fishing grounds. If this is caused by metabolism or by the fact
that these species represent a placid-, predatory- and mud fish can only be speculated.

Because toxicological data are limited a risk assessment of TCBTs is not possible at the
moment. Nevertheless, their identification in the food chain should be used as an opp-
ortunity to reconsider their application in order to avoid further introduction into the envi-
ronment, which might probably lead to an ubiquitious distribution and bicaccumulation
similar to the PCBs.

4.3 Polybrominated Biphenyls and Biphenylethers

Polybrominated biphenyls (PBBs) and biphenylethers (PBBEs) represent two classes of
snythetic chemicals that comprise 209 brominated congeners of biphenyl and biphenyi-
ether, respectively, with one to ten bromine atoms (Fig. 111.2.~10).
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Fig. I1.2.-10 Structures of polybrominated biphenyls (PBB) and biphenylethers (PBBE)

PBBs and PBBEs are of great importance as additives to plastics as flame retardants. For
this reason these two classes of compounds have found widespread use in various syn-
thetic polymers, particularly in cars, air ptanes, household appliance and consumer
goods. They are aiso utilized as textile additives. Their addition amounts to approximately
10 % {41].

Production of brominated flame retardants in the USA, Japan and West Europe amoun-
ted to 28 000 tons in 1975 [42]. Although actual data are not available, one may estimate
an annual increase of 15-17 % [43].

During production and use, PBBs and PBBEs can enter the environment in different
ways. While these two compound classes do not have the industrial significance of the
PCBs, they are similar with regard to their lipophilic and persistent properties. Hence, after
release into the environment, one has to reckon with a bioaccumulation in the food chain.

PBBs became an issue of major concern in 1973 when they were accidentally substituted
for magnesium oxide in livestock feed in Michigan leading to an exposure of cattle and
people consuming their tainted food products [44}. After the sources had been identified
much emphasis was placed on analysis of dairy products and other foodstuffs that were
produced in the contaminated area [45, 46]. Moreover, a cohort of about 4 000 poten-
tially exposed farm residents were surveyed in order to investigate any adverse health
effects {47].

At that time analyses were performed by gas chromatography with electron capture
detection [48]. Quantitation was usually based on the most abundant hexabromo-conge-
ner.

However, as with the PCBs, the toxicity of PBBs differs considerably depending not only
on the degree of bromination but also on the position of the bromine atoms [49]. Hence,
use of capillary columns should be the method of choice in order to effect a congener-
specific analysis.
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ROBERTSON et al. reported on the synthesis and identification of highly toxic polybromina-
ted biphenyls in the fire retardant Firemaster BP-6 [50]. They synthesized 19 PBBs from
specific precursors and confirmed the structure by their proton magnetic resonance
(HNMR) and mass spectra. Separation of the compounds was carried out on capillary
columns coated with SE-54.

Recently KRUGER reported on the congener-specific determination of PBBs and PBBEs in
various foodstuffs and human milk samples from the general population in Germany [12].

The compounds were extracted together with fat and other lipophilic substances either
from the freeze-dried material (fish) or, in case of milk, directly by use of organic solvents.
Gel permeation chromatography (GPC) on Bio-Beads S-X3 was employed for removal of
lipids. To establish, at which times the compounds are eluted from the GPC-column,
elution profiles for the active substances as well as for extracts of food samples to be
analyzed were determined.

Figure Hl.2.—11 depicts the elution profile of milk fat and several polybrominated biphenyls
on Bio-Beads S-X3 using cyclohexane/ethy! acetate 1/1 as a solvent. It can be clearly
seen that all PBBs are well separated from the weighable amount of lipids.

As aiready mentioned, GPC mainly separates according to the molecular weight. Nor-
mally big molecules elute first followed by smaller compounds, which fit better into the gel
bed thereby retarding their elution. For this reason, the profile shown in Figure IIl.2.—11
is somewhat unexpected because the lower brominated biphenyls elute first and deca-
bromaobiphenyl elutes last. This example points out that the separation on the GPC-
column is also influenced by other effects presumably like t-bond attractions.

After removal of lipids, adsorption chromatography on Florisil deactivated with 1 % water
was used to separate PBBs and PBBEs from more polar compounds such as PCDDs
and PCDFs. Finally the Florisil-extract was applied to a carbon column in order to frac-
tionate into the non-planar and co-planar components. This is of special interest because
co-planar PBBs possess a higher toxicity than the other congeners [49].

A DB-5 fused silica column was used for separation of the compounds. Mass spectro-
metric detection was performed by use of NCI in the SIM-mode.

The described procedure provides identification and determination of PBBs and PBBEs
in the ppt-range even in the presence of an excess amount of PCBs. The application of
the developed procedure to the investigation of fish and seal blubber specimens revealed
low background levels with typical congener profiles depending on the origin of the
sample.

Figure 111.2.-12 shows the ion traces for hepta- and hexabromobiphenyls typical of fish
specimens caught in the North Rhine-Westphalian river Lippe (West Germany). The
numbers above the peaks have been adopted from the Ballschmiter and Zell numbering
system for PCBs {28].
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Fig. I1.2.-11 GPC profile of milk fat and polybrominated biphenyls on Bio Beads S-X3
with cyclohexane/ethy! acetate 1/1 as elution solvent [12] (continued)

Congener depending, the PBB levels ranged between 0.01 and 2 ug/kg (ppb), calculated
on a lipid basis.

Whereas the PBBE levels in fish samples from the Baltic Sea and the Atlantic Ocean on
average amounted to 25 ug/kg (ppb), their concentration in fish caught in North Rhine-

Westphalian rivers ranged up to 500 ppb, each calculated as Bromkal 70-5 and based
on lipid.

Besides fish, which are good bioindicators for environmental pollutants, some PBB- and
PBBE congeners could also be determined in cow’s and human milk. Typical chromato-
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grams of hepta- and hexabromobiphenyls in a human milk extract are depicted in Figure
n.2-13.

The predominant congener identified in cow’'s and human mik was 2,2',4,4’,55'-
hexabromobiphenyl (PBB # 153) with average levels of 0.03 and 1.0 ppb on a lipid basis,
respectively. Higher brominated biphenyls were only found to be peaks of minor concen-
tration.

The predominance of PBB4# 153 is not surprising because it is the most abundant
congener in the widely used flame retardants Firemaster BP-6 and Firemaster FF-1. in
addition, it is known from PCB investigations that halogen substitution in the 2,2',4,4’,
5,5’-positions at the biphenyl rings leads to a high bicaccumulation in mammals.

The global distribution of PBBs and PBBEs was demonstrated by analysis of seal blubber
from Spitsbergen (Norway) and a breast milk sample from a Chinese woman, which also
revealed background levels of these two classes of environmental contaminants [12].

4.4 Polychlorinated Dibenzo-p-dioxins and Dibenzofurans

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) are two series of
aromatic ethers with one to eight chlorine atoms per molecule.

PCDD PCDF

9 1 9 1
8 2 8 2
6 4 6 4
Cly y Cl, Cly

X+y=1-8 X+y=1-8

Fig. lL.2.-14 Structures of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzo-
furans (PCDFs)

Dependent on their degree of chlorination one can distinguish 75 PCDD and 135 PCDF
positional isomers, respectively. These two classes of environmental contaminants have
been identified as unwanted by-products in various technical products [51-54]. Other
major sources comprise municipal and hazard waste incineration [55), paper bleaching
[56-58] and exhaust from cars without catalytic converters using leaded gasoline and a
dichloroethane scavenger [59]. Moreover, BALLSCHMITER et al. reported on the determina-
tion of PCDDs and PCDFs in used motor oils from automobiles [60].
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Due to the manifold sources, PCDDs and PCDFs have meanwhile found an ubiquitious
distribution. Consequently, they were identified in various biological samples, including
adipose tissues, blood, food samples and human milk [8, 81-71]. RappE et al. [72] give
a comprehensive overview on environmental fate of PCDDs and PCDFs with special
regard to sources, levels and isomeric pattern in different matrices.

The toxicity of PCDDs and PCDFs differs considerably. Table II.2.-2 shows the most
toxic congeners, often termed the “dirty dozen”.

Table I1.2.-2 Most Toxic PCDD and PCDF Congeners (Dirty Dozen)

2,3,7,8-T,0DD 2,3,7,8 - T,CDF
1.2,3,7,8 ~ PsCDD 1,2,3,7,8 - P; CDF
1,2,3,4,7,8 - H,CDD 2,3,4,7,8 - P,CDF
1,2,3.6,7,8 — H,CDD 1,2,3,4,7,8 — H,CDF
1,2,3,7,8,9 - H,CDD 1,2,3,6,7,8 — HsCDF

1,2,3,7,8,9 — H,CDF
2,3,4,6,7,8 — HyCDF

In general, congeners which are 2,3,7,8-chlorine substituted and possess at least one
vicinal proton exhibit a higher toxicity than others. For example, the acute toxicity of
2,3,7,8- and 1,2,3,8-tetrachlorodibenzo-p-dioxin (T,CDD) differs by a factor of 1000—
10 000 {68]. Hence it follows that an isomer-specific PCDD- and PCDF-determination is
mandatory to gain knowledge on the congener profiles as a basis for a meaningful risk
assessment.

Although capillary columns provide a high resolution power, it is not possible so far to
separate all different PCDD and PCDF congeners using only one column. It rather needs
at least two columns of different polarity not only to perform an isomer-specific analysis in
incineration samples, like fly-ash, where all congeners with four to eight chlorine atoms
are normally present but also for confirmation of results. This is especially important for
congeners with 2,3,7,8-chlorine substitution.

Figure 1.2.-15 shows the elution order of all 22 tetrachlorodibenzo-p-dioxins on a CP-Sil
88 and an OV-17 column [73]. It can be clearly seen that 2,3,7,8-T,CDD, the most toxic
isomer, is superimposed with 1,2,7,9-T,CDD on the OV-17 column. For this an unambi-
gious determination of 2,3,7,8-T,CDD using only this column in incineration samples is
not possible. On the other hand cyano-propyl silicone coated columns, like SP 2331 or
CP-Sil 88 aliow a specific separation of 2,3,7,8-T,CDD from all other T,CDD-isomers.
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Figure lIl.2.—16 compares the elution order of pentachlorodibenzofurans (P;CDF) on a CP-
Sit 88 and an OV-17 column [73]. In this case the OV-17 column provides a specific sepa-
ration of 1,2,3,7,8- and 2,3,4,7,8-P;CDF, the two P;CDF isomers with 2,3,7,8-chlorine
substitution, from ali other isomers, whereas 1,2,3,7,8,-PsCDF co-elutes with 1,2,3,4,8-
PsCDF on the CP-Sil 88 column.

Recently SweREV and BALLSCHMITER reported on an isomer-specific separation of 2,3,7,8-
chlorine substituted PCDD- and PCDF congeners on a Smectic liquid-crystalline statio-
nary phase [74]. The separation mechanism of this column is dependent on the molecular
characteristics of the compound. The length-to-breadth ratio of analytes seems to have a
great influence on their retention. For this a unique selectivity for most of the 2,3,7,8-class
congeners was observed. One of the most important features is the pronounced retention
of 2,3,7,8-T,CDD, which elutes after all other T,CDDs. The Smectic column also allows a
separation of 2,3,7,8-tetrachlorodibenzofurans (T,CDF) from the other tetrachloroisomers,
which is difficult to achieve with other columns.

Their high selectivity in combination with the good thermostability will probably lead
to a wide-spread use of Smectic columns in the future not only for PCDD- and PCDF
analyses but also for other planar compounds, such as halogenated naphthalenes and
pyrenes.

PCDD- and PCDF analysis became an issue of major concern after these contami-
nants have been identified in human mik samples from the general population [68].
Table 1.2.-3 shows the results of the isomer specific determination of PCDDs and
PCDFs in 193 individual human milk specimens from North Rhine-Westphalia (West Ger-
many) [9].

The results document the occurrence of PCDDs and PCDFs in breast milk samples and
the presence of a typical pattern. Common characteristic of all specimens analyzed is
2.3,7,8-chlorine substitution. Whereas PCDD normally represents more than 50 % of the
total dioxin amount, the levels of the other dioxin congeners decrease with decreasing
degree of chiorination.

Compared with PCDDs, the PCDF levels are generally considerably lower. 2,3,4,7,8-
P;CDF usually represents the main compound of the polychlorinated dibenzofurans
analyzed so far in human milk.

Meanwhile, it is generally accepted that the major route of exposure to PCDDs and
PCDFs is via food. However, the contamination level is highly dependent on the origin of
the sample. This is clearly demonstrated by the analysis of fish and aquatic organisms
from the Great Lakes in North America where great variations in the PCDD and PCDF
levels were observed, indicating the strong influence of point source discharges [75].
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Table 111.2.-3 PCDD and PCDF Levels in Human Milk from West Germany [9] (n = 193)

Congener Amount

ng/kg (ppt) calc. on fat basis

mean value range
Octachlorodibenzodioxin 195 13 — 664
1,2,3,4,6,7,8 - H,CDD 44,7 11-174
1,2,3,4,7,8 - H,CDD 7.6 1- 24
1,2,3,6,7,8 - H,CDD 31.2 6-123
1,2,3,7,8,9 - HCDD 6.6 1- 21
1,2,3,7,8 - P;CDD 9.9 1—- 40
2,3,7,8-T,CDD 2.9% <1- 79
Octachlorodibenzofuran 8.2 <1- 86
1,2,3,4,6,7,8 - H,CDF 4.8 <1- 20
1,2,3,4,7,8 - HsCDF 7.3 1- 28
1,2,3,6,7,8 - HsCDF 58 1- 25
2,3,4,6,7,8 — HsCDF 3.4 1-
1,2,3,7,8 — PsCDF 0.7 <1- 7
2,3,4,7,8 - PsCDF 251 1- 67
2,3,7,8-T,CDF 2.2 <1- 5

*) 82 samples analyzed

RarPE et al. {72] analyzed crabs and crustacean hepatopancreas from the Swedish west
coast and found the highest PCDD and PCDF levels in samples from fiords where effluents
from pulp mills using chlorine in their bleaching process are introduced.

The same authors also analyzed cow's milk samples from Switzerland and determined
somewhat higher levels in specimens, which were collected in the vicinity of incinerators
[786].

Common characteristic of ali biological samples analyzed so far is the predominance of
2,3,7,8-chlorine substituted congeners.

Figure ll.2.—17 shows the congener profiles of beef, chicken and herring [77]. Only the
chromatogram of the chicken extract reveals some signals which do not belong to the
toxic 2,3,7,8-class. This may be due to a difference in metabolism in poultry compared
to other animals or to a recent exposure to these contaminants.
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When analyzing fruits or vegetables for residues of PCDDs and PCDFs, care must be
taken because tetradifon, a widely used acaricide, may indicate the presence of penta-
chlorodibenzo-p-dioxin [87].

Figure 1I.2.-18 compares the NCI mass spectra of tetradifon and 1,2,3,7,8-pentachloro-
dibenzo-p-dioxin. Although both compounds differ by one chlorine atom, the mass spec-
tra are very similar because the sulfur atom in the acaricide also contributes to the isoto-
pic pattern to a certain degree. Moreover, both compounds almost co-elute on a DB-5
column which may cause problems for SIM measurements. A separation, however, is
possible by use of a carbon column, which removes the non-planar acaricide from the
planar pentachlorodibenzo-p-dioxins.

This example demonstrates the need for a meticulous clean-up even for those samples
which are not expected to be problematic.

Based on an investigation of various food samples and consumption habits, Beck et al.
[77] estimated the body burden with PCDDs and PCDFs from food intake in Germany.
They calculated a da?ly intake via food of 24 pg 2,3,7,8-T,CDD and 93 pg T,CDD-equi-
valents according to the equivalent factors proposed by the German Federal Health
Office. Whereas fish and fish products amounted to about 30 % of the daily T,CDD-equi-
valents intake, vegetables and fruits contributed only 1-5% to the body burden by food
intake.

Al investigations of biological and food samples revealed a general low background of
2,3,7,8-chlorine substituted PCDDs and PCDFs, which is an indication that these
environmental contaminants can no longer be considered as a problem of limited
extension but of global concern.

4.5 Miscellaneous Contaminants

Figure 1l.2.-19 shows some compound classes, which have been released into the envi-
ronment by manufacturing processes, fires from transformers and capacitors and from
municipal and hazard waste incinerators [21, 79—-83]. Consequently, one has to reckon
with a bicaccumulation because of the lipophilic nature of these environmental com-
pounds.

PaasivirTA et al. [83] recently reported on the identification of PCBE, PCPA, PCA, PCV,
PCF and PCDHA in salmon and eagle specimens from the Baltic. The levels they
measured were in the ppb-range (Fig. I1.2.-19).

The analysis is complicated by the fact that some classes generate similar fragments
during GC-MS-analysis. For example, trichioropyrenes and tetrachlorodibenzofurans
exhibit the same nominal molecular ion (m/z 304), and the molecular ions for penta- and
hexachlorobiphenylenes are the same as the nominal masses for (M+2)* ions of tetra- and
pentachiorodibenzo-p-dioxins.
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Fig. 1l.2.-19 Structures of persistent pollutants
PCN Polychlorinated naphthalenes PCBE Polychlorinated biphenylethers
PBN Polybrominated naphthaienes PCPA Polychlorinated phenoxyanisoles
PCT Polychlorinated terphenyls PCBA Polychiorinated biphenylanisoles
PCBP Polychlorinated biphenylenes PCX Polychlorinated xanthenes
PCPY Polychlorinated pyrenes PCA Polychlorinated anisoles
PCDHA Polychlorinated dihydroanthracenes PCV Polychlorinated veratroles

PCF Polychlorinated fluorenes
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Although the isotope patterns differ depending on the number of chlorine atoms, an
unambigious identification of specific congeners might become difficult due to co-elution
of various contaminants from the capillary column. Hence, a highly sophisticated clean-up
in combination with high resolution GC-MS is required to minimize the possibilty of false
positive results due to the similar structure of many of these environmental poilutants.

5 Summary

Within the last two decades detection limits in residue analysis were lowered by several
orders of magnitude. Consequently, compounds which have contaminated the environ-
ment for years can nowadays be identified and determined in biological samples and
foodstuffs at low ppt- and even ppg-levels.

Use of capillary columns of different polarity generally provides an unambigious separation
of highly toxic compounds from less toxic ones. This is of great importance because a
meaningful risk assessment can only be based on a congener-specific analysis of
contaminants in food and other biological samples.

However, high sensitivity attainable with modern instruments and similar physico-chemical
properties of various compound classes demand not only a discriminating sample clean-
up and a comprehensive quality assurance program but also a high degree of critical
faculty from the analyst with respect to the results.

Acknowledgement: The author wishes to thank Dr. J. J. Rvan, Health and Welfare
Canada, for critically reading the manuscript and for fruitful discussions.

References

1. STALLING, D. L.,TINDLE, R. C., JOHNSON, D. L. (1972) J. Assoc. Off. Anal. Chem. 55: 32-38
2. MuRPHY, P. G. (1972) J. Assoc. Off. Anal. Chem. §5: 1360

3. SMREK, A. L., NEEDHAM, L. L. {1982) Bull. Environm. Contam. Toxicol. 28: 718-722

4

.- BECKER, G. (1982) Organohalogen-, Organophosphor- und Triazin-Verbindungen, DFG-Metho-
densammiung, Methode S 8

5. Multiple Residue Methods for Organophosphorus Pesticides (1984), Carbon Column Clean-up
Method. AOAC-Method 29.054

6. SMITH, L. M. (1981) Anal. Chem. §3: 2152-2154
7. SMITH, L. M., STALLING, D. L., JOHNSON, J. L. (1984) Anal. Chem. 56: 1830-1842

8. BecK, H., ECKART, K., KELLERT, M., MATHAR, W., RUHL, Ch.-S., WITTKOWSKI, R. (1987) Chemo-
sphere 16: 1977-1982

9. FURST, P., KRUGER, C., MEEMKEN, H.-A., GROEBEL, W. (1989) Chemosphere 18: 439-444

10. STANLEY, J. S., BOGGESS, K. E., ONSTOT, J., SAcK, T. M., REMMERS, J. C., BREEN, J., KuTzZ, F.
W., CARRA, J., ROBINSON, P., MACK, G. A. (1986) Chemosphere 15: 1605



Analysis of Residues and Contaminants 274

1.
12.
13.

14.

15.
16.
17.
18.

19.

20.

21,
22.

23.
24,

25.
26.
27.

28.
29.
30.
31.
32.

33.
34.
35.

36.

KANNAN, N., TANABE, S., WAKIMOTO, T., TATSUKAWA, R. (1987) Chemosphere 16: 1631-1634
KRUGER, C. (1988) PhD Thesis, University of Minster, West Germany

HUPFELD, M., FURST, P., GROEBEL, W. (1988) GC-MS-Bestimmung von Benzo(a)pyren in gerau-
cherten Fleischerzeugnissen nach Reinigung an Carbopack C, Regionaltagung der Fachgruppe
“Lebensmittelchemie und gerichtiche Chemie” in der GDCh, Bonn, West Germany

WHO Consuitation on Quality Control Studies on Levels of PCB, PCDD and PCDF in Human
Milk (1987) WHO Regional Office for Europe, Copenhagen (IPC/CEH 541/E)

LINDSTROM, G. (1988) PhD Thesis, University of Umea, Sweden
CLEMENT, R. E., BoBBIE, B., TAGUCHI, V. (1986) Chemosphere 15: 1147—1156
SCHUBERT, R. (1985) GIT Fachz. Lab. 29: 1175-1177

LORENZ, H., NEUMEIER, G. {1983) Polychlorierte Biphenyle. Gemeinsamer Bericht des Bundes-
gesundheitsamtes und des Umweltbundesamtes, MMV Medizin Verlag, Minchen

HUTZINGER, O., SAFE, S., ZITKO, V. (1974) " The Chemistry of PCBs’’, CRC Press, Cleveland, Ohio
BuseR, H. R., BOSSHARDT, H. P., RAPPE, C. (1978) Chemosphere 7. 109-119
RapPE, C., MARKLUND, S., BERGQVIST, P.-A., HANSSON, M. (1982) Chemica Scripta 20: 56-61

SAFE, S., SAFE, L., MULLIN, M. D. (1987) in “Environmental Toxin Series 1: Polychlorinated Biphe-
nyls (PCBs): Mammalian and Environmental Toxicology” (Safe, S., Hutzinger, O., Eds.), Springer-
Verlag, Berlin—Heidelberg

SAFE, S. (1984) CRC Crit. Rev. Toxicol. 13: 319

PARKINSON, A., SAFE, S. (1987) in “Environmental Toxin Series 1: Polychlorinated Biphenyls
(PCBs): Mammalian and Environmentat Toxicology” (Safe, S., Hutzinger, O., Eds.), Springer-Ver-
lag, Berlin—Heidelberg

YOSHIMURA, H., YOSHIHARA, S., Ozawa, N., Miki, M. (1979) Ann. N. Y. Acad. Sci. 320: 179
POLAND, A., KNUTSON, J. C. (1982) Ann. Rev. Pharmacol. Toxicol. 22: 517

Verordnung uber Hochstmengen an Schadstoffen in Lebensmittein vom 23. 3. 1988 (BGBI | S.
422)

BALLSCHMITER, K., ZELL. M. (1980) Fresenius Z. Anal. Chem. 302: 20
MEs, J. (1988) Personal communication

SAFE, S., SAFE, L., MULLIN, M. (1985) J. Agric. Food. Chem. 33: 24
SCHULTE, E., MALISCH, R. (1984) Fresenius Z. Anal. Chem. 319: 54—-59

MEs, J., TURTON, D., DAVIES, D., SUN, W. F., LAU, P. J., WEBER, D. (1987) Intern. J. Environ. Anal.
Chem. 28: 197-205

FURsT, P. (1987) Unpublished data
SCHULTE, E., MaLISCH, R. (1983) Fresenius Z. Anal. Chem. 314: 545-551

ZOLLER, W., SCHAFER, W., CLASS, T., BALLSCHMITER, K. (1985) Fresenius Z. Anal. Chem. 321:
247

MULLIN, M. D., PocHIN, C. M., MC CRINDLE, S., ROMKES, M., SAFE, S., SAFE, L. (1984) Environ.
Sci. Technol. 18: 468




275

Analysis of Residues and Contaminants

37.
38.

39.
40.
41.
42.
43.
44,
45.
46.
47.
48,
49.
50.

51.
52.
53.
54.
55.
56.

57.

58.
59.
60.

61.
62.
63.

64.

65.

FURST, P., KRUGER, C., MEEMKEN, H.-A., GROEBEL, W. (1987) J. Chromatogr. 405: 311-317

FURST, P., KRUGER, C., MEEMKEN, H.-A., GROEBEL, W. (1987) Z. Lebensm. Unters. Forsch. 185:
394-397

RONNEFAHRT, B. (1987) Dtsch. Lebensm. Rundsch. 83: 214-218

FURST, P. (1988) Spectra 11 (2): 26—29

THOMA, H., RIsT, S., HauscHULZ, G., HUTZINGER, O. (1986) Chemosphere 15: 649
DE Kok, J. J., DE Kok, A., BRINKMAN, U. A. Th. (1979) J. Chromatogr. 171: 269
LIEPINS, R., PEARCE, E. M. (1976) Environ. Health Perspect. 17: 55

FRiES, G. F. (1985) Critical Reviews in Toxicology 16: 105-156

FEHRINGER, N. V. (1975) J. Assoc. Off. Anal. Chem. 68: 978

FEHRINGER, N. V. (1975) J. Assoc. Off. Anal. Chem. 58: 1206

EYSTER, J. T, HUMPHEREY, H. E. B., KiIMBROUGH, R. (1983) Arch. Environ. Health 38:; 47
SUNDSTROM, G., HUTZINGER, O., SAFE, S. (1976) Chemosphere 5: 11

AusT, S. D., MiLus, C. D., HoLcomB, L. (1987) Arch. Toxicol. 60; 229—-237

ROBERTSON, L. W., SAFE, S. H., PARKINSON, A., PELLIZZAR, E., POCHINK, C., MULLIN, M. D. (1984)
J. Agric. Food Chem. 32: 11071111

RappE, C. (1984) Environ. Sci. Technol. 18: 78 A

SCHoLZ, B., ENGLER, M. {1987) Chemosphere 16: 1829

HAGENMAIER, H., BRUNNER, H. (1987) Chemosphere 16: 1759

BUSER, R., BOSSHARDT, H. P. (1976) J. Assoc. Off. Anal. Chem. 59: 562
BUSER, R., BOSSHARDT, H. P. (1978) Mitt. Geb. Lebensm. Hyg. 69: 191

SWANSON, S. E., RAPPE, C., KRINGSTAD, K. P., MALMSTROM, J. (1989) Abstract SE 01, Dioxin 87,
Las Vegas

KUEHL, D. W., BUTTERWORTH, B. C., DE VITA, W. M., SAUER, C. P. (1987) Biomed. Environ. Mass.
Spectr. 14: 443

BECK, H., ECKART, K., MATHAR, W., WITTKOWSKI, R. (1988) Chemosphere 17: 51
MARKLUND, S., RAPPE, C., TYSKLIND, M., EGEBAECK, K.-E. (1987) Chemosphere 16: 29

BALLSCHMITER, K., BUCHERT, H., NIEMCZYK, R., KNUDER, A., SWEREV, M. (1986) Chemosphere
15 901

Rvan, J. J., LIZOTTE, R, Lau, B. P.-Y. (1985) Chemosphere 14: 697
BaugHMAN, R., MESELSON, M. (1973) Environ. Health Perspect. 5; 27-35

GRoss, M., Lay, J. O., LYON, P. A., LiPPSTREU, D., KanGaS, N., HARLESS, R. L., TAYLOR, S. E.,
DupUY, A. E. (1984) Environ. Res. 33: 261

NYGREN, M., RaPPE, C., LINDSTROM, G., HANSSON, M., BERGQVIST, P.-A., MARKLUND, S., DOMEL-
LOF, L., HARDELL, L., OLSEN, M. (1986) in “Chlorinated Dibenzodioxins and Dibenzofurans in the
Total Environment” (Rappe, C., Choudhary, G., Keith, L., Eds), Lewis Publishers, Vol. lIl

PATTERSON, D. G., HAMPTON, L., LaPEzA, C. R., BELSER, W. T., GREEN, V., ALEXANDER, L., NEED-
HAM, L. L. (1987) Anal. Chem. 59: 2000



Analysis of Residues and Contaminants 276

66.
67.
68.

69.
70.
71.
72.

73.
74,
75.

76.

77.
78.
79.

80.

81.

82.
83.

RAPPE, C., BUSER, R., STALLING, D. L., SMITH, L. M., DOUGHERTY, R. C. (1981) Nature 292: 524
MITCHUM, R. K., MOLER, G. F., KORFMACHER, W. A. (1980) Anal. Chem. 52. 2278

RaPPE, C. (1985) WHO-Consuitation on Organohalogen Compounds in Human Milk and Related
Compounds, Bilthoven

FURST, P., MEEMKEN, H.-A., GROEBEL, W. (1986) Chemosphere 15: 1977
VAN DEN BERG, M. VAN DER WIELEN, F. M. W., OLIE, K. {1986) Chemosphere 15: 683
ONO, M., KASHIMA, Y., WAKIMOTO, T., TATSUKAWA, R. (1987) Chemosphere 16: 1823

RaPPE, C., ANDERSON, R., BERGQWIST, P.-A., BROHEDE, C., HANSSON, M., KUELLER, L.-O., LIND-
STROM, G., MARKLUND, S., NYGREN, M., SWANSON, S. E., TYSKLIND, M., WIBERG, K. (1987)
Chemosphere 16: 1603

RYAN, J. J. (1988) Personal communication
SWEREV, M., BALLSCHMITER, K. (1987) J. High Res. Chromatogr. 10: 544

STALLING, D. L., SMITH, L. M., PeTTY, J. D., HOGAN, J. W., JOHNSON, J. L., RAPPE, C., BUSER,
H.-R. (1983) in: “Human and Environmental Risks of Chlorinated Dioxins and Related Com-
pounds” (Tucker, R. E., Young, A. L., Gray, A. P., Eds.), Plenum Publishing Corporation, p. 221

RaPPE, C., NYGREN, M., LINDSTROM, G., BUSER, H. R., BLASER, O., WUTHRICH, C. (1987) Environ.
Sci. Technol. 21: 964

BECK, H., ECKART, K., MATHAR, W., WITTKOWSKI, R. (1989) Chemosphere 18: 417-424
FURST, P. (1987} Unpublished data

KIMBROUGH, R. D. (Ed.) (1980) “Halogenated Biphenyls, Terphenyls, Naphthalenes, Dibenzo-
dioxins and Related Products”, Elsevier, Amsterdam

Hass, J. R., MC CONNELL, E. E., HARvAN, D. J. {1978) J. Agric. Food Chem. 26: 94

WiLLiams, C. H., PRESCOTT, C. L., STEWART, P. B., CHOUDHARY, G. (1985) in “Chlorinated Dioxins
and Dibenzofurans in the Total Environment II” (Keith, L. H., Rappe, C., Choudhary, C., Eds.),
Butterworth Publishers, Stoneham

RORDORF, B. F., FREEMAN, R. A., SCHROY, J. M., GLasGOow, D. G. (1986) Chemosphere 15: 2069
PAASIVIRTA, J., TARHANEN, J., JUVONEN, B., VUORINEN, P. (1987) Chemosphere 16: 1787



.3 Headspace Gas Chromatography of Highly
Volatile Compounds

S. Vieths

1 Introduction

A combination of methods and technological procedures used to obtain information
about the composition, nature or state of liquid and solid bodies by analysis of their
surrounding gas phase is called headspace analysis [1].

Headspace gas chromatography (HSGC) is one of the most elegant methods of gas
chromatographic analysis. Sample clean-up or preparation, normally necessary in food
analysis, can either be totally eliminated or at least can be reduced in many cases.

in the case of a solid or liquid sample in thermodynamic equilibrium with the surrounding
gas phase, we are talking about equilibrium or static HSGC. If the sample is extracted by
a continuous gas flow, it is termed a dynamic headspace (HS)-method.

In static HS-processes inert gas is injected into the GC instead of a solvent. This results
in the fact that no disturbing solvent peak occurs in the chromatogram, provided that no
volatile solvent has been added to the sample itself. In addition, no contamination of the
analytical column by non-volatile components from the sample matrix occurs, which
otherwise quite often cannot be avoided if liquid extracts of food samples are injected.
The same is also true for dynamic HS methods.

Since static HS techniques are easily automated and the results are well reproducible,
they are more and more used as rapid methods as for example in quality control [2).

This paper describes possible applications of HSGC-methods in the field of residue ana-
lysis in foods and packaging materials, and clarifies this by means of selected examples.
The theoretical basis is briefly discussed as well. Particular importance is attached to the
description of technical possibilities and practical procedures. The selected examples of
application described 'in Chapter 111.3.—5 are to clarify the possible applications of HSGC
and simplify the famifiarization with the special literature, however, they do not represent
a complete evaluation of the literature. In conclusion, the different techniques are compa-
red, and advantages and disadvantages are discussed.

2 Equilibrium Headspace Gas Chromatography
2.1 Theory

Static HSGC makes use of the thermodynamic equitiorium between the volatile compo-
nents of a liquid or solid sample and the surrounding gas phase in a closed system.
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The partial vapor pressure pi of a component i above a liquid sample is expressed
as

pi = p°XA (real system) 4]

where p° is the vapor pressure of the pure component i at a defined temperature. X, is the
mole fraction of component i in the liquid and A is the activity coefficient. In the ideal
system the activity coefficient is 1 and the equation reduces to Raoults law:

pi = p°X 2

The partial pressure p; is proportional to the measured peak area F;:

F.=Cp (3)

Among other parameters the component specific constant C, depends on the detector
response.

In the quantitative equilibrium HSGC the mole fraction of the component i in the liquid
phase is to be determined. The mole fraction X is obtained by combining the equations
(1) and (3):

F

- oA @

The relationship between the peak area and the mole fraction has to be determined expe-
rimentally by calibration. Calibrations, however, especially if they cover very different con-
centration ranges do not always show linear relationships because the activity coefficient
can be a function of the mole fraction. Nevertheless, if HSGC is applied in trace analysis
this effect usually is insignificant and ordinarily linear calibration graphs are obtained.

Another important prerequisite in HSGC is constant temperature, as the vapor pressure
changes with the temperature in accordance with the Clausius-Clapeyron equation:
dinp)  H,

dT  RT? ®)

where: H, = vaporization enthalphy, R = gas constant, T = temperature

In summiary, it can be stated that in a closed system there is a quantitative relationship
between the concentration of a compound in a liquid or solid phase and its partial pres-
sure in the surrounding gas volume. In quantitative HSGC this relationship is determined
experimentally be means of a calibration. For this, it is necessary to precisely controi the
constancy of temperature. Constant thermostatting times or thermostatting until equili-
brium is reached are therefore required [3-4].
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2.2 Increasing Analytical Sensitivity

Apart from instrumental parameters and the compound-specific value of the detector
response the analytical sensitivity of static HSGC methods depends on the real partition
coefficient between liquid phase and the surrounding gas volume. Therefore, it is a func-
tion of the sample matrix, resulting in different detection limits if a specific compound is
measured in different matrices. For example, non-polar compounds can be determined in
polar matrices with a lower detection limit than in non-polar matrices. An example for that
would be the determination of volatile halocarbons (VHCs) from aqueous matrix compa-
red to the determination of these compounds in fat. Naturally there is an opposite situa-
tion in the case of polar analytes.

Analytical sensitivity is increased if a greater amount of the analyte is transferred to the
column within one GC analysis. This can be accomplished by the methods described
below:

(@ Increasing the vapor pressure by raising the temperature. This increases the share of
volatile compounds in the gas phase. The increase of sensitivity by this method,
however, is not drastic and is limited because with high temperatures chemical inter-
actions as well as too high pressures in the HS-vessel can occur.

(b) By addition of an electrolyte to aqueous solutions, or water to organic solutions the
activity coefficients of compounds in the liquid phase can be increased, leading to hig-
her vapor phase concentrations. Figure lI1.3.—1 illustrates this effect: The addition of
water to a solution of styrene, butyl acrylate, acrylonitriie, and n-butanol in DMF
increases the peak area obtained in HS analysis considerably. The greatest effect is
obtained in the case of non-polar styrene while polar n-butanol shows the smallest
change [3].

(c

Injecting large gas volumes also increases the analytical sensitivity. If capillary columns
are used this often leads to the problem that the injection of large gas volumes requi-
res long sampling times, resulting in band broadening which in turn can cause peak
distortion and poor resolution, especially in the case of highly volatile compounds [4].

Figure II1.3.-2 illustrates this effect: A cheese sample was analyzed for its flavor com-
pounds. Chromatogram A was obtained using conventional HS-sampling with splitless
injection, resulting in sharp peaks. Sampling time was 4.8 seconds. However, when
sampling time was increased to 24 seconds a significant deterioration of the early peaks
occurred (chromatogram B). The latter peaks corresponding to the fatty acids were not
affected by the long sampling time, because their capacity factor was sufficiently high.
Their peak heights therefore increased proportionally to sampling time.

By means of cryogenic focusing the cbserved effect can be avoided. For this the first part
of the column is chilled during the injection, for example by inserting the first loop of the
column into a Dewar vessel containing liquid nitrogen. This reduces the migration rate
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Fig. II.3.—1 The peak area due to 120 ppm by weight of styrene, butyl acrylate, acrylo-

nitrile and n-butanol in DMF as a function of the the water content of the
mixture [3]
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Fig. l11.3.—2 Analysis of flavor compounds present in cheese, utilizing headsace samp-
ling,
Column: 25 m x 0,32 mm i. d. capillary column coated with free fatty acid
phase; film thickness 1 um. Column termperature: programmed as indicated.
Sample: 2 g ground cheese. Headspace equilibration temperature and time:
90 °C, 60 min. Sampling time: A 4,8 s, B 24 s. Identified peaks: 1 acetal-
dehyde, 2 ethanol, 3 acetic acid, 4 propionic acid (130 ppm), & isobutyric
acid, 6 butyric acid, 7 isovaleric acid (85 ppm) {9]
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of the compounds and consequently their peak widths. An arrangement for manual injec-
tion of great HS-volumes is depicted in Figure 11.3.-15 [6].

Some commercially available injection systems allow cryofocusing. Usually, they are desi-
gned to inject volatile compounds thermaily desorbed from Tenax or XAD (see below).
Slightly modified they may also be used for manual injections. Figure lll.3.—3 shows a
modified thermal desorption cold trap injector. A short piece of fused silica capillary
column which can be cooled with liquid nitrogen is installed as the cold trap. To transfer
the focused compounds to the GC, the trap is heated up rapidly [7]. Using cryogenic
focusing, manual injection of several mi HS-gas onto capillary columns without affecting
the shape of the peaks formed can be performed. In the case of purge and trap methods
(discussed below) such cold traps are used 1o focus volatile compounds from gas vol-
umes of more than 100 mi.

2.3 Performing Equilibrium HSGC

Equilibrium HSGC requires gas tight sample vessels, the capability to maintain a constant
temperature, and to withdraw reproducible samples from the vapor phase. This can be
accomplished either manually with gas tight syringes, or by use of an automatic dosing
system. Since it is common that in residue analysis a large number of samples have to be
examined for definite contaminants, HS-autosamplers are used very frequently. Therefore,
this chapter mainly describes the use of the automated HSGC.

The use of gas tight syringes causes several problems: The temperature of the syringe
has to be above the sample temperature otherwise condensation on the cylinder or the
piston can occur. Therefore the syringe has to be thermally controlled which might cause
handling problems. The syringe also has to be thoroughly cleaned at reduced pressure
and increased temperature. Furthermore, the column head pressure has to be as low as
possible to allow a fast injection and avoid a possible snapping of the piston (3]. If
capillary columns are used, this is less problematic because of the lower initial column
pressure. Manual guantitative analysis has to be performed utilizing an internal standard
to compensate for the relatively poor reproducibility of the injection.

In HS autosamplers samples are placed into septum-sealed glass vessels. Before analy-
sis, both, samples and standards are thermostatted either for a constant time or until
thermodynamic equilibrium is reached. Figure I1.3.—4 shows the principle of time- and
pressure-controlied sampling, as applied in an automated headspace device. After the
needle has pierced through the septum, carrier gas flows into the vial until the pressure
equals that at the head of the column. The magnetic valve V, then interrupts the carrier
gas flow for a few seconds. This results in the gas expanding through the needle and thus
the volatiles are transferred onto the column. After the injection the valve opens the carrier
gas flow stopping the injection by repressurizing the vessel {4]. The injected HS volume
can be regulated with the sampling time.
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Several aspects of using such pneumatic HS autosamplers in combination with capillary
columns are discussed by ETTRE et al. [8]. In principle the split as well as the splitless
injection can be carried out. The problem, however, with this kind of pneumatic sampling
is that double sampling might occur if the pressure in the vessel after the thermostatting
period is higher than the initial pressure at the column head. This may occur if for example
a volatile solvent was added to the sample and a high temperature setting is used. By
setting a small split ratio double sampling can be avoided, because the split method
generally requires a higher column head pressure to maintain the optimal carrier gas flow.
The use of capillary columns with an internal diameter of 0.53 mm or more also requires
a higher initial pressure and therefore can be useful in specific applications.

Another automated system is based on a different principle, the so-called valve and loop-
technique in which a changeable sample loop is used for dosing the HS gas [9—10].
Figure ll.3.—5 shows a schematic diagram of such a device.

The sampling procedure also begins with a pressurization step following a thermostatting
period. Then valve V, is opened and the HS gas fills up the metering loop. By operating
the valve V, once more, the carrier gas flow is switched onto the loop and the sample is
transferred to the GC-column. I a capillary column is used, it is recommended to work
with a small split ratio or to use a cryofocusing step. However, direct splitiess injection,
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Fig. IN.3.-5 Pneumatic circuit of a valve and loop headspace autosampler [9]
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as it is used in time and pressure-controlled sampling cannot be applied in this system
[9-10]. The split method generally does not cause a lower analytical sensitivity because
the limiting factor here is band broadening caused by long injection times. With the split-
less method a shorter sampling time has to be chosen or smaller gas volume has to be
injected. Therefore, the maximum gas volume which can be dosed onto the GC-column
without influencing the shape of the peaks is similar in both methods.

HS autosamplers, which work by the valve and loop-mechanism can be easily combined
with any type of gas chromatograph, however, this is not true with time and pressure
controlied sampling devices.

Like in manual injection, other automated systems make use of gas tight syringes.

The instrumental precision of the pneumatic HS injection is very high. In general, variation
coefficients are below 1 % when analyzing agueous solutions. As an example for the
good reproducibitity of the automated HS injection, Figure I1.3.—6 shows the gas chroma-
tograms obtained from repeated HS analyses of a 0.01 % solution of acetone in water
[11]. However, in food analysis samples of very complex compositions have to be analy-
zed which often leads to significantly higher variation coefficients.

2.4 Quantitation

Before discussing the practical aspects of quantitative determinations with the equilibrium
HSGC, attention has to be focused to HSGC applications without need for exact quanti-
tation, for example the control of production or fermentation processes or if end products
have to be screened for residues of technological auxiliary substances in a short time.
Aroma analysis (quality control) is another example that can be cited here [12]. Veery good
reproducibility of a method allows us to evaluate measurements with experience to inter-
pret the results. However, this article will not discuss such applications but will explore the
quantitative aspects of HSGC.

2.4.1 External Calibration

In order to obtain the concentration of a component i in a food sample from the peak area
of an equilibrium HS gas chromatogram both, the instrumental parameters and the com-
pound specific detector response as well as the real partition coefficient have to be con-
sidered in the calibration. If the partition coefficient is known or a complete transition of
the analyte from the liquid or solid sample into the HS gas is assumed, the calibration can
be accomplished by analyzing test gases of a known amount. This method was mainly
used in the beginning of the utilization of HSGC in food analysis in combination with
manual HS sampling [15]. But in general, matrix effects have to be considered in the cali-
bration. Therefore, the composition of the sample under investigation and the calibration
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standards must be comparable. A prerequisite for this is that a non-contaminated matrix
is available. In contrast to manual injections the use of an autosampler does not necessa-
rily require internal standards because of its high precision. Nevertheless, it can be helpful
in finding leaks in HS-vessels or facilitate the discovery of sources of trouble during
sample preparation (e. g. extraction or derivatisation).

Examples for this important calibration method are mentioned at the end of this Chapter
(. 3.5.1.1, 11.3.5.3, 11.3.5.4, 11.3.5.8, 1i1.3.5.9).

2.4.2 Standard Addition Method

If no matrix without analyte residues for producing a calibration series is available and it is
not possible to simulate the matrix effect by mixing the main constituents of the sample,
calibration can be achieved with the sample itself. For this, as in external calibration, dif-
ferent amounts of the analyte are added and then the samples are analyzed with and
without standard addition. The concentration in the original sample is determined on the
basis of the proportionality of the increase in peak area. For evaluation the peak area or
peak area ratio is plotted versus the added amount. The concentration of the analyte in
the sample is determined from the intersection of the linear calibration graph and the
x-axis. In principle all determinations mentioned above can be achieved using the stan-
dard addition method. If this procedure is used, every single sample requires its own cali-
bration causing drastic increases in the number of measurements. However, the advan-
tage of this method is that more accurate results are obtained because all systematic
mistakes, including matrix effects, are compensated.

The amount of work can be reduced, if only one sample as well as one sample containing
one standard concentration are analyzed, however, this results in a loss of accuracy. The
standard addition method is often used to confirm results that have been obtained by
external calibration.

If a great number of determinations of an analyte from the same type of sample has to be
performed the method of choice is external calibration. Only occasionally or in special
cases the results are confirmed by standard addition (see also 111.3.5.1.2).

Finally, some general remarks about quantitative determination of residues and contami-
nants by equilibrium-HSGC: the precision of the results highly depends on the homo-
geneity of the samples. Homogenisation of food, if examined for volatile compounds,
must be carried out carefully to avoid losses of the analyte. Since in automated HSGC
generally only small sample weights are analyzed, the homogeneity of the sample itself or
the reproducibility of the sample preparation often limits the precision of the results.

The results of a study to elaborate a standard method to determine volatile halocarbons
in different foodstuffs illustrate this particular matrix problem. During the analysis of vege-
table oil with the standard addition method variation coefficients between 5 % and 7 %
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were obtained. The same method showed variation coefficients up to 13 % in the analysis
of bacon [17]. In spite of homogenisation there were different amounts of fat and fibre in
these samples. The effect described is explainable and can hardly be avoided because
volatile halocarbons are mainly found in the fat compartment of food. Similar results have
been reported from another study: in the analysis of food composites for volatile haiocar-
bons, good quantitative results were obtained analyzing oil/fat and also diaries, while in
the analysis of meat and beverages only qualitative evaluations were possible [18].

In addition to the quantitation methods discussed here the Multiple Headspace Extraction
(MHE} which under certain circumstances allows a matrix-independend quantitation, is
introduced and discussed in Chapter I11.3.4.

3 Dynamic Headspace Gas Chromatography

Dynamic HS methods are those techniques in which a continuous gas flow is used to
carry out the extraction of the sample. Some authors refer to “dynamic HS” when the gas
flow is led over the sample and of “strip and trap” or “purge and trap”, when the
extraction gas is passed through a liquid sample or through a suspension of a solid
sample. In quantitative food analysis purge and trap methods are most important. This
method was originally developed to determine volatile halocarbons in water [19]. Another
dynamic HS method is the so-called closed loop strip/trap-technique in which volatile
compounds from a condensed phase are trapped on a sorbent by pumping the head-
space gas in a closed circuit via the trap and the condensed phase. This method origi-
nally was developed by GROB and GROB [20-21]. All dynamic HS techniques require an
enrichment step (trap) prior to GC analysis.

This Chapter describes methods of dynamic HS analysis. Selected examples from the
field of quantitative analysis of foods for residues and contaminants are to be found in
Chapter 111.3.5. The description is confined to those devices in which the extraction gas
can be led through the liquid samples.

3.1 Theory

In the case of a liquid sample the concentration Cg of a volatile analyte in the gas phase
can be calculated according to equation (6) [1]:

Vs (6)
_ S vy
Cs= K e L
where: C°_ = initial concentration of the analyte in the liquid phase
K = partition coefficient
Vg = purge gas volume

V, = volume of the liguid sample
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A similar relationship has also been described by DROZD and NOVAK [22]. However, these
expressions only hold in the case of thermodynamic equilibrium, homogeneity of the
sample and the purge gas, and constant sample temperature and purge flow rate. A
slightly modified equation which considers the gas volume above the liquid sample, was
introduced by Nou et al. [283].

( ~Flt-tg )
R=1-e + KVitVq )
where: R = recovery, F = purge gas flow rate, t = purge time, t, = gas hold-up time in the

glass tube, K = mass based gas-liquid distrioution constant, V, = sample volume,
V, = gas volume over the liquid sample in the sample flask.

The theoretical basis for the closed loop strip/trap-method is described by NOVAK et al.
[24].

The large number of dynamic HS methods developed results in many small differences in
theoretical considerations, which will not be described here.

3.2 Performing Dynamic HSGC

in all dynamic HS methods the sample is extracted by a continuous stream of gas. Some-
times more than 1000 mi of purge gas are needed for the extraction of one sample [25]
and therefore, the concentration of the analyte has to be increased prior to the GC ana-
lysis. This can be accomplished by solvent absorption, adsorption on solid sorbents such
as activated charcoal or macroporous polymers such as Tenax- or XAD-resins, or by
cryofocusing in cold traps. Since the solid sorbents have different sampling characteristics
and the desorption rate (thermodesorption or solvent elution) depends on the polarity and
the boiling point of the analyte, both have to be optimized for every specific analytical pro-
blem.

Solid sorbents behave like chromatographic columns. After a specific retention the
enriched compounds are emitted from the sorbent. In practice, the adsorption of polar
volatiles on organic resins causes problems. In principle, this is also true in the case of
cold traps which use capillary columns as sorbents.

if activated charcoal is used, elution with a solvent is often necessary to desorb the trap-
ped compounds. For example, non-polar compounds are not easily desorbed from acti-
vated charcoal if thermal desorption is applied. In this case very long desorption times at
high temperatures are necessary which can cause chemical interactions resulting in los-
ses of analyte or formation of artifacts. Carbon disulphide is known to be a good eluant.
Thermal desorption with activated charcoal as a sorbent is possible, if it is employed in
combination with organic resins. For example, if the trap consists of a combination of XAD
or Tenax and activated charcoal and if the stripping gas passes through the organic resin
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first, the non-polar compounds and some of the polar volatiles are collected in this
portion. On the coal only the unadsorbed fraction of the polar volatile compounds is enri-
ched. These particular compounds are thermally desorbable without excessive desorption
times.

In many cases the use of organic polymers is also combined with the elution method.
This leads to a loss of analytical sensitivity because only an aliquot of the trapped com-
pounds is transferred onto the GC column. The use of thermal desorption avoids this
because the entire amount of the trapped compounds can be analyzed in one GC run. If
desorption is accomplished from Tenax or XAD-tubes onto capillary columns, a special
instrumental problem occurs: desorption requires several minutes and carrier gas flow is
5-10 orders of magnitude higher than the normai carrier gas flow through capillary
columns. Therefore, before the volatiles are transferred to the GC, an additional sorption/
desorption step has to be included. Here mostly the cryofocusing/thermal desorption
technique is employed. Thermal desorption cold trap injectors which have been designed
especially for this use, are commercially available [7]. The use of capillary columns with a
particularly large internal diameter (0.63 or 0.75 mm) makes the second sorption/desorp-
tion step in some cases avoidable [26].

In general, thermal desorption steps involve the risk of decomposition or artifact forma-
tion.

Purge and trap equipment has been developed for off-line as well as for on-line use. The
of-ine use can be combined with a solvent as the trapping material as well as with
adsorption of the volatiles on activated charcoal or organic resins. For thermal desorption
of off-line loaded adsorption tubes autosamplers are available [4]. In the on-line use of
purge and trap-devices organic sorbents as well as cryofocusing can be applied.

Dynamic HS techniques, especially those in residue analysis particularly often used purge
and trap methods, have been carried out with a number of self-constructed equipment.
Today, different automated devices are commercially available, two of which shall be des-
cribed here. Figure lIl.3.—7 shows a schematic diagram of an on line purge and cold trap-
injector (PTI) in which cryofocusing and thermal desorption are applied.

A flow of purge gas (helium, also carrier gas) is passed through the sample by means of
a glass frit 2, which ensures a highly dispersed purge flow. The sample flask 1 can be
thermostatted using an oven which is not shown in the illustration. The flow, containing
both volatiles and water vapor, passes condenser 3 which is kept at — 15 °C. In this trap
most of the water vapor is frozen and eliminated in order to avoid blockage of the second
cold trap. After passing a glass tube in a heated compartment 4, the volatiles are trapped
in a small piece of fused silica tubing 5, coated with SP SIL 5CB and held at a minimum
of — 120 °C. This low temperature is maintained by an air stream cooled with liquid nitro-
gen from a Dewar vessel 6. The capillary trap is connected to the analytical GC capillary
column 7. For thermal desorption, the cold trap can then be heated up to €. g. 200 °C
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Fig. IN.3.-6 Reproducibility of the pneumatic injection into the gas chromatograph of
acetone vapor above its water solution [1]

within seconds. Purge, cryofocusing, thermal desorption and GC analysis are program-
mable, however, with this particular system the samples have to be changed manually
[7, 27]. Condenser 3, fixed before the cold trap effectively removes the water from the
purge gas, but also removes volatile compounds with higher boiling points, for example
hydrocarbons with more than 11 C-atoms are held back and therefore cannot be analy-
zed. In contrast, other equipment in which organic polymers are used as sorbents allows
to determine C-14 and C-15 hydrocarbons from aqueous matrices [23].

The pneumatic circuit of a sequential purge and trap autosampler which is commercially
available is shown schematically in Figure 111.3.—8.
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In this system, up to 24 septum-sealed vessels, containing the samples, can be thermally
controlled in a carousel heated by a silicon oil bath. After a preset heating time, the
septum is pierced by a twin-needle, through which the purge gas, is led in and out. The
gas which contains extracted volatiles passes a small amount of a sorbent. The trapped
volatiles are then transferred to the GC column by thermal desorption. If capillary columns
are used, a small splitting (1:10) must be provided or a cryofocusing step performed
[9, 28]. In the standard equipment of this instrument the latter is not included.

The great advantage of this device is that up to 24 samples can be sequentially exami-
ned, so that it can be used in the same way as an equilibrium HSGC-autosampler. On the
other hand, the contact between the purge gas and the liquid sample is considerably
more intense with the glass frit in the PTI system. Gas supplied through a needle repre-
sents a disadvantage because purge and trap-methods in residue analysis are carried out
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Fig. I.3.~7 Schematic diagram of an automated purge and cold trap injector [7]
1 sample flask, 2 glass frit, 3 condenser, 4 heated compartment, 5 cold
trap, 6 Dewar vessel, 7 analytical capillary column, 8 rod, 9 hexagonal nut,
10 vent line, 11 solenoid valve, 12 needle valve, 13 switching valve, 14 con-
striction
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until total extraction if possible. Therefore, in many self-designed purge and trap devices
attempts have been made to ensure intimate contact between the purge gas and the
sample by either vigorous stirring or use of large, small-porous frits [25, 30—-31]. In the
case of incomplete extraction, the calibration matrix effect has to be taken into account
(see also 111.3.2.4.1). On the other hand, an advantage of the described sequential purge
and trap analyzer is that the Multiple Headspace Extraction can be carried out according
to a dynamic HS technique (see below) [29]. Compared to the PTI system whose possi-
bilities of application have already been extensively examined [7, 23, 27, 32], the sequen-
tial analyzer seems to have had little use up to now. One example of its use, the determi-
nation of VC-monomer in PVC, is described in Chapter 111.3.4 [29].

Finally, another interesting variant of a dynamic HS technigue is presented — the closed
loop strip/trap-methed, in which volatile compounds from a condensed phase are trap-
ped on a sorbent by pumping the headspace gas in a closed circuit via the trap and the
condensed phase [20-21]. This method was initially used to determine hydrophobic
compounds in water in the lower ng/I-range. A schematic representation of a closed loop
strip/trap-arrangement is shown in Figure 111.3.-9.
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Fig. II1.3.-8 Sequential purge and trap sampler-pneumatic circuit [29]
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As already mentioned, adsorbed volatiles can be re-emitted into the purge gas. In “open”
purge and trap arrangements, this process should be avoided because it leads to a loss
of the analyte. In a closed system this can be accepted and used for analytical purposes.
If the purge gas volume pumped through is farge enough it is possible to bring the whole
system into equilibrium, similar as described for static HSGC. Hence, the closed loop
method can be performed in two ways: The experimental conditions can be optimized to
collect the whole amount of volatile compounds from the sample in the trap, if possible.
In this case reaching the equilibrium should be avoided by not allowing too high purge
gas flow rates for example, and providing a sufficient capacity of the sorbent. According
to this, an external calibration can be carried out. Particularly if polar compounds from
agqueous matrices are being determined it may occur that a total extraction is not possible
because comparatively long purge times are required. In such a case it is useful to opti-
mize the system in a way that equilibrium is reached after a short purge time, e.g. by
means of high gas flow rates. The calibration has to be carried out by adding standard
solutions to a comparable matrix and performing the stripping-process with the standards
as well as with the samples until equilibrium is reached. This system was used by NovaAk
et al. [24] to analyze two polar compounds (ethanol, butyl acetate) from aqueous food in
model experiments. Working with this system, however, is time consuming and automa-
ted devices are not available. Although this technigue has found little consideration in food
analysis up to now, it could offer interesting approaches for solutions to special problems:
The advantages of a dynamic HS-method (good analytical sensitivity) can be linked up
with those of a static method (high precision) by use of the standard addition method,
especially if the capacity of the sorbent does not suffice for a complete trapping of the
analytes.

3.3 AQuantitation

In many cases performing quantitations according to dynamic HS-technigues, is rather
awkward and take a lot more work than in automated equilibrium HSGC. With the purge
and trap method, quantitations are carried out by means of external calibration. Quanti-
tative determinations according to the standard addition method can be performed, but
because of the great amount of work required are not applied in practice. This does not
hold true in the case of the above described dynamic HS autosampler which allows to
perform the standard addition method similar to automated equilibrium HSGC.

3.3.1 External Calibration

The instrumental aspects, discussed in 111.3.2 lead to the conclusion, that before employ-
ing quantitations according to the extemal calibration method using “open” purge and
trap-devices, certain prerequisites have to be met, for instance the stripping process has
to be carefully optimized to ensure complete extraction of the volatiles that are to be
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determined. Parameters which can influence this process are the weight and kind of the
sample (solid/liquid, particle size in suspensions), the temperature, the gas flow, intensity
of stirring, and the addition of chemicals before gas extraction. Furthermore, the enrich-
ment step has to be optimized if solid adsorbents are used, and so do the kind and quan-
tity of the sorbent. If injection is carried out by means of thermal desorption, complete
desorption must be ensured. Temperature-enhanced chemical interactions influencing
analyte concentration must be avoided. If these prerequisites are fulfilled, calibration can
be realized by injection of standard solutions. If a gaseous sample is injected ({thermal
desorption) the calibration can be carried out by injection of gaseous standards. The best
way of calibration which ensures more reliable results is to analyze aqueous standard
solutions in the same manner as the samples. Losses of analyte which might occur during
enrichment or desorption are compensated by this calibration method. As in equilibrium
HSGC the sample matrix effect can be taken into account by adding standards to an
uncontaminated matrix if an exhaustive extraction is not possible. This is only useful,
however, if samples of one type are analyzed. If various foods are to be analyzed, a sepa-
rate calibration for each type of sample has to be accomplished, which can become very
time consuming.

Generally, developing a purge and trap-procedure one would try to obtain extraction as
complete as possible, check the recoveries by standard addition, and pick out the easiest
external calibration method. If the nature of the problem permits it an automated equili-
brium HSGC method is usually preferred. Applications of the quantitative purge and trap-
analysis can be found in Chapters 11.3.5.1.3 and 111.3.5.5.

4 Matrix-Independent Quantitation by Means of
Muitiple Headspace Extraction

Multiple Headspace Extraction (MHE) is a special kind of guantitative HS analysis that
allows the examination of solid samples where homogeneous partitition of added
standards is impossible. The method has been developed for static HSGC and is mainly
applied in this domain. The technique is based on a stepwise gas extraction of the
sample with intermediate HS-analysis. Results obtained by means of external calibration
do not depend on the sample matrix. Following, the performance of the MHE procedure
using an electropneumatic sampling system for static HS is described {33-34]. Figure
1.3.~10 illustrates the procedure according to KoLs [34].

The sample is equilibrated followed by a pneumatic HS injection. After each single injec-
tion the vessel remains under pressure because the injected aliquot is only about 10 % of
the total gas volume, not large enough to cause a significant extraction yield. Therefore
the vessel is vented to reach atmospheric pressure. This step is followed by reequilibra-
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Fig. 111.3-9 Schematic representation of a closed loop stripttrap-arrangement [24]

tion, repressurization, injection and reventing at defined time intervals. The external stan-
dard, in the simplest case an empty HS vessel into which a known amount of analyte has
been injected, must be analyzed under the same instrumental conditions as the sample.

Assuming the gas extraction follows the mathematical description of a first-order reaction
the decrease of analyte concentration in the vapor phase occurs exponentially. Therefore,
sample should reach equilibrium within a not too long thermostat interval. The diffusion
distances in the solid body should be as short as possible to allow a comparatively rapid
transfer of the volatiles into the HS gas. For example, this is true if the sampie consists of
a thin film or small granules of a polymer. By extrapolation the sum of the peak area cor-
responding to the amount of analyte in the sample or in the standard can be calculated
as the sum of a geometric progression. The peak area A, after n extraction steps corre-
sponds to:
- (n-1)k

A=A e @
where: A, = peak area of the first HS analysis, k = constant, contains partition coefficient
and instrumental parameters.

If Equation (8) is developed as a geometric progression, the sum of the peak area can be

calculated according to the general equation:
-1

S A=A, (1-e9 (9)
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In the simplest case, the sum can be calculated after two extraction steps:
AL

SA,= m (10)
An extrapolation from two values is allowed only if the curve in the extrapolation range is
known. In practice this means that for each type of sample and standard a series of
extractions has to be carried out. Since the extraction procedure follows a logarithmic
function, a straight line is obtained when plotting peak areas versus number of extractions
on a semilogarithmic graph [4, 34]. In this case it is allowed to simplify the procedure to
two extraction steps, considering the fact that extrapolation from two measurements
affects the accuracy and statistical certainty. Figure 1l1.3.—11 shows a semilogarithmic plot
of the peak areas versus the number of extraction steps in the determination of styrene
monomer in polystyrene. Figure lil.3.—12 shows the chromatograms obtained in the deter-
mination of 12 ppb ethylene monomer in polyethylene peliets [35].

In Figure 1il.3.—11 a typical linear relationship can be seen. The different gradients of the
sample- and the calibration graphs are characteristic of the respective matrix, while the
sum of the peak area allows matrix-independent quantitation. The chromatograms shown
in Figure 1.3.-12 illustrate the exponential decrease of the analyte concentration in the
HS gas during stepwise gas extraction. Problems which can make the MHE analysis
more difficult or in some cases impossible are for example: long diffusion distances of the
analyte in the solid phase, adsorption effects in the HS vessel, or changes in the matrix
during the analysis [35]. If the partition coefficient is great which means that there is only

D
. )

Fig. Il.3.-10 Practical execution of the Multiple Headspace Extraction (MHE) procedure
(34]
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Fig. 1.3.~11 Determination of 770 ppm {w/w) styrene in polystyrene by regression cal-
culation from a nine-step MHE analysis. Equilibration: 100 mg, 40 min at
120 °C, calibration external standard: 2 ul of styrene solution in dimethyt
formamide [35]
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Fig. lI.3.-12 Determination of 12 ppb (w/w) of ethylene in polyethylene pellets from a
five-step MHE analysis., 2 m x 1/8 in column packed with Porapak Q,
80 °C isothermal, sample: disks 4 mm x 2 mm, equilibration: 4 g, 120 min
at 120 °C [35}
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a small part of the analyte in the vapor phase, the graph in the semilogarithmic plot shows
a very small gradient. This results in an uncertain extrapolation so that in an extreme case
the determination by MHE analysis may be impossible.

The MHE methods described above were developed using equilibrium HSGC. The
previously described theoretical relationship also holds true for dynamic HS techniques in
the case of incomplete extraction. A practical exampie for that is illustrated in Figure .3.—
13. The first six chromatograms of a nitrogen flow passing through a solution of the four
simplest aromatic hydrocarbons in squalane are shown. The concentrations of the vola-
tiles in the vapor phase also show an exponential decrease [1].

The application of MHE to a problem of residue analysis according to a dynamic HS
method is reported by POy et al. [29]. The authors developed a method to determine VC-
monomer in PVC in the lower ppb-range using a sequential purge and trap device. The
MHE-procedure was performed automatically by stripping dispersions of PVC in dimethyl-
acetamide (DMAC) or VC standard solutions in DMAC. This method simpilified con-
siderably the determination of VC in polymers in the lower ppb-range, because in other
approaches combinations of dynamic and static HS methods have been used to improve
the analytical sensitivity [36). The application of MHE in dynamic HSGC may combine the
advantages of automated MHE with those of dynamic HS techniques in which generally
lower detection limits are obtained.

Finally a critical remark about the practical importance of MHE: although the method
offers a very interesting approach to solving many problems it did not gain importance as
a standard method in food chemistry laboratories yet, judging by the number of articles
that have been published on this subject. However, this may be because the procedure
is more time consuming than other methods, and the samples have to fullfil a number of
prerequisites to be suitable for MHE. Though in many cases disturbing effects can be eli-
minated, it takes a thorough working knowledge of the method, which often is not pos-
sible for a routine working analyst. Furthermore, the fact has to be considered that only a
relatively small number of analytical problems require the application of MHE. If simi-
larly satisfactory quantitative results can be obtained using another HSGC method for
reasons of saving time the latter will be preferred. Today the MHE in the field of food
analysis has to be considered mainly as an interesting and important method to check
and confirm other analytical methods. MHE applications are shown in the determination of
solvent residues in packaging materials (c. f. 11.3.5.7) and of volatile halocarbons in butter
[37].
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3.9 mi of a solution of hydrocarbons in squalane at a rate of 55 mi/min at
30 °C. Sampling interval: 15 min. Compounds: 1 benzene, 2 toluene, 3 p-
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Fig. 1l.3.—~14 HSGC analysis of wheat flour, extraction mixture acetone/water 5+1 (v+v),
A Standard: 1 bromotrichloromethane (internal standard), 2 tetrachloro-
ethene 195 pg/kg, B Sample: 3 bromotrichloromethane (internal standard),
4 tetrachloroethene 458 pg/kg [45]
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5 Applications

5.1 Volatile Halocarbons

Volatile halocarbons (VHCs) such as trichioromethane (chloroform), tetrachloromethane
(carbon tetrachloride), 1,1,1,-trichloroethane, trichloroethene, and tetrachloroethene
(perchloroethylene) are primarily used as industrial solvents and chemical intermediates.
More than 10 million tons of these compounds are produced annually all over the wortd. In
addition, trinalomethanes may be produced through the chlorination of water. VHCs are
of interest, because their large production volumes may lead to their presence as conta-
minants in foods. Some have been found to be carcinogenic in animals. Some special
VHCs 1,2-dibromoethane (ethylene dibromide), 1,2-dichloroethane (ethylene dichloride),
bromomethane (methyl bromide) or tetrachloromethane are used as fumigants against
insect pests in stored food commodities like grains or fruits. This has led to the develop-
ment of a number of different HS methods to determine VHCs in food [38—41]. In addi-
tion, some of these compounds have found technological use in the food industry which
made it necessary to develop methods for the determination of e.g. dichloromethane
(methylene chioride) in hop extract [42] or of trichloroethene or dichloromethane in decaff-
einated coffee [43]. Tetrachloroethene (Perchioroethylene) is extensively used as a solvent
in dry cleaning. Foods, that are stored or sold within the emission area of dry cleaning
units may therefore be contaminated with this solvent {44].

5.1.1 Determination of Tetrachloroethene (TCE) in Wheat Flour Using
the Method of External Calibration

Volatile halocarbons can be easily extracted from grains or flour using a mixture of ace-
tone and water (5:1, v/v) [46). For example, 2 g of flour sample are weighed into a 20 ml
HS vessel and 3 ml of a solution of bromotrichloromethane (BTCM, internal standard) in
acetone and 0.6 ml water are added, and the vessel is sealed. For calibration known
amounts of TCE in acetone (which also contains the internal standard in the same con-
centration as the sample) and water are added to 2 g of uncontaminated wheat flour. The
standard addition should correspond to 20—500 pg TCE/kg in the samples. Standards
and samples are treated in an ultrasonic bath for 15 min and then stored for at least 24 h.
For determination an equilibrium HS autosampler is used. The vessels are kept at 60 °C
for 90 min and splitless injection is performed. The separation is carried out on a 25 m x
0.32 mm CP-Sit 8 fused silica capillary column with a film thickness of 5 um at a tempe-
rature of 120 °C (isothermal). Helium can be used as carrier gas. For detection an ECD at
a temperature of 300 °C is used [45). Figure 1il.3.~14 shows the gas chromatograms of a
standard and a TCE-contaminated sample. Figure I11.3.-15 shows a calibration graph
obtained.
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Fig. I1.3.-15 Determination of tetrachloroethene in wheat flour, calibration graph, peak
area ratio plotted versus concentration in pg/kg [45]

Other application examples for the determination of VHCs in foods using external calibra-
tion are listed in Table 11.3.-1.

5.1.2 Analysis of VHCs in Various Foods Using the Standard
Addition Method

According to the method described in 111.3.5.1.1, the guantitation can also be carried out
by the standard addition method by simply adding known amounts of standard to the
sample itself. A calibration graph, obtained in the determination of TCE in wheat flour by
means of the standard addition method is shown in Figure 11.3.-16.
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Fig. 11.3.-16 Determination of tetrachloroethene in wheat flour using the method of stan-
dard addition, peak area ratio plotted versus concentration, sample contai-
ning 210 ug/kg TCE [45]

A method to determine VHCs in various foods was developed by ENTZ and HOLLIFIELD
[38]:

Solids such as meat and fish are ground while partially frozen. Specific food samples are
treated in different fashion depending on the physical nature of the sample. Liquids are
analyzed undiluted. Semisolids (e. g. butter) or viscous liquids, if free flowing at 90 °C are
analyzed undiluted also. Water miscible foods (e. g. jellies) are diluted with distilled water
or, if waterimmiscible (e.g. meat) digested in 20 N H,SO.. The general procedure is as
follows: 1-2 g of the sample is weighed into a tared crimp-top vial; 1-5 ml of distilled
water or 15 m! of digestion medium is added to the vial if solvation or digestion is needed.
Internal standard (1,1,1,3-tetrachloro-tetrafluoropropane) and spiking standard solutions
in 2-propanc! are added with microliter syringes. The vials are sealed with crimp seals
containing teflon-lined septa, shaken, and equilibrated at 90 °C for 1 h. 2 mi of headspace
gas are injected manually {packed columns: 15 % OV-17 on 80-100 mesh Chromosorb W
HP or 20 % SP-2000 / 0.1 % Carbowax 1500 on 100-120 mesh Supelcoport). The
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authors have also used an automated equilibrium headspace analyzer which was equipped
with a OV-101 glass capillary column (0.27 mm i.d., fim thickness approx. 0.9 um). In
this case, injection was performed at an initial pressure of 2.1 bar and a split ratio of
3.5: 1. injection time was 8 seconds. Separation can be carried out using the described
capillary column by injecting at 80 °C oven temperature, and heating at a rate of 6 °C/min
to 116 °C and holding at this temperature for another 2 min. Argon/methane (5 %) was
used as carrier- and make up gas. Figure 111.3.—17 illustrates the analysis of trichioro-
ethene (TRI) in a crab apple jelly sample using this method. The concentration of the TRI
residue was determined to be 26 ug/kg.

+Urg TR

+1§ag TRI

.Sy JELLY
+12ng TRI

TR!

U

? 4 H [} 2 4

Fig. HL.3.-17 Analysis of crab apple jelly using the standard addition method (column:
15 % OV-17 3.7, m 90 °C), 1 0.5 g of jelly in 5 ml of water, 2 12 ng of
TRI added, 3 16 ng of TRI added, 4 24 ng of TRI added [38]
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Table 11.3.—1 Determination of VHCs in Foods Using Static Headspace Methods

prawns

Subject Quanti- Remarks Authors

tation
Volatile halocarbons 1,2 autom./man inj. Kobler et al., 1982
in various foods [17]
Volatile halocarbons 1,2 autom./man. inj.  Entz and Hollifield,
in various foods 1982 [38]
Volatile halocarbons in 1,2 autom./man. inj.  Entz. et al., 1982 [18]
various food
composites
Volatile halocarbons 23 autom. inj. Uhler and Miller, 1988
in butter (37]
Methyl bromide in food 1 autom./man. inj.  de Vries et al., 1985
ingredients 139]
Methyt bromide in 1 man. inj. King et al., 1981 [40]
grapefruit
Ethylene dibromide 1 autom. inj. Prancto-Soetardhi
in cereals et al., 1986 [41]
Ethylene dibromide 1 autom. inj. Gilbert et al., 1985
in fruits (47]
Methylene chloride 1 man. inj. Neumann and Wag-
in hop extract ner 1974 [42]
1,2-Dichloroethylene 3 autom. inj. Kolb et al., 1984
in instant coffee [35]
Dichlorodifiuoromethane 1 man. inj. Carter and Kirk,
{freezant) in contact-frozen 1977 [16]

1: External Calibration, 2: Standard Addition Method, 3. Multiple Headspace Extraction

5.1.3 Determination of VHCs in Foods Using Purge and

Trap Procedures

The “classical” application of purge and trap methods in residue analysis is the determi-
nation of (mainly non-polar) volatile organic contaminants in water. For this mostly organic
polymers are used as sorbents and injections are carried out by thermal desorption. Stan-
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dard methods of the US-Environmental Protection Agency (EPA) are based on this tech-
nigue [48]. Contaminated water represents an ideal matrix for the analysis of VHCs: non-
polar compounds can effectively be extracted from aqueous solutions and trapped by
organic sorbents so that outstanding results can be obtained. In the beginning of the 80’s
purge and trap methods were employed for the determination of VHC residues in food for
the first time. In two extensive research programs, carried out simultaneously to estimate
the health and ecological risks caused by these compounds a great number of foods
were examined for their background pollution with VHC [30, 49-54].

A method developed by BAUER [50,52] allows the determination of up to 33 halogenated
and nitro compounds within one GC separation, and this method is described in the fol-
lowing.

10 g of a frozen solid sample are ground with pre-cooled sodium sulfate using a mortar
with pestle. During this procedure the sample temperature should not rise above 4 °C.
The sample is stripped for 40 min with 40—50 ml Ny/min in a 100 ml glass flask equipped
with a fritted bottom and maintained at 80 °C by means of a water bath. The volatiles are
adsorbed in a XAD-2-tube at 0 °C and eluted with 10 ml of pentane. An aliquot is analy-
zed by GC (60 m x 0.25 mm OV-101 capillary column; carrier gas helium, 4 ml/min; oven
temperature: 10 min 85 °C, 5 °C/min to 140 °C, 9 min isothermal). Figure Hl.3-.18 shows
the design of the purge and trap apparatus used. The separation of 33 halogenated
hydrocarbons and nitro-compounds is illustrated by the chromatogram in Figure I1.3.-19.
For the various foods recoveries are checked by adding pentane standard ¢ slutions to the
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Fig. 11.3.-18 Determination of volatile halocarbons in solid samples, purge and trap
apparatus [25]
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Fig. 11.3.-19

Determination of volatile contaminants in food using a purge and trap pro-
cedure, gas chromatographic separation of 33 compounds [50]

List of compounds.: 1 dichloromethane, 2 trichloromethane, 3 1,2-dichlo-
roethane, 4 1,1,1-trichloroethane, 5 tetrachloromethane, 6 trichloroethene,
7 1,1,2-trichloroethane, 8 1,3-dichloropropane, 9 bromodichloromethane,
10 1,2-dibromoethane, 11 tetrachloroethene, 12 1,1,1,2-tetrachloroethane,
13 tribromomethane, 14 1,1,2 2-tetrachloroethane, 15 1,2,3-trichloropro-
pane, 16 pentachloroethane, 17 1,3-dichlorobenzene, 18 1,4-dichloroben-
zene, 19 1,2-dichlorobenzene, 20 tetrabromomethane, 21 hexachloro-
ethane, 22 2 4 dichlorotoluene, 23 1,3,5-trichlorobenzene, 24 1,2, 4-trich-
lorobenzene, 25 4-nitrotoluene, 26 1,2,3-trichlorobenzene, 27 4-chloroni-
trobenzene, 28 hexachlorobutadiene, 29 1,3-dichloro-3-nitrotoluene,

30 5-chloro-3-nitrotoluene, 31 4-chloro-3-nitrotoluene, 32 1,2-dichloro-3-
nitrobenzene, 33 2-chloro-4-nitrotoluene
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sample before stripping. Detection limit depends on the compound to be determined, i. e.
Tetrachloromethane: 0.1 pg/kg, 1,2-dibromoethane: 0.8 ng/kg.

Some applications of purge and trap-procedures in the determination of VHCs in various
foods are listed in Table II1.3.—2.

Table 111.3.-2 Determination of Volatile Halocarbons in Foods Using Purge and Trap

Methods

Subject Remarks Authors
Volatile halocarbons in self-designed apparatus, purge gas N,,  Bauer, 1981
various foods, water and  sample temp. 80 °C, sorbent XAD 2, [50, 52)
air pentane elution.
Volatile halocarbons self-designed apparatus, purge gas N,,  Alles et al.,
in human and animal sample temp. 80 °C, sorbent XAD 2, 1981 [25)
tissues pentane elution.
Volatile halocarbons in self-designed apparatus, purge gas N,,  Lahl et al.,
various foods, waterand  sample temp > 90 °C, vig. stirring, add. 1981 {30]
air of proteolyt. enzyme before outgasing,

add. of detergent and acid, sorbent

XAD 2, pentane elution.
Ethylene dibromide in self-designed apparatus, purge gas N,,  Heikes, 1985
table-ready foods water bath 100 °C, stirring, sorbent Tenax [55]

TA, hexane elution ECD, HECD, GC MS
Ethylene dibromide in self-designed apparatus purge gas N,,  Heikes, 1985

grains and animal feeds water bath 100 °C, stirring, sorbent Tenax [56]
TA, hexane elution.

Fumigants in grains cf. [56] but using Tenax TAXAD 4 Heikes and

comp. as sorbent Hopper, 1986
(31]

Chlorinated solvents in cf. [31] Heikes, 1987

decaffeinated coffee [43]}

Volatile halocarbons and  cf. [31] Heikes, 1987

CS, in table-ready foods [57]

39 volatile org. commercially available apparatus Easley et al.,

pollutants in fish purge gas N,, trap Tenax GC/silicagel/ 1981 [56]

act. charcoal, thermal desorption GC-MS
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5.2 Solvent Residues in Oils and Fats

Some examples for the determination of residues of extraction solvents are given in Table
I11.3.-3. In all cases, static HS methods were used.

Table 111.3.-3 Solvent Residues in Qils and Fats

Subject Quanti- Remarks Authors

tation
Solvent residues in oils 1 autom. inj. Nosti Vega et al.,
and fats 1970 [59]
Solvent residues in oils 1 autom. inj. Belluco et al., 1979
and fats (60]
Solvent residues in 1 man. inj. Dupuy and Fore,
oilseed meals and flours 1970 [14]

1: External Calibration

5.3 Polar Compounds in Aqueous Foods

Equiibrium HSGC was originally developed for the determination of ethanol in blood (61—
62] and today it is the standard method throughout most of Europe for this application.
Practical applications of HS analyses of polar compounds from agueous matrices are the
determination of methanol in wine by automated equilibrium HSGC {63] or the quantita-
tion of ethano! as a chemical index for decomposition in canned salmon [64]. In addition,
the determination of carbonyl compounds such as acetaldehyde in agueous foods by
means of static HSGC has been carried out {65]. As an example, the determination of
methano! in wine is described in the following:

To 1 mi of wine in a 6 ml HS-vessel 0.3 ml water, 0.2 ml of an agueous solution of
t-butanol (internal standard) and, in order to destroy the interfering acetaldehyde peak,
0.2 ml 0.1 mi silver nitrate solution and 10 ul of aqueous sodium hydroxide (32 %) are
added. The standard samples are obtained by adding all reagents as well as known
amounts of methanol to an uncontaminated wine (standard concentration: 200—1 000 mg/l).
Samples and standards are sealed immediately after preparation, equilibrated at 80 °C for
20 min and the injection (split mode) is carried out by means of an electropneumatic HS-
autosampler. For separation, an OV-101 fused silica capillary (. D.: 0.23 mm, film thick-
ness 0.4 um) is used. The HS gas chromatograms of one silver nitrate treated and one
untreated wine sample are shown in Figure 111.3.-20 [63].
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Fig. 11.3.-20 Headspace gas chromatographic analysis of wine samples, A untreated:
1 methanol/acetaldehyde, 2 ethanol, 3 t-butanol (internal standard); B after
AgNO;-treatment: 1 methanol 150 mg/l, 2 ethanol 9.2 vol %, 3 t-butanol
(internal standard) [63]

5.4 Dithiocarbamate Fungicides in Foods

Metal salts of the alkylene-bis-dithiocarbamic acids have been used as fungicides since
about 1930. They are mainly used in fruit- and vegetable cultivation. Analysis is generally
carried out by determining the decomposition product carbon disulfide (CS,). For the
determination of CS, a colorimetric method can be used [66] as well as equilibrium HSGC
using external calibration. Before HS analysis the sample is usually treated with HCl/SnCl,
or H,S0,/SnCl, [13, 66-68] to volatilize the CS,. A flame photometric detector in the sul-
phur mode is suitable for detection. BLAICHER et al. {67] have used a potassium sulphate
doted flame ionization detector. Their method is described here:
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Fig. 1.3.-21 Determination of dithiocarbamates in foods: Chromatogram of a standard,
1 CS,, concentration is equivalent to 1.26 mg/kg; 2 thiophene (internal
standard) [67] )
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If possible foods should be analyzed just after delivery. 10 g of food are weighed into a
100 ml flask. Leafy vegetables are tom into little pieces and, in case of grapes the entire
fruit is used. In case of apples only the peal is used, however, the results are calculated
for the whole fruit. To decompose the dithiocarbamates, 50 ml of a 1.5 g SnCl, in 100 ml -
4 N hydrochioric acid solution are added. The flask is closed by a screw cap equipped
with a septum (pierced stopper). As internal standard 10 pl of a solution consisting of
20 ul thiophene in 10 mi methanol are injected through the septum with a microliter
syringe. Calibration standards are prepared by adding known amounts of carbon disulfide
in methanol (corresponding to 0.63—2.52 mg/kg in 10 g sample) as well as the internal
standard into closed sample flasks which already contain the reaction mixture by means
of a microliter syringe. Samples and standards are equilibrated at 80 °C for 2 hours and
0.5 ml HS gas are injected into the GC using a gas tight syringe. The separation is carried
out on a 3.8 m steel column (1) on 30 % DC 200 on Chromosorb W/AW-DCMS at an
oven temperature of 80 °C, using nitrogen as carrier gas. The GC separation is shown in
Figure I1.3.-21.

5.5 N-Nitrosamines in Animal Feeds

N-nitroso compounds have shown to be carcinogenic in various animal species.
N-nitrosamines may be formed by the reaction of primary, secondary and tertiary amines
with various nitrosating agents e. g. nitrous acid, nitrogen oxides, and the nitrous acidium
ion. Nitrites and/or nitrates have been used as preservatives or color fixatives in fish and
meat products. From these additives nitrous acid can arise, which then may react with
amines in the products to form N-nitrosamines. This has prompted interest in their deter-
mination in foodstuffs [69] and animal feeds, especially if they contain nitrate-treated fish
meal added as a protein source. N-nitrosamines in animal feeds are also a serious pro-
blem for researchers maintaining laboratory animals for use in chemical carcinogenesis
research. BILLEDEAU et al. [70} have developed a high temperature purge and trap proce-
dure for determining seven volatile nitrosamines in animal feed, using a gas chromato-
graph equipped with a thermal energy analyzer (TEA):

A 5 g animal feed sample is accurately weighed into a 50 ml graduated impinger tube.
0.5 g sulfamic acid is added as nitrosation inhibitor. 20 ml mineral oil is added, and the
contents are thoroughly mixed. Samples are purged with 400 ml/min Ar at 150 °C for 1 h.
The N-nitrosamines (N-dimethylnitrosamine NDMA, N-diethyinitrosamine NDEA, N-dipro-
pylnitrosamine NDPA, N-dibutylinitrosamine NDBA, N-nitrosopiperidine NPIP, N-nitroso-
pyrolidine NPYR, N-nitrosomorpholine NMOR) are collected on Thermo-Sorb/N-cartrid-
ges. After purging, the cartridges are eluted by back flushing with acetone-dichlorome-
thane (1:1, v/v). 8 ul of this solution are injected in the GC/TEA-System. Calibration is per-
formed with external standards. The authors have used 10 % Carbowax 20M - 2 % KOH
on 80—100 mesh Chromosorb W (AW) as stationary phase. The carrier gas was Ar at a
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flow of 40 mi/min. The column was operated in a temperature range from 150 °C to
190 °C at 4 °C/min. The TEA pyrolysis chamber was kept at 500 °C. A diagram of the
impinger-tube is shown in Figure H1.3.—22. Figure 1i.3.~23 shows the structures of the
seven volatile nitrosamines. The GC/TEA chromatograms of a standard mixture, one spi-
ked and one unspiked feed extract are presented in Fig. li.3.—24,
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Fig. 1.3.-22 Diagram of closeup of impinger tube fitted with ThermoSorb/N cartridge
{70]
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Fig. I1.3.-23 Structures of seven volatile N-nitrosamines [70]

80
A, Standard B. Animal Feed C Animal Feed

o [ 200pg each 20mg-eq/in;. 200pg/20mg-eq/Inj.
g \ (unspiked) '

60 N
4
5
Ww - -4
u
[+
§40- 2 2 .
g L ~
w
7]
Z 20t -
% 1 6
C | i

—
o o I 1 1 1 1 Il 1 1 n A 1 3

4 8 120 4 8 12
MINUTES

Fig. 11.3.-24 GC/TEA chromatograms of A standard mixture, response represents 200
pg each of 1 NDMA, 2 NDEA, 3 NDPA, 4 NDBA, 5 NPIP, 6 NPYR,
7 NMOR; B feed extract; C spiked feed extract [70]
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5.6 Methylmercury in Biological Samples

Methylmercury compounds belong to the most dangerous substances in the environ-
ment. They are highly toxic, even more than inorganic mercury, and are often found to be
concentrated at the end of the food chain. A semiautomated eduilibration HSGC proce-
dure for the determination of methylmercury in biological samples using a microwave-
induced plasma detector system was developed by DECADT et al. [71]):

A 0.5 ml portion of homogenated agueous sample is added to 0.5 ml water or methyl-
mercury standard solution (standard addition method) in a HS vessel. Addition of 18.5 mg
of iodoacetic acid and 12.5 mg sodium thiosulfate (prevents photochemical degradation
of MeHgl) results in the liberation of methylmercury iodide. The vessel is closed imme-
diately and held for 5 min at 70 °C. A semiautomated headspace sampler is used.
Sufficient sample quantity is delivererd after an injection time of 15 seconds and a pres-
sure of 1.3 x 10° Pa in the HS vessel. GC analysis can be carried out usingatm

L L

] 1 i i I A

15 10 5 15 10 5 (min)

Fig. 11.3.-25 Gas chromatogram of methylmercury iodide (a) and ethylmercury iodide
(b) [71]
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{3 mm i.d.) Teflon column packed with 10 % AT-1 000 on Chromosorb WAW 80/100
mesh and 100 mi/min argon as carrier gas. Emmission measurements are carried out
with a Perkin Elmer AAS-403 at 253.7 nm. Typical chromatograms are shown in Figure
11.3.-25. The best results are obtained when performing calibration according to the stan-
dard addition method.

5.7 Residual Solvents in Packaging Materials

Food packaging materials often consist of thin aluminium or plastic fims which carry
printing on the outside. The packaging material itself as well as the printing ink or the

3

wal bl

rr1rrrril
10 0

[T |
| M 20 min
_  140°C~1=10°C/min=t=—50°C —~

Fig. lIl.3.-26 Analysis of residual solvents in a “sandwich structured” printed aluminium
film by multiple headspace extraction; the first two chromatograms from a
five-step analysis. Column temperature programmed as indicated, for con-
ditions see text; sample: 50 cm?, Compounds: 1 n-hexane 1.8 mg/m?,
2 methanol 9 mg/m2, 3 ethanol 12 mg/m?. 4 ethy! glycol 6 mg/m? [72]
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adhesive (in laminated materials) may contain residual solvents, which can migrate into
the foods. In many cases with such materials no calibration can be performed and often
it is impossible to dissolve the entire sample before HS analysis. Since packaging mate-
rials are mostly thin fims, MHE can be performed very well. KoiB et al. [72] have used the
MHE technique to determine residual solvents in printed aluminium films:

50 cm? “sandwich-structured” printed aluminium film are equilibrated in a closed HS vessel
at 140 °C for 45 min. The MHE procedure is performed as described in Chapter I11.3.4. For
calibration some microliters of a standard mixture are injected in an empty HS vessel and
analyzed in the same way as the sample. The separation of hexane, methanol, ethanol and
ethyl glycot can be carried out on a 35 m x 0.3 mm glass capillary with Marlophen M 87 sta-
tionary phase (for temperatures see chromatogram). For quantitation, the total area is cal-
culated by means of the extrapolation method described in lll.3.—4 (calculating the peak
area which corresponds to total extraction of the analytes). Figure 11.3.—-26 shows the HS
gas chromatograms of the first two extraction steps from a five step MHE analysis.

The authors also describe the analysis of ethyl acetate in printed aluminium films. The
determination of residual solvents from thin films by means of MHE is reported in further
papers [73-74].

5.8 Monomer Residues in Polymers and Foods

The determination of monomer residues in polymers and foods is ancther important
domain of HSGC. Because many monomers are toxic or may cause cancer (e. g. styrene,
viny! chloride), a rapid and precise control of residues is particutarly important. In Table
I1.3.—4 applications of HS methods in this field are compiled. Polymers are often dissol-
ved or finely dispersed in organic solvents prior to analysis.

As an example for the analysis of monomer residues, the determination of acrylonitrile in
an acrylonitrile-butadiene-styrene (ABS)-resin and in olive oil is described according to the
method of DI PASQUALE et al. [78]:

To 5 ml dimethylsulphoxide (DMSO) in a 10 mi HS vessel 0.5 g ABS-resin is added and
the vessel is sealed. When a fine dispersion is obtained, 10 ul of a solution of propionitrite
in DMSO (intemal standard) are injected into the liquid. Solutions of acrylonitrile in DMSO
are used as standards to which the internal standard is added in the same manner. The
vessels are stirred for 5 min and equilibrated at 80 °C for 60 min. The automated injection
was followed by a separation on a2 m x 2 mm I. D. steel column containing 10 % Car-
bowax 1 500 on Chromosorb WAW (60-80 mesh). As detectors, the FID or the nitrogen-
selective detector (NSPD) for improved detection limit are used. If the FID detection is
employed, dimethylformamide with 10 % water is used as solvent. Figure lll 3.-27 shows
a calibration curve obtained with this method. To determine acrylonitrile in olive oil, 5 ml
of sample are held for 60 min at 80 °C and subsequently analyzed in the same manner.
Non-contaminated olive oil is used to prepare calibration standards.
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Table 11l.3.-4 Determination of Monomer Residues in Polymers and Foods
A: Static HS-Methods

Subject Quanti- Remarks Authors
tation

Vinyl chloride in foods 2 man./autom. in).,  Biltcliffe and Woods,

collaborative study 1982 [75]
Vinyl chloride in PVC 1 autom. inj. Krockenberger and

Gmerck, 1987 [76)

Vinyl chloride and acrylo- 1 autom. inj. Chudy and Crosby, 1977
nitrile monomer in foods [77]
and polymers
Acrylonitrile monomer in 1 autom. inj. Di Pasquale et al., 1978
ABS resins and olive oil (78]
Methyl methacrylate, 1,2 man. inj. Hollifield et al., 1980
toluene and styrene from [79]
plastic containers in
maple syrup
Butadiene monomer in 1 autom. inj., MS Startin and Gilbert, 1984
plastics and food single ion [80}

monitoring
Butadiene monomer in 1.2 man. inj. McNeal and Breder,
in plastics and food 1987 [81]
Styrene monomer in 1 man. inj. Santa Maria et al., 1986
foodstuffs [82]
Styrene in polystyrene 3 autom. inj. Kolb et al., 1984 [35]
ethylene in polyethylene
Migration of benzene from 1 man. inj. Varner and Breder, 1984
styrene into foodstuffs (83]
Ethylene oxide in food 1 man. inj. Ricottitli et al., 1981 [84]

products in heat sealed
packages

—_

. External Calibration, 2: Standard Addition Method, 3: Mulitiple Headspace Extraction
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B: Dynamic HS Methods

Subject Remarks Authors

= 1 ppb vinyl chloride in  packaging materials dissolved in DMAC, Dennison et al.,
PVC food packaging He-sparged VC collected in ethanol, 1978 [36]
sealed vials are used for static HSGC

Vinyl chloride in PVC at PVC dissolved in DMAC, sequential purge Poy et al.,
low ppb-levels and trap autosampler, MHE 1987 [29]

PEAK AREA (ARBITRARY UNITS)
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Fig. 11.3.—27 Calibration curve of peak area versus the amount of acrylonitrile in the
standard solution (FID-detection) [78]

5.9 Ethylene Oxide in Surfactants and Demulsifiers

The analysis of cleansing agents and cosmetics is also a task of a food chemist. The
examination of ethoxylated surfactants and demulsifiers for residual ethylene oxide, which
is highly toxic and causes cancer in laboratory animals may serve as an example from this
field. The method was developed by DAHLGRAN and SHINGLETON [85] including a static
HSGC method with external calibration or standard addition.
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Calibration standards are prepared as follows: a sample of surfactant material is vacuum-
stripped at 50—60 °C on a rotary evaporator to remove any residual ethylene oxide. 2 g
of this material are weighed into headspace vessels, the vessels are sealed with teflon-
lined silicone septa and known amounts of ethylene oxide in 10 ul hexane are injected.

To prepare the samples, 2g of surfactant are weighed into a vial. 10 pl of dried hexane are
injected through the septum to ensure that standards and samples are of identical matrix.
The authors have used an electropneumatic HS autosampler. Samples are equifibrated at
100 °C for 30 min. After a pressurization period of 0.7 min, injection time is 0.08 min. For
separation a packed column with 80-100 mesh Chromosorb 102 at a carrier glass flow
of 30 mi/min can be used. The oven temperature is kept at 120 °C for 5 min, heated to
190 °C at a rate of 8 °C/min and held for 10 min. Under these conditions, the retention
time of ethylene oxide is 6-7 min. The detection limit is about 1 mg/kg (FID-detection).

The main problem is to prepare a solution with a known amount of ethylene oxide. The
standard preparation method developed by the authors is iliustrated in Figure 111.3.—28.

An ethylene oxide cylinder is connected to a septum-sealed 10 mi hypovial using a short
piece of Tygon tubing. A hypodermic needle is inserted nearly to the bottom of the vial. A
second piece of tubing connects the top of the vial and a beaker of water (Figure 11.3.—28
A). The apparatus is slowly purged for 15 min to remove air. At this point, a dry needle is
attached to the end of the second piece of tubing, inserted into a sealed and tared vial
containing 10 ml of dried hexane and the flow is increased. 40-80 mg of ethylene oxide
are added to the headspace above hexane (Figure 111.3.—-28 B). The vial cooled to 0°C and
placed 5 min on a shaker. Additional standards are prepared by diluting this primary
standard.
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Fig. 11.3.-28 Preparation of an ethylene oxide standard solution A Purging gas lines to
remove air from tubing; B Addition of ethylene oxide to dry hexane [85]
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6 Discussion

The equilibrium HSGC represents a well established and elegant method to determine
residues of volatile compounds in various foods and packaging materials. Contamination
of the analytical column by trace or non-volatile constituents of the sample are avoided by
injecting inert gas instead of a solvent. Generally, very reliable results are obtained with
this technique and in many cases the reproducibility is higher than in other GC methods.
The static HS method is mainly suitable for sequential analysis of a great number of
samples of the same type because calibration depends on the sample matrix, and in this
special case can be used for the whole series of experiments. Moreover, static HS is easy
to automize. On the other hand, if one compound is to be determined in many different
sample matrices, work is getting much more time consuming.

The Multiple Headspace Extraction (MHE) allows a matrix-independent quantitation by
means of external calibration. The method has to be carefully optimized for each sample
type which first of all requires a series of analyses of at least one sample and one stan-
dard. The great advantage of MHE is that it also allows guantitative determinations of
samples, on which the common calibration methods of HSGC cannot be applied.

Especially in cases of insufficient detection limits of static HSGC methods, dynamic HS
techniques can be applied with reliable results. In the field of residue analysis in foods and
packaging materials mainly purge and trap methods are used. Under certain conditions
such methods allow the total extraction of volatile compounds from suspensions of solid
samples as well. Then guantitation can be performed without considering the matrix
which represents an advantage compared to static methods. The necessity of an enrich-
ment step and the fact that automatized sequential analyses are not applicable with most
of the equipment make the purge and trap methods more time and work consuming
than equilibrium HSGC techniques. Furthermore, the enrichment step has to be carefully
optimized, especially if organic polymers are used as sorbents. The analysis of polar vola-
tile compounds causes problems because on one hand they are difficult to strip if the
matrix contains water (large purge gas volumes are necessary) and on the other hand it
is relatively difficult to trap these compounds, also if cryofocusing is applied [23].

A comparision between static HSGC and an on line purge and trap method revealed that
the GC profiles of the two methods differ [32]. In comparison to equilibrium HSGC, the
highly volatile compounds are more abundant and the less volatile compounds are less
abundant with the purge and cold trap method. The absolute amount of a volatile
compound analyzed by purge and trap/thermal desorption GC within one GC separation
is considerably higher (if no split is used) than in static HSGC methods. Under favorable
conditions the detection limit in dynamic HS techniques can be up to two orders of magni-
tude lower compared to a static method without cryofocusing. In the analysis of volatile
compounds dynamic HSGC in combination with thermal desorption today represents the
most sensitive technique.



321 Analysis of Residues and Contaminants

First attempts to perform automatized sequential analysis in dynamic HS methods have
not yet been established in the routine residue analysis. Today automatized equilibrium
HSGC is the method of choice if the analytical problem can be solved by this technique.
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