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Gas chromatographic identitfication methods based on the comparison of
experimentally determined retention values of chromatographed zones of unkaown
compounds with the corresponding values for zones of known compounds are widely
used!. The use of this simple wechnique for comparing retention values is limited.
Bowever. by the inadequate inter-fuboratory reproductbility of retention values.
Inter-laboratory non-reproducibility of retention values can apparently be atiributed
to the non-uniform propertics of the sorbents prepared by different workers vsing
ditferent procedures and solid supports of dittferent quality. 1t should be noted that
the ditferences in the properties of the sorbents in gas-hiquid chromatography (GLC)
have not been given suflicient acknowledgement in tite hterawure as being the cause
of nter-laboratory non-reproducibility of retention values, although the practical
value of the chromatographic technique 1s due largely 1o the possibility of its wide
application in nmany laboratories.

The advances achieved in recent vears in the development of the retention
theory and in investigating the properties of sorbents in GLC have helped to explain
tie non-reproductbility: of retention values and to develop new miecthods for identi-
tvinge chromatographic zones.

in the modern theory of GLC. the retentton of compounds chromatographed
1s constdered. taking mto account the real distrnibution of the liquid stationary phase
(L.SP) on the solid support® ¥ Imvestigations conducted by various methods indicate.
in general. that the LSP distribution is complex. At tirst the LSP fills mainly the
mtrrow pores of the solid support. then the pores of larger diameter. and the LSP
film. on the walls of the wide macropores gzrows thicker. With an LSP content on
ordinary solid supports exceeding -3 and with good wetability, a conunuous
LSP film apparently forms on the surtace of the solid support: when the surface
wettabiliy of the solid support is low, the liguid phase can be observed on the surtace
in the form of separate msular drops. The nature of the distribution also depends
arcatly on the technique of applyving the LSP. the conditions of the subsequent aging
ol the sorbent!2 ete. In practical gas-liquid chromatography. according to various
vorkers®™ . the model ci a sorbent obtained on the basis of ordinary dintomaceous
supports with an LSP content of more than -3, can be regarded as a porous sohd
{solid support) covered with a continuous LSP film of vanable tiuckness (see Fig. 1)

This model agrees well with the fellowing different experimental data: the dependernc
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' ie. L. Model of sorbent in gas-liquid chromatography.
of the height equivalem to a theoretical plate on the flow velocity of the carrier gas'®:
the variation in pore distribution in relation to the sorbent surfice with an increase
in LSP content on the solid support®*-''; the dependence of retention in the vicinity
of the melting point of the LSP%; and the results of spccxal investigations of the
support with the use of 2 marked surface®.

Therefore, in considering the retention of \olatlle compounds we have hence-
forth adopted the model of complete or quasi- Complele coverage of the surface of a
solid support with an LSP film. ‘

In agreement with the above. a sorbent in GLC cannot be regarded solely as
an LSP. At the LSP-gas support interface there is one surfuce phase (gas-liquid)
and at the LSP-solid support interface another surface phase (liquid-solid). The
properties of the LSP in a macrofilm on a solid support usually coincide with the

--properties of the bulk phase of the LSP. In the case of thin films (several molecular -
layers). it is necessary to take into account the effect of the field of the solid support.
Thus. a sorbent in GLC is a polyphase sorbent. The development of the equilibrium
theory of the retention of volatile compounds is associated with the contribution
of the retentions on the separate phases of a sorbent to the total retention
volume®-13-17 The retention value of -a volatile substance is determined by its
interaction with at least one bulk and two surface phases, namely the dissolution
of the substance chromatographed in the LSP and its adsorption on the gas-LSP
and LSP-solid support interfaces. For this case, the net retention volume (1°5) can be
represented by the following equation within the framework of the theory of equi-
Librium chromatography under the conditions of lincar isotherms of dissolution and
adsorption'®: : '

S N = = Kpvr -+ KgiSt 4+ KiKsSs - : ‘ ) (1

where K[ is the distribution constant of the chromatographed compound in the gas-
LSP system, Ky is the adsorption constant of the chromatographed cbmpound in
the gas-LSP surface system, K is the adsorption constant of the chromatographed
compound in the LSP-solid support system. v; is the volume of LSP in the column,
S; is the total surface area of the LSP at the LSP-gas interface, and Sy is the total
~ surface area of the L.SP-solid support interface. : ;

In the general case, when in a sorbent the number of phases capable of retain-
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ing volatile substances exceeds the above three phases, the following generalized
equation is valid*3:

n aV N m a[/ B " m .
- - N ~ N ~ . ~
VN:LT.V'- ’.'“-'1—53.—::_-‘.1\’,- v, - XK S; (2
i i i J i i

where 17 is the volume of the i-tvpe LSP characterized by an effective distribution
coeflicient K; == dF x/dv; (LSP types: LSP in micropores, LSP in the macrolayer. etc.).
S, is the area of a j-type surface characterized by an effective distribution coetlicient
K; (surface types: the surface of an uncovered support. the surface of an LSP macro-
laver. the surface of an LSP monolayer, and so on).

Asa particular case, it is possibleto obtain; fromeqn. I and alsofromtheequation
for the retention volume in classical GLC'®, the equation of Martin'®. the equation
for the retention volume in gas-adsorption chromatography tor macroporous adsor-
bents!®, ete. It should be stressed that in the general case. practical utilization of
Fig. 2 is complicated as it requires the use of additional quantitative data on the
distribution of the LSP over the surface of the solid support. i.e.. on the quantitative
phase characteristics of the adsorbent used. Therefore, in practice. a simplified form
of eqn. 1 is usually applied: which describes the retention on a sorbent obtained with
complete coverage of a solid support with an LSP macrofilm. This equation has been
used successtully in analvzing adsorption phenomena and determining the distribution
and adsorption constants in GLC by a number of investigators, such as Conder
er al ', Urone er al?, Gritchina and Dreving®, Liao and Mortire®l. the present
author and co-workers. and by other workers. It was shown that the contribution of
adsorption of the compounds chromatographed to the retention volume i GLC
often has a considerable value which cannot be neglected.

The adsorption of volatile substances to be analyzed on the surtface phases
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Fig. 2. Dependence of retention indices for series of compounds on squalane as a function of re-
tention indices of the sume compounds on PEG-100 with the use of ditferent solid supports (according
to the data of Evans and Smith*?), Compounds: ., benzonitrile: 2, 2-hexanone: (7. chlorobenzene:

.» l-pentanol. Supports: 1. Chromosorb W: 2, Celite: 3. Anachrom: 4. Chromosorb G: 35, Gas-
Chrom: 6, Chromosorb G. silanized.
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of the sorbent must also exert an effect upon the relative retention values® that are
" used in identifying chromatoumphlc zones. )
_ Various relative retention values are used for 1der1tlhcatxonI Known relative
retemxon values can be represented as particular cases of the expression®*

R — P(k - _C_") p(;‘_ﬂ) 7 | 7 (3

Fp— Fon Ar, .
where R is the relative retention value in a given coordinate system, P and & are
constants for a given coordinate system, r;, r, and r, are the corrected (net) retention
values of the ith compound and the mth and nth standard substances (or their functious) .
and :lryy and £lry,, are the dlﬁerences of the corrected retention values (or of their
functions).

In gas chronmtoomphv for determmamons under isothermal conditions. it
has been recommended that one should use the relative retention value?®-2! the reten-
tion factor?®-2% and the arithmetic factor®, which is also used for measurements in
temperature programming®. A characteristic similar to the arithmetic factor was
proposed by Vigdergauz and co-workers®-*1. The indicated values can be obtained-
as particular cases of eqn. 3 (Table 1). i

TABLE |
RELATIVE RETENTION \’ALUES
Rclemmn m[uc Purtmwu'n of eqir. 3 . Equarion
P k ry Fo o

Relative i 10 ey o N L. g

retention volume ) Voo R

: Fau

Retention factor 100 = log Vo log oo fog Faan - 100= log ¥y - loz Fy.

(Koviats™ index) log Fyoony - log Py

. - . . ' . . o - Pz
Arithmetical factor™ 100 = [ 148 | L log Fyaeowy <1 100z - ~ R
. yzen - Fao
: ~ . ) . - . : . 1
- Relative factor 1 100- Wy 0 N RI = 100- - l’.\
. - l":\' - Ve,
Relative mcmmn 100 . -1 My Vi | Py = 100 - 100 - v

' . ) ‘s Fxa

" index”

Pmposcd by V. G. Beérezkin and J. J. Walraven.

-~ As mainly the relative retention volume and the retention factor are used in -
- practical chromatography, let us consider the effect of adsorption specificaily for -
these two relative quantities. Fig. 2 shows the dependence of the retention factor for
" a number of compounds on squalane as a function of the retention factor of the same
compounds on polyethylene glycol 400 with the use of different solid supports (in
plctting the graph, use was made of experimental results obtained by Evans and
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Smith*2, It follows from Fig. 2 that the effect of the solid support on the retention
factor is considerable. The change in the retention factor exceeds 100 for some com-
pounds, depending on the solid support.

It was generally believed in chromatography until recently that the relative
retention value is determined solely by the ratio of the distribution constants of the
given and the standard compounds between the gas and liquid phases and hence it
is the chromatographic constant of a chemical compound. Therefore, the values of
the relative retention volume were used as a basis for identification of chromato-
graphic zones. i.e., qualitative chromatographic analysis of the mixtures to be
separated.
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Fig. 3. Dependence of relative retention volume (standard -- methyl ethy] ketone) on LSP volume
(per gram of solid support) (according to data of Pecsok er af *?). Experimental conditions: iL.SP -
547 -thiodipropionitrile, 25 : solid support - Chromosorb W (1-3) and refractory (1°-37). 117 -

*

n-heprane: 2,27 - p-butyvl cethyl ether: 3,37 - ethy] acetate.

Because of adsorption phenomena in partition chromatography, the problem
of identification of chromatographic zones should be considered from another view-
point. As a result of adsorption during chromatographic separations. the relative
retention value is determined. in general. not only by the ratio of the distribution
constants of the given and the standard compounds (see. for instance. ref. 1), but
also by the adsorption properties of the solid support. the content of the liquid
stationary phase on the solid support. the phase characteristics of the sorbent, which
depend. in particular. on the conditions of its preparation. etc.’-¥*. As an example.
Fig. 3 depicts the dependence of the relative retention volume on the content of the
LSP on the solid support calculated by us from the data of Pecsok et al33. It follows
from the data listed that the relative retention value during adsorption in the chro-
matographic process is not a chromatographic constant of a compound. Indeed. in
general. on the strength of eqn. 2. the relative retention can be expressed bv. the

equation
.om n . l

v, K V4 (2 Kave + X K Sy)———
N [ =2 i=1 Ky vy 1
’/\. - Kl nr " l ( )

Nar at . v r . \v -
P Y Ky v~ 2 K,;. Ssj)’—,—_‘_
A .
=2 i=1 ‘ tsr V1

where Fx is the net retention volume of the substance on a polvphase sorbent. Vx,,
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is the net retention volume of the substance adopted as the standard. K; is the equi-
librium constant of the substance between the gaseous and stationary liquid phases,
K1, is the equilibrium constant of the standard substance between the gas phase and
the LSP, Ky is the equilibrium constant between the mobile phase and the i-type
LSP. vy is the volume of the i-type LSP in the chromatographic column, K,; is the
equilibrium constant between the LSP and the j-tvpe interface, and S,; is the area of
““the j-type surface in the column. Thus, the relative retention value in the general case
cannot be used for the identification of compounds on the basis of data published in
the literature, as the production of sorbents having identical phase characteristics,
with the same LSP distribution on the solid support in different laboratories using
different batches of commercial materials. is.virtually impossible in most instances.

It should be noted that the known methods for the modification of solid
diatomaceous supporis (for instance. silanization) or the use of polymer (PTFE)
supports decrease the role of adsorption phenomena. but the contribution of adsorp--
tion to the relative retention value often remains considerable (see. for instance.
refs_ 34 and 35). The use of capillary columns does not solve the problem of inter-
laboratory reproducibility, as the contribution of adsorption still remains apprecia--
ble*. Therefore, for chromatography to be used extensively as a method of quali-
tative analysis. it is necessary to devise methods for determining the distribution
constant ratio on the basis of experimentally determined relative retention values.
Some of the versions of these methods. based on the use of the dependences of the .
relative retention values on the reciprocal of the LSP content on a solid support. are
considered below. ,

If the retention volume is determined exclusively by the dissolution of the
chromatographed substance in the LSP and the adserption at interfacés with & mobile
phase and a solid support (this is rather often the case™!'-1*-1%)_ eqn. 4 simplifics. and
the relative retention volume can be expressed by the equation

,;.\' = KI N I - (Kal Sl.\ -= Kl K.\ S.\)i!Kl Vs -'_ ’ (5)
l".\'n K:.u I -+ (quu Sl.\ = Kl.\t 1\’_“, Ss)!iKl\l L 28 i

Expanding this equation in a Maclaurin series with respect to the variable 1/v,. we
can write : ‘

Vy - K, 1

SIS = 2 j- 6)
"’.\‘;x I\L\l l'ls B Vs (
where 7
7 o S K = K Ki) St = (K, = Kou) K Ko S o

-» e

Ist

Note that a similar relationship is obtained when considering a more general
equation (eqn. 4) if an increased LSP content on a solid support increases only the
thickness of the LSP film. In Fig. 4, the experimental data of Pecsok er «l® are
_presented in accordance with eqn. 6. From this. it follows that the use of eqn. 6
enables the distribution constant ratio, which is independent of the experimental con-
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Fig. 4. Dependence of relative retention volume (standard = methyl ethyl ketone) on reciprocal of
LSP volume in terms of 1 g of solid support (according to data of Pecsok er «/.3%). Experimental
conditions and notation as in Fig. 3.

ditions. to be determined. It is advisable to choose for the standard a substance tor
which the retention is determined only by dissolution. In this case

l;-.\..\! == Kl.\r v (8)

- A-:ll Sl - ..l K 3 ‘YA

- 2o )
! Al.\x
1 I 100 ¢, 1

e K — Lo _ 10
Y ! Fase P, Py o

where 17 is the volume of the LSP in the column. d; is the LSP density, and P; is the
percentage LSP content in the column (weight of the solid support == 100 %;).
Using egns. 8-10. we can represent eqn. 6 by
[”’x KI l K[ - l - , - l

. RN - e Ry = B0

- - : : - = — /3 (rn
l’_\'.\t Kl.\t ,".\'xl I\l.\x Pz Pl

Eqn. 11 can be used in those cases where the determination of v, is difficult.

In Figs. 4-6 are shown the dependences of the relative retention volume on
the reciprocal of the LSP content on the solid support or on a value proportional to
it (see eqn. 11. derived on the basis of the data of refs. 33 and 33). It follows from
Figs. 4-6 that the proposed methods can be applied successfully to determine the
distribution constant ratio. the thermodynamic characteristic of’ a substance from
which one can identify it. The values of K|/K,,, obtained are independent of the LSP
content and the tvpe of solid support. i

In gas chromatography. together with the relative retention values. extensive
use is made of Kovats® index system?7:

[ = 100z = 100 log (T'_) [1og (_';;_ﬂ_) (12)
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Fig. 5. Dependence of relative retention volume (standard - methyl ethyl ketone) on reciprocal of
LSP content,  (according to data of Pecsok ¢ ¢/ *%). Experimental conditions and notation as in
Fig. 3.

where }°x, 1s the net (br corrected) retention volume of an g-alkane whose molecule
contains = carbon atoms, Iy .., is the net (or corrected) retention volume of an
n-alkane whose molecule contains - -+ I carbon atoms, ¥y is the net (or corrected)
retention volume of the compound to be analvzed. and

‘ Fy, =< Fx “‘\‘ ’7’—.\' (z+ D

~-For the set of standard substances, it is advisable to select compounds for
which the retention is determined exclusively by dissolution in the LSP. In this case,-

v .
: ____'_.”_-_—f—————r‘—l ’
Nsz - - .
.2
/2
1
e 3
o 1 — 2 1
Fig. 6. Dependence of relative retention volume (standard - 2thanol) on reciprocal of LSP volume

(in terms of I g of solid support) (according to data of ref. 35). I = p-Butyvlamine: 2 = s-hexane:
3 = waler. Experimental conditions: LSP = dinony] phthalate, 86°, solid suppert = Teflon.
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expanding the numerator of the second term of eqn. 12 in a Maclaurin series with
respect to 1/vy, and taking only the first two terms, we obtain

log :// — log (_Kl_ PN vl ): 1og(’[’\f' ) - 043 7, - (13)
Nz N 1= I =7 KN

where £, = 2-K;_[{K;. Taking into account egn. 13. we can transform eqn. 12 to
give

. ~ . K, ol Kiz+n y - 43 74 1 ;
= 100z -+ 100 loc(A: ) [tog ( ) e ) - (14)
- \ K
or
i _
[ =z l() —— /.4 (ID)
"l.s'
where
b == 100 + 100 log ( ( /lon —ﬂ—‘i (16)
and
= 4 s g ppe 'Ku:+u'
7y o= 43 7 K. /K, log (——K,———) : (17
) =

For non-polar phases and medium-polarity phases. the requirements for
standard compounds are usually met by p-alkanes. but in the case of polar LSP 1t is
advisable to choose polar compounds (for instance, #~-alcchols) as stiindards. As an
example. Fig. 7 shows the dependence of the Koviats™ indices on the reciprocal of the
LSP centent: in this case. the standards used were n-alkanes, and in another case
n-alcohols (re-calculated by us from the data of ret. 38). From the above information.
it follows that the use as standards of n-alcohols, whose retention. in contrast to
n-alkanes. is largely determined by dissolution in the LSP. enabled stable Kovits®
indices to be obtained for oxygen-containing compounds. but not for n-alkanes.

In Fig. 8. the corresponding graphs for the determination of /* are given for
n-alkanes. The use of egn. 13 enables the constant value /* 1o be determined in this
case also. Similar results have been obtained upon treatment of the experimental
data™.

As an example. Fig. 9 shows the determination of the invariant value with
respect to experiment for the methyl ether of myristic acid and n-decanol. 1t follows
from Fig. 9 that the utilization as a solid support of a sufficiently inert Chromosorb.
washed with an acid and treated with dimethyldichlorosilane, guarantees the absence
of adsorption processes in GLC. Adsorption phenomena also manifest themselves in
capillary chromatography®®. In this case. however. owing to the fact that the deter-
mination of the values of v; (or P) involves some difficulties. it is advisable to select.
for values proportional to the amount of the LSP in the capillary column, the value
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Fig. 7. Effect of choice of standard substances on dependence of retention fiactors upon reciprocul
of LSP content (%) on solid support (according to data of refs. 38 and 39). I = 2-Heptanone: 2 = -
cthylbenzene: 3 = 2-hexanone: 4 == toluene: 5 = 2-pemtanonc: 6 = benzenc. Standard substances:
Co—C;» #-alkanes (A)and C,-C: n-alcohols (B). Experimental conditions: LSP = Carbowax 20M.

120°; support = Chromosorb B.
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Fig. 8. Dependence of retention factors of n-dodecane (1} and n-nonane (2) (standards == Co-C #-
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alcohols) on reciprocal of LSP content on solid support »2y (according to data of refs. 38 and 39).
Experimental conditions as in Fig. 7. - . o
Fig. 9. Dependence of retention factors on reciprocal of LSP volume in column. i = Methv! cther
of myristic acid: 2 = n-dodecanol. 3 = C,, alcohols: 4 = C,o alcohols. Experimental conditions:
LSP for 1 and 2 = Apiczon L: LSP for 3 and 4 = silicone oil DC-550: 130°: solid support ==
Chromosorb G washed with acid and modified with dimethyldichlorosilane: column, 100 = 03cm.
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of the extraction coefficient of a standard substance whose adsorption can be ne-
elected. In this case, we obtain eqn. 18 for the relative column volume:

K. Ko: S+ K. Ko S. (e X .
l/: — [£3 + alf Sl kS 1 K:t S.\ . l — élz 'I_ /-[- — Jo ;_ ,'l- (18)

Kl,\r Vm kst [\lxz ku k.\-x
where

- I\,, i S ‘E“ K i Ku S

Fp= it % 17~ constant

I is the dead volume of the column and 4 the capacity ratio of the standard
compound.

TABLE 2

COMPARISON OF RELATIVE RETENTION VALUES CALCULATED VIA EQNS. 11 AND
20 FROM DATA IN REF. 33

Compound Eqn. 11 Equ. 20 Experimental data®?

Firebrick  Chromosorh Firebrick, Chromasorb,
8.99°, ISP &8.75",LSP

a-Heptane 0.015 0.016 0.019 0.079 0.045
n-Butyl ethyl ether  0.105 0.112 0113 0.129 0.151
Ethyl acetate 0.550 0.549 G.553 0.629 0.590
v b
htad
<501 1
<0
2
e
350k /‘."’ P -5/;}

o

100 . . . . e

c.Cco 150 300 <50 500 Z50

3
KSX’
Fig. 10. Dependence of relative retention volume on reciprocal of extraction factor of capacity ratio.
=: Cyclohexane: 2 = benzene; 3 = p-hexane: 4 = 2 2-dimethvlbutane.
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Fu. 10 shows that the relative retention volume is a linear function of the -
reciprocal of the capacity ratio. The intercept on the y-axis is equal to Vo,

Thus, a linear equation of the type represented by eqn. 18 can be used in
capillary chromatography also. '

The question naturally arises whether it is possible to reduce the e\perlmenml
time by rapid measurement of 7 and 1% These values can be obtained by measuring
I and V_ with two different contents of the LSP on the solid support: !

L Py — L Ps :
[“::_I__L__;_; 19
oz ' {DI_P: W
. v,Po— V, P, 7, o ' ) B - (20)
Pl '—"P:

where /, and £, are retention factors with LSP contents P, and P., respectively, and
¥, and }7, are the relative retention volumes with LSP contents P, and PQ, respec-

tively.
Table 2 eives the values of ¥ calculated according to data of Pecsok er al*

by eqns. i and 20. It follows from the data listed that both equations lead to smuldr
" results.

‘CONCLUSION

Accurate and meaningful relative retention data in GLC can be obtained only
by correcting retention volumes tor adsorption effects. In general, it is advisable to
use at least two sorbents impregnated with different amounts of SldllOl‘l..ll‘\‘ phase to

~check the magnitude of the adsorption.
When the variation of the relative retention data depends apprecmblv upon
the loading of the support. it is necessary to use one of the methods described to

take adsorption into account.
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SUMMARY

Adsorption phenomena in GLC lead to a considerable inter-laboratory non-
reproducibility of relative retention values on the basis of which chromatographic
zones are identified. This paper considers the application, for identification purposes.
of itmiting relative retention values that are determined exclusively from the ratio of
the distribution coefficients of the substance under study and the standard between
the gas and hqmd phdses- ‘md suggests methods for determining their values.
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