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Reproducibility of Retention and Identification Data in Gas- Liquid

Chromatography
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The elementary sorption processes taking place in a chromatographic column are discussed. The reasons for the lack of
reproducibility of retention data in GLC are analysed. The basic requirements for a chromatographic apparatus capable
of giving high-precision retention data are formulated, and conditions suitable for the measurement of retention quan-
tities for identification are recommended. 243 references.
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I. INTRODUCTION

Gas chromatography was developed as a method of guanti-
tative microanalysis of complex mixtures. In the early stages
of its development the retention volume Vg was used*™ as the
basic parameter for identifying the components of complex mix-
tures. However it was found that discrepancies in the mea-
sured values of Vg between different laboratories could be as
high as 10-15%, and this led Adlard and coworkers" to recom-
mend the use of the more reproducible Kovats retention indi-
ces for identification. Even this recommendation failed to
solve the identification problem, because retention indices (I)
measured in different laboratories were found to vary by 0.7
to 7.9 units, corresponding to an error of 1.6—12% in the
measurement of retention volume. These discrepancies have
focussed attention on the reasons for the unsatisfactory
reproducibility of retention data obtained in different labora-
tories.

Careful studies of the sorption mechanism under GLC con-
ditions have shown®® that the retention data are affected not
only by the gas—liquid separation coefficient K}, but also by
adsorption at interfaces and by the extent of curvature of the
sorption isotherms: as a result, the retention data are a
function of the amount of stationary phase deposited on the
carrier (w}) and of the sample size (qs), i.e. of parameters
which do not appear explicitly in the classical expression for
calculating retention data. These conclusions raised doubts
on the validity of retention data as a source of qualitative
GLC information: in particular, it was stressed’ that only in
the most favourable circumstances can retention data be used
to specify the order in which components will emerge from a
column.

Yet the increasing precision of the measurement of reten-
tion data and the simplicity of the procedure are very attrac-
tive features of the use of these quantities for identification.
The basic reasons for the lack of reproducibility of retention
data measured in different laboratories have been investigated

fairly fully, but the results have not yet been critically dis-
cussed in review articles, and therefore it is difficult at pres-
ent to standardise methods of determining retention data +,
This review aims to analyse the reasons underlying the lack
of reproducibility of retention quantities, to assist the stan-
dardisation of experimental conditions, and to examine pos-
sible ways of presenting retention data for identification.

The general equation relating to net retention volume Vy
to the parameters of the sorbent is®
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where Vj is the volume of the i~th type (or state) of station-
ary phase, and Sj is the surface area of the j~th type of
interface of the sorbent. Usually, with w1 > 0,5%, the sta-
tionary phase on the surface of the solid carrier is present as
a capillary liquid (index "c") or as an adsorbed layer (index
"a")®. The following types of interface can be identified on
the sorbent: solid carrier—stationary phase (index sl), capil-
lary liquid—gas (index clg), and adsorbed liquid layer—gas
(index alg). If all the distribution coefficients are constant
Eqn.(1) can be written

VN = K:[Vd + Ka[Val + Kslssl + KclgS:Ig + Kalgsalg, (2)

1t The use of retention data for identification is discussed
in the following recently published books: M.S.Vigdergauz,
L.V.Semenchenko, V.A.Ezrets, and Yu.N.Bogoslovskii,
"Kachestvennyi Gazokhromatograficheskii Analiz" (Qualitative
Gas-chromatographic Analysis), Izd.Nauka, Moscow, 1978;
Yu.N.Bogoslovskii, B.I.Anvaer, and M.S.Vigdergauz,
"Spravochnik Khromatograficheskikh Velichin Uderzhivan-
iya" (Handbook of Chromatographic Retention Quantities),
Izd.Standarty, Moscow, 1978; M.S.Vigdergauz, "Raschety v
Gazovoi Khromatografii" (Calculations in Gas Chromato-
graphy), Izd.Khimiya, Moscow, 1978.
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where K are the distribution coefficients of the sorbate between
phases. With most of the sorbents commonly used in GLC

(w] = 10—-15%) over 90% of the stationary phase is in the form
of a capillary liquid®: the contribution of the other four terms
on the right-hand side of Eqn.(2) varies with the amount of
stationary phase and with the nature of the carrier, and this
is one of the main reasons for the lack of reproducibility of
retention data between laboratories.

11. SOLUBILITY IN THE STATIONARY PHASE

When the stationary phase is first added to the carrier an
adsorbed layer of liquid is formed: in the case of white dia-
tomaceous carriers the formation of this layer is complete at
w; = 0.3%, as shown by the existence of an optimum amount of
modifier on the surface of the carrier'’~?, Further additions
of liquid phase produce two simultaneous effects: anincrease
in the thickness of the adsorbed layer, and the filling of the
pores of the carrier by the "capillary liquid". The proper-
ties of the adsorbed layer of liquid are affected by the pres-
ence of the carrier surface, and they differ from those of the
pure (or of the capillary) liquid, as shown by a decrease in
the vapour pressure of the liquid**!*, There are reports®®
of differences in properties between the capillary and the
pure liquid, though the theoretical analysis'® suggests that
substantial differences can be expected only for high-molec-
ular stationary phases. The phase equilibrium constants for
the pure and the capillary liquid (sorbates and sorbents of
different polarity) have been found to be the same within
experimental error (~1%), 720,

The effect of the carrier surface on the properties of the
adsorbed liquid layer is discussed in Refs.21-26. It is
found?’ that 5 monolayers of water and 10 monolayers of nitro-
gen are adsorbed on titanium dioxide. The effect of the solid
surface on the properties of the adsorbed liquid can be
detected at distances of up to 100 A.2* The upper tempera-
ture limit for the use of an adsorbed layer of stationary phase
is found®®™®! to be higher in capillary columns than in packed
columns. The thermodynamic properties of adsorbed and
capillary liquids were found to be different®%%%, and an
increase in density of a liquid in the adsorbed layer has been
demonstrated by direct measurements®®, Detailed studies®® ™
of the properties of layers of stationary phase adsorbed on
diatomaceous carriers, silica gel, and graphite have estab-
lished that the melting point of the compound increases by
4— K upon adsorption.

The retention volume (referred to the stability in the sta-
tionary phase, Vy;) can be expressed as

VNI:quVﬂl+Kclvcl;
and therefore, since V; = Vg7 + Vg1, we can write
VN1=K.:1(V17VM) +KalVal-

If the measurement is carried out at a sufficiently large value
of w; (such that only Vi is affected in changes in wi) we can
extrapolate the plot of VN; against V; to V] = 0 and obtain the
extrapolated value vax :

Vit = Var (Kat — Kar).
ext

Evidently, VN° = 0 for Kql = K¢l. It has been found exper-
imentally?® that VXt < 0, i.e. Koi > Kql.

Let us examine the case of a sorbate whose solubility
depends on its concentration in solution. Liquid solutions
usually have isotherms of the anti-Langmuir type*?™", the
only exceptions being solutions in which the activity coeffi-
cient is much less than unity*5. The concentration depend-
ence of the activity coefficient y for non-electrolyte solutions
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is given by the Margules equation*®
Iny=(1—x%) lny~,

where Y® is the activity coefficient of the solution at infinite
dilution, and x is the mole fraction of solute. We can also
use the Krichevskii equation*’, which is expressed in terms
of the distribution coefficients K = p/x:

RTInK = RTInK® — A;x (2 — x),

where A, is the concentration solubility coefficient and p is
the vapour pressure in Torr. Replacing the parameter K by
the chromatographic distribution coefficient K;, which charac-
terises the ratio of the bulk concentrations, we obtain the
equation

RTInK;= RTIn K7 + Ax (2 — x),

from which it follows that K] increases with the concentration
of the solution. A, is also a concentration coefficient. The
concentration coefficients increase with the difference in
polarity between the stationary phase and the sorbate*®. It
has been shown?’:*® that K] varies with the concentration of
the solution even if the solution obeys Henry's law: concen-
tration-independent Kl values are found only in some solu-
tions showing negative deviations from Raoult's law.

Thus, with a few exceptions, K] is a function of the con-
centration of the solution, and therefore VN also varies
accordingly. Concentration effects are particularly strong
in the chromatography of polar substances on non-polar sta-
tionary phases, as shown also by the molar heats of dissolu-
tion?2%5,

Differences in properties between the adsorbed and the
capillary liquid are most conveniently revealed by comparing
VN values measured in capillary and in packed column (note
that the adsorbed layer of liquid is more substantial in a capil-
lary column than in a packed column)., This type of compari-
son has shown5!~%® that the Kovats indices for hydrocarbons,
their chloro-substituted derivatives, ketones, esters, alco-
hols, nitro compounds, and nitriles in squalane are identical
for the two types of column, though the reproducibility of the
retention data is unsatisfactory in the case of polar sorbates’Z
When polar stationary phases are used some differences
between the retention data in capillary and in packed columns
are abserved®®.

I1. THE SOLID CARRIER-STATIONARY PHASE INTERFACE

Though inertness towards adsorption is one of the main
requirements for a chromatographic carrier, this requirement
is never fully satisfied because all surfaces have an adsorp-
tion potential. Quantitative allowance for the effect of the
carrier on the retention data was first made by Keller and
Stewart®®, and the effect is discussed in detail in Refs.55~57.
If adsorption at the sl interface is predominant the parameter
Vy is given by the equation®®

KgS,
ValVi= K £ (3
Vi

Extrapolation of plots of VN/V] against 1/V] to 1/V; = 0 gives
the constant K] and the contribution of interfacial adsorption
to VN. A reference point method had been proposed® for cal-
culating the adsorption contribution to Vy, but its precision
is not high5®,

The effect of adsorption on Vy is especially marked when
non-~polar stationary phases are used to separate polar sor-
bates, and in this case it is very important to choose the car-
rier correctly. White and pink diatomaceous carriers have
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different adsorption activities. Replacement of a pink car-
rier by a white carrier was found®’ to lower the adsorption
contribution to VN 2.5—3-fold. The lowest adsorption activ-
ity towards polar compounds is found in silanised white diato-
mites, which yield the most inert carriers (HP type) after
heat treatment. A good example of such a carrier is Chro-
mation N Super. The adsorption activity of diatomaceous
carriers decreases in the following sequence of sorbates:
amines > n-alcohols > iso-alcohols > carbonyl compounds >
nitriles > nitro compounds > ethers > chloro-hyrocarbons >
aromatic hydrocarbons > olefins > saturated hydrocarbons.

VN for polar sorbates in non-polar sorbents is significantly
affected by the nature of the carrier surface, and therefore
the reproducibility of retention data in these systems can be
problematic, since neither adsorbents nor carriers have fully
reproducible properties. Evans and Smith®! prepared a
squalane and dinonyl phthalate sorbent with three different
batches of silanised Chromosorb G: the retention indices for
polar sorbates on these sorbents failed to show any differ-
ences arising from the different adsorption activities of the
solid carriers. The effect of differences in the carrier on
the retention data has been studied also by other workers®2-57,

Teflon has been recommended®®-"? as the ideal inert car-
rier, with the smallest possible adsorption effects: however,
later work®>7%:72 revealed a high adsorption activity in Teflon
towards low-polarity compounds, and Conder”® showed that
with the optimum amount (8%) of stationary phase on this car-
rier the contribution from adsorption to VN is significant for
all classes of sorbate.

Diatomaceous carriers have been found’* to have a smaller
contribution from adsorption to VN than glass micro-spheres
coated with n-octadecane.

Because of the adsorption effects at the sl interface fixed
values of w] must be used to ensure reproducible retention
data from different laboratories. However the poor repro-
ducibility of retention data for diatomaceous carriers arises
from the curvature of the adsorption isotherm®* as well as
from adsorption. A typical manifestation of this effect is the
"tailing" of peaks, and also the observed dependence of VN
on the size of the sample’®~78, Obviously, this dependence
may completely invalidate VN as a source of information for
qualitative analysis, and therefore the achievement of repro-
ducible retention data in non-linear GLC has become a very
important problem.

The effect of non-linearity in the adsorption isotherm for
the sl interface is most marked in the separation of polar
sorbates on non-polar or weakly polar stationary phases. In
this case the molecules of the stationary phase are competing
with those of the sorbate for adsorption on the carrier sur-
face. Since diatomaceous carriers are polar, the molecules
of the polar sorbate (in spite of their lower molecular weight)
can penetrate close to the carrier surface and be adsorbed,
the inhomogeneity of the carrier surface resulting in a non-
linear adsorption isotherm’®~®2, When a polar stationary
phase is used the sorbate molecules cannot penetrate the
layer of adsorbed stationary phase, and the adsorption iso-
therm of the sorbate molecules on the energetically uniform
adsorbed layer of stationary phase is approximately linear.
With other (non-diatomaceous) types of carrier the general
behaviour is very similar. Thus the adsorption isotherm
of alcohols on Teflon coated with squalane is found to be
curved’s,

The strong effect of sample size on V§ in polar sorbate—
non-polar stationary phase systems can be ascribed to the
curvature of the isotherm describing the adsorption at the
sl interface (since the effect disappears when polar stationary
phases are used). This prompted a search for methods of
modifying the carrier surface to make it homogeneous towards
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interfacial adsorption. The first attempts were made in the
early days of GLC »'® by adding a polar modifier (a fatty
acid) to a weakly polar stationary phase used to separate a
mixture of fatty acids. However the modifier did not prove
to be universally effective. More recent attempts at modi-
fying the carrier surface include the use of an inert poly-
mer®, silver®®, and copper®®, but even these were not fully
successful in screening the active surface of the carrier.

The first successful results were obtained by chemically
modifying the surface of the carrier (silanation®”*® and poly-
merisation on the carrier!®!%%%), Convincing results were
obtained also by physical modification of the carrier with
polar substances®!»*°~®2_ It was shown that not all polar liq-
uids are suitable for physical modification: for example,
poly(vinyl alcohol) is less successful than diglycerol as a
modifier!, and polyglycols (of different molecular weight) are
now the most commonly used physical modifiers. When the
carrier surface is coated with a thin layer of physical modi-
fier the polar sorbate molecules are unable to reach the car-
rier surface, and adsorption is confined to the interface
between the adsorbed layer of modifier and the capillary lig-
uid.

"Self-modification” of the carrier surface under the influ-
ence of the polar sorbate can be important in the separation
of polar sorbates on non-polar sorbents. In this case the
sorbate peak has a highly extended trailing edge, and the
carrier surface remains exposed to the modifying effect of
the polar component (which influences its sorption proper-
ties) until that component has been completely eluted from the
column. Therefore if the next sample is added to the column
before complete elution of the previous polar sample grossly
erroneous retention data may be obtained: thus in the case
of ethyl methyl ketone on a squalane column the discrepancy
can be as high as 50% in the retention volume and 1 kcal mole™? in
the relative molar heat of dissolution. Hence the retention
data of these systems should be measured only by injecting
pure compounds into the column, and the possibility of mutual
effects of the sorbates on the individual retention volumes
should be borne in mind when mixtures of polar substances
are analysed.

Chemical modification by grafted polymers offers a useful
increase in the maximum working temperature of sorbents.
Thus sorbents modified with grafted Carbowax 20 M have been
used (in conjunction with a flame-ionisation detector) at tem-
peratures up to ~260 °C, i.e. well above the maximum working
temperature of Carbowax 20 M.

The effect of adsorption at the sl interface on the reten-
tion indices can be observed also in capillary columns®?.

Thus it is found that the effect of the surface of a stainless
steel capillary on the adsorption of the substances to be sep-
arated depends on the method of production of the capillary
and on the treatment applied to its surface before deposition
of the stationary phase: for example, thorough washing of
the capillary surface with various solvents can increase its
adsorption properties very markedly®, though the optimum
amount of solvent has to be used for the greatest effect. For
this reason workers have turned their attention to glass
capillaries®®, but the adsorption activity of glass was found to
depend on the presence of sodium, boron, and hydroxyl
groups®®®’. The presence of OH groups causes irreversible
adsorption of several polar compounds as well as introducing
curvature into the adsorption isotherm?®%6:%5-101  gijgnga-
tion??'2%3 etching with hydrogen fluoride, and physical or
chemical modification have been used to lower the adsorption
activity of the surface of glass capillaries. One of the best
methods is the glass surface deactivation procedure described
in Refs.10 and 12 and applied to capillary columns*®*1%% jn
conjunction with etching with hydrogen fluoride®®, After
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being etched the capillary is coated with Carbowax 20 M, its
ends are sealed, and the column is heated in a nitrogen atmo-
sphere for 24 h at 280 °C. The physisorbed Carbowax 20 M
is then washed out of the column with dichloromethane and
methanol. However there is at least one report!’? of unsat-
isfactory reproducibility of the retention data after this treat-
ment.

The extent of adsorption on the sl interface of capillary
columns depends also on the purity of the stationary phase.
For example it was shown®* that "tailing" of the peaks of
polar components occurs with SF-96 silicone oil but not with
a high-purity grade of silicone oil (OV-101).

Thus the results discussed in this Section lead to the fol-
lowing recommendations for improving the reproducibility of
retention data: a) only glass columns modified by Carbowax
20 M (or silanised) should be used in capillary chromatography ;
b) in packed columns, high-grade carriers of the Chromaton
N Super type should be used, and non-silanised carriers
should be chemically modified with Carbowax 20M (amines and
alkalis for the separation of amines, phosphoric acid for the
analysis of acids); c) stationary phases of the highest possi-
ble purity should be used. These precautions should mini-
mise the effects of adsorption at the sl interface (especially
those associated with the curvature of the adsorption isotherm)
on the effective value of VN.

IV. ADSORPTION AT THE LIQUID-GAS INTERFACE

Adsorption of the compounds to be separated at the free
surface of the stationary phase is possible’’’”. A combination
of static and chromatographic experiments''®'%® has shown
that the value of VN for the benzene—thiodipropionitrile and
cyclohexane—thiodipropionitrile systems is significantly
affected by adsorption at the gl interface.

Since the surface tension of non-polar stationary phases
is relatively low we cannot expect large adsorption effects at
the gl interface with non-polar or weakly polar stationary
phases. Thus effects of adsorption at the gl interface on
VN were not detected in studies'!® of the retention of iso-
octane, cyclohexane, benzene, toluene, acetone, ethyl methyl
ketone, and methanol on squalane and tricresyl phosphate:
this result is consistent with other similar work®%!1:!12 How-
ever some workers consider!!®7!® that VN is affected by
adsorption at the gl interface for polar sorbates in non-polar
stationary phases, though their conclusions seem to be based
on an incorrect treatment of the experimental results. Thus
the change in In vy brought about by an increase in the mole
fraction of sorbate is treated'’® as a manifestation of inter-
facial adsorption, in spite of the anti-Langmuir shape of the
adsorption isotherm (which suggests a concentration effect).
Similarly erroneous conclusions are drawn from measurements’*®
of sorption in dinonyl phthalate at high solution concentra-
tions.

Polar stationary phases have a high surface tension, and
adsorption at the gl interface is very marked on sorbents
coated with stationary phases of this type, especially in the
separation of hydrocarbons. For example, the adsorption
contribution to VN in the separation of hydrocarbons with
thiodipropionitrile varies from 10 to 70%.°° Similar effects
were observed!!? for poly(ethylene glycol succinate).

A detailed study**® of interfacial adsorption on a Carbowax
20M column was based on the equation

Vo= V3 + kyfwec+ ky (1/0r — 1/10);

where k, and k, are constants describing the contribution of
adsorption at the gl and sl interfaces respectively. The
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coefficient 1/10 is introduced to allow for the authors'assump-
tion*'® that when w; 2 10% adsorption at the sl interface is
negligible.

The results of that study'!® lead to the following conclu-
sions: a) the parameter k,; increases along a homologous
series, i.e. the contribution of adsorpton to VN increases with
the length of the alkyl radical, and it is negligibly small in
the case of cyclic molecules; b) the k, values for isomeric
ketones differ by ~10—15%, and this can affect the selectivity
of stationary phases towards ketones (as compared to the
solubility of ketones in the pure stationary phase).

The dependence of adsorption at the surface of the station-
ary phase upon the number of methylene groups in the alkyl
radical of the sorbate can be expressed at!?®

K2KE = (Kegi)*®,

where AC is the difference between the numbers of carbon
atoms in the molecules of two compounds with the same reten-
tion volume, one of which is a n-paraffin (superscript p);
the subsecript gl denotes the gas-liquid interface.

Since the effect of adsorption at the surface of the station-
ary phase on VN is usually smaller than the effect of adsorp-
tion at the sl interface it is useful to distinguish the systems
in which the contribution to VN of interfacial adsorption on
the stationary phase surface is less than 1% by using the cri-
terion???

Ka/Ki<V,/100S 4.

As a rule the contribution to VN of adsorption at the sur-
face of the stationary phase can be ignored in systems with
Y < 5, i.e. in the chromatography of substances of comparable
polarity.

Liquid surfaces are energetically far more uniform than
solid surfaces: for this reason the curvature of the adsorp-
tion isotherm is detectable only after completion of the first
monolayer in the case of adsorption at the gl interface, Indeed,
effects arising from non-linearity of the adsorption isotherm
are observed*® only at very low vapour pressures (~10"*
mmHg).

In GLC the stationary phase can be in two different energy
states on the carrier, as was pointed out above. Hence it is
correct to consider two types of adsorption at the stationary
phase—gas interface: capillary liquid—gas adsorption and
adsorbed liquid—gas adsorption. The properties of the two
liquid surfaces are different, and as w] is increased the area
of the adsorbed liquid layer decreases while the area of the
capillary liquid correspondingly increases. These differ-
ences can give rise to discrepancies between the retention
data for polar stationary phases obtained with capillary and
with packed columns.

V. EFFECT OF CHANGES IN EXPERIMENTAL CONDITIONS
ON THE RETENTION VOLUME

Allowing for all possible sorption mechanisms we can write
the following equation for real GLC situations (i.e. assuming
normal analytical values of wj):

Yot ac Varl [ Oc
V= (55)avat | (52)ava+
acg acg
[} ’ )
Sst Salg

Set
g, s a‘?azg) ¢ (aqclg )
+j (ac;)dssl‘*‘j (ac; dsazg+§ ;)45
o o

0

where ¢, is the volume concentration of sorbate in the gas
phase, cg is the weight concentration of sorbate in the gas



Russian Chemical Reviews, 49 (5), 1980

phase (g ml™Y), ¢ is the volume concentration of sorbate in
the liquid, and g is the amount of adsorbed material (g em~?).

To a first approximation the terms of this equation can be
evaluated separately as follows.

1) The distribution coefficient K¢l is the parameter which
most directly determines the value of VN: the smaller the
activity coefficient, the greater is the contribution of solu-
bility in the capillary liquid to VN. If the system contains
an average amount of stationary phase, and vy < 1, we can
ignore adsorption effects on the retention volume (toa pre-
cision of 1%). This behaviour is observed in non-popar and
weakly polar systems.

2) The distribution coefficient Kal has a substantial effect
on VN for low values of w;. The contribution of this term
to the relative retention quantities is small for w; > 10%.

3) The distribution coefficient Kgj can have a powerful
influence on the retention, especially in systems consisting of
a non-polar or weakly polar stationary phase and a polar sor-
bate. The numerical value of this distribution coefficient is
significantly influenced by the size of the sample.

4) The distribution coefficients Kqglg and Kcig can affect
VN when the stationary phase is polar and the sorbate is
weakly polar or non-polar. These effects can be ignored (to
a precision of 1%) for y < 5 and normal values of wi.

Since in a real chromatographic system the relative contri-
butions of these sorption mechanisms depend on the experi-
mental conditions it is interesting to consider the way in which
the basic solubility characteristic (Vg) varies as wj increases.
As the stationary phase is first added to the carrier a film of
adsorbed liquid is formed on the solid surface, but further
additions of stationary phase cause a shrinkage of the gl
interface due to the filling of capillaries and pores. The
increased amount of capillary liquid on the carrier lowers the
adsorption contributions to Vy: the combined result of all
these effects is to lower Vg to ~10—-15% as stationary phase is
added to the carrier. Still further additions of stationary
phase to the sorbent has practically no effect on the surface
area of the gl interface, and the amount of adsorbed liquid
also remains constant. Only the amount of capillary liquid
on the carrier increases. Since the components of the mix-
ture are more soluble in the capillary liquid than in the
adsorbed layer, asmall (~3—8%) increase in Vg is observed?®>***
as w) increases beyond 15%, but Vg becomes independent of
w; when wy > 30%. As a result, reproducible inter-laboratory
comparisons are obtained only with sorbents for which wi = 12
to 15% (i.e. sorbents for which the dependence of Vg on wj is
a minimum).

There are various recommendations on methods for
obtaining invariant qualitative retention data by extrapolat-
ing plots of VN/w] against 1/wj to 1/w; = 0 [see Eqn.(3)], and
the K values obtained by this method are affected only by
the solubility in the capillary liquid. However the method is
laborious and the measurement of w; has a low precision, and
therefore the results are of doubtful value. Furthermore
the non-linear dependence of Vg on w; at fairly high values
of w limits the validity of extrapolations from experimental
data. However if we wish to identify the components of a
complex mixture we are unlikely to achieve satisfactory sepa-
ration over a wide range of w; values. Therefore it is pre-
ferable to adopt a fixed value of w; (~12—15%) in order to
achieve reproducible measurements of retention data.

18,122

1. Size of Sample

The effect of sample size on Vy is usually caused by the
non-linearity of the adsorption isotherm. The concentration
of sorbate at the maximum of the chromatographic band cg
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(in the gas phase) falls as the band travels along the column
[Eqn.(49)). The parameters of this equation are the effec-
tive diffusion coefficient D, the column length L, the velocity
of the carrier gas u, and the sorption coefficient per unit
length of column K' 23

| S— (4)
3.54K' VDLju

The steepest fall of cg occurs near the inlet of the chromato-
graphic column, where deviations from Henry's law can be
expected; at large enough values of L the retention is
affected more markedly by the curvature of the isotherm
which describes the adsorption at the interface. Allowing
for both dissolution and adsorption gives a complex picture
of the dependence of Vg on L: as the column length is
increased Vg initially decreases, before going through a shal-
low minimum. This minimum occurs at a column length of
~1m, and therefore it is desirable to use columns with L21m
when the aim is identification of the components*®,

For a constant column length the variation of VN with qg
also goes through an extremum, with a much sharper minimum
in the region of mutual compensation of the dissolution and
the adsorption isotherm, which creates an apparent indepen-~
dence of VN on qs.*® This region can be very narrow (as in
the alcohol-squalane system) or relatively broad (five orders
of magnitude of qs for the benzene~squalane system). For
practical reasons it is preferable to measure retention data in
the region of the minimum of the Vy—qs relationship.

However in a real GLC apparatus it may be impossible (for
a number of reasons) to measure retention data in the region
of the minimum. This is the case, for example, in the analy-
sis of trace impurities (especially, in the atmosphere) when
the size of the sample is insufficient to bring the measurement
to the region of the minimum and the retention volume is
affected by the curvature of the adsorption isotherm. In
these circumstances we can resort to one of the following pro-
cedures: a) measure VN at a fixed value of qg or at a fixed
peak height h, or b) extrapolate VN to infinite dilution of the
solution. The latter variant implies adsorption and dissolu-
tion in the Henry's law region: it is very attractive, but in
the majority of non-linear systems it has to be operated at the
limit of sensitivity of the detector, with signals not much
above noise level, and therefore it may be impossible in prac-
tice to work with sufficiently low sorbate vapour pressures.
However for theoretical work the second variant is undoubt-
edly very important.

The first variant is by far the more important in practical
work. In order to use it we must know the dependence of
VN on qg or on h: the VN values for fixed values of h or qg
are found by interpolation from experimental data. Retention
data obtained at a fixed value of qs lack physicochemical
meaning, because (at different column temperatures) they cor-
respond to different vapour pressures of sorbate and differ-
ent degrees of column loading (or solution concentration), i.e.
these data are neither isobaric nor isosteric®®. Values
referred to a fixed value of h are more useful, because they
correspond to isobaric experimental conditions"®,

Various ways of obtaining invariant retention data in non-
linear GLC have been proposed. One method’ involves
extrapolation of the concentration-dependent part of the
dependence of VN on gs to infinite dilution. Thus it was
shown experimentally’ that the Vg values for n-propanol and
diethylamine in heptadecane and dioctyl ether are identical
for 10 and 15% concentrations of the stationary phase on the
carrier when referred to infinitely dilute solutions. Other
workers'?* allowed for adsorption effects by correcting the
retention data extrapolated to infinite dilution for the amount
of stationary phase in the column, as recommended in Ref.45.
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Though the data were processed on a computer, there is some
uncertainty in the extrapolation of the non-linear relation-
ships, leading to an error of at least 1-1.5%. The method is
laborious, and it gives a low precision in the measurement of
wi.

The measurement of retention data under isosteric condi-
tions is described in Ref.45: the value of h at which Vy is
measured is chosen by using the expression

hi/hn = Vh'j/vm = Vx;/ Vie. (5)

The measurements are made by using a set of columns [from
zero to j, see subscripts in Eqn.(5)] containing different
amounts of stationary phase. Since fairly high concentrations
of solution are permitted, a significant proportion of the sor-
bate may be in the gas phase. We allow for this effect by
introducing the concentration of sorbate in the gas phase (y)
and the Martin compressibility factor (J). Isosteric solubil-
ity data are obtained by extrapolating the plot of VN /Vi(1-Jy)
against 1/V) to 1/V} = 0. The value of VN at the given value
of h is obtained from the trailing, diffuse edge of the peak,
but this procedure causes substantial errors arising from the
diffusion processes in the column. On the whole the method
can be very useful in physicochemical research but it is dif-
ficult to exploit in practical analytical GLC.

Reproducible retention data in the adsorption region of
the dependence of VN on qg (i.e. for sample sizes more typi-
cal of analytical GLC) can be obtained by using the equation*?%14¢

Vy=A/lgh+B, (6

where A; and B are constant. The region over which this
equation is valid is limited to 2—5 orders of magnitude of h,
but within this region we can evaluate Vy at any value of h
by interpolation of plots of Vy against 1/lgh. Eqn.(6) was
derived on the assumption that the interfacial adsorption in
GLC (which makes the greatest contribution to adsorption at
the sl boundary) is described by the Temkin isotherm equa-
tion: its validity has been demonstrated withalarge number
of systems, including a polar sorbate in a non-polar (or
weakly polar) stationary phase.

Egn.(6) can be used to obtain isobaric or isosteric reten-
tion data under given column operating conditions. For
example, isobaric data could be obtained for 1/lgh = 0.3
(flame-ionisation detector; full-scale deflection 107! A; all
values of h recalculated for this sensitivity and expressed
in mm; specified column length, amount of stationary phase
on the carrier, and velocity of carrier gas). In this way the
experimental conditions can be standardised sufficiently to
give reproducible retention data in different laboratories for
non-linear GLC.

Isosteric retention quantities are often useful for calculat-
ing thermodynamic values: these can be calculated by insert-
ing into Eqn.(5) the Vy values for given values of hobtained
by interpolation from Eqn.(6).

2. Time-changes of the Sorption Properties of Columns

At high column temperatures the low-molecular fractions
of the stationary phase can evaporate from the first parts of
the column?®*27713% oayging a change in the selectivity of the
column with time. Data on the separation of alcohols on a
poly(ethylene glycol) column have shown?! that the slope of
the In Vg—1/T plot is not affected by evaporation of the sta-
tionary phase from the first part of the column, though the
straight lines are shifted along the ordinate axis: this sug-
gests a constant molar heat of sorption and a varying molar
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entropy of sorption, which is typical of an adsorbed liquid
layer*®. Thus the adsorbed layer has a greater temperature
stability than the capillary layer, and initially only the capil-
lary liquid evaporates from the first part of the column while
the adsorbed layer remains on the carrier. The evaporation
of some of the stationary phase from the first part of the
column causes a local increase in concentration of the solution
and a significant influence of interfacial adsorption on the
retention data, which increases the dependence of VN on gs.
This phenomenon sets a limit to the range of column tempera-
tures consistent with reproducible retention results: the
highest temperature at which a stationary phase is used
should be 30—60 K below the usually recommended value.
use of large samples can also contribute to the loss of sta-
tionary phase from the first part of the column®®’,

The

The time-changes in the properties of the column due to
evaporation of the stationary phase are relatively slight. Far
more serious obstacles to the acquisition of reproducible
retention data arise from changes in the chemical composition
of the stationary phase. Thus prolonged heating of squalane
at 80 °C is found'*! to increase the concentration of lower
hydrocarons from 6.1 to 14.7%: this effect is accompanied by
changes in the relative retention volume of n-pentane, n-hex-
ane, and benzene by 1.0, 2.5, and 1.5% respectively.

The most serious problems in the acheivement of reproduc-
ible retention data arise from the formation of polar compounds,
which modify the surface of the carrier. These reactions
usually occur at high temperatures in the presence of traces
of oxygen (introduced by the carrier gas). Thus the pas-
sage of oxygen through a squalane column at 100 °C has been
shown'® to lower the retention index of polar compounds by
more than 40 units, and similar effects have been observed in
columns containing octadecanol. This behaviour isconsistent
with the formation of polar compounds as a result of the oxi-
dation of squalane. The retention of polar (or readily polar-
isable) compounds is very sensitive to the concentration of
impurities belonging to other classes in the squalane*®’: for
example, in the presence of 0.1% of squalene the Kovats index
for aromatic hydrocarbons is altered by 0.15 units.

Many commercial stationary phases consist of a mixture of
polymers of different molecular weight (for example, polygly-
cols). The influence of molecular weight distribution on the
selectivity of the stationary phase has been studied3*!% in
the poly(ethylene glycol) system (PEG). A comparison of
three different PEG of average molecular weight 400 but
prepared from individual PEGs taken in different proportions
revealed an arithmetic mean deviation of the Kovats indices
on these sorbents varying from 1.4 to 4 units. Alcohols are
especially sensitive to changes in composition of the PEG,
because of the change in the number of free hydroxyl groups
in the stationary phase. However after prolonged operation
at the highest permissible working temperatures, which cause
partial evaporation of the lower fractions from the column,
the spread of retention indices of PEG columns operated with
different sorbents was only 0.4~0.8 units (i.e, of the same
order as the experimental error).

The selectivity of the stationary phase is affected not only
by the number of polar (active) functional end-groups per
unit volume, but also by the molecular weight. The latter
effect is observed also in stationary phases of the paraffin
type, which do not contain functional groups**~1%¢ It is
stressed'® that the polarity of the paraffin stationary phase
increases with its molecular weight. These observations
underline the importance of careful purification of the station-
ary phase when reproducible retention data are required, and
the disadvantages of using stationary phases consisting of
mixtures of polymers.
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The water content of the sorbent can also influence the
retention of polar compounds on non-polar stationary phases®?,
and also of all classes of sorbate on polar stationary phases®3*
When non-polar stationary phases are used the sl interface is
modified by the presence of water in the sense of decreasing
the retention of polar compounds. Moisture in PEG produces
a sharp fall in Vg for all sorbates, but the original properties
of the sorbent can be recovered by drying.

The column history (i.e. its length of service, and the
nature of the mixtures which have been analysed on the col-
umn) can have a significant effect on the retention proper-
ties, especially in columns with non-polar or weakly polar
stationary phases. It has been pointed out'®® that in stain- -
less steel capillary columns the retention index for hydrocar-
bons changes after prolonged operation, and adsorption effects
increase at the same time. Thus after 1200 h operation of
the column using Apiezon L the Kovats indices for cyclic and
aromatic hydrocarbons increased by 2—3 units, an effect
ascribed®®® to the catalytic activity of stainless steel towards
the oxidation of Apiezon oil. No such effects were observed
on glass capillaries.

After 3 years' operation between 50 and 70 °C with hydro-
carbon mixtures the Kovats index for aromatic hydrocarbons
of a stainless steel capillary column containing squalane
changed by less than 0.1 unit*?, but when the same column
was operated between 80 and 95 °C for several weeks the
Kovats index for aromatic hydrocarbons rose by 0.2 units.
The highest permissible operating temperature of stainless
steel columns containing squalane can be inferred from these
results. Operation of the same column for 6 years at temper-
atures between 86 and 130 °C produced a 10 unit change in
the Kovats indices for aromatic hydrocarbons, and a 2 unit
change in the indices for alkenes.

If polar stationary phases are used the retention data are
unaffected by adsorption at the sl interface, but the role of
adsorption at the gl interface becomes much more marked
(depending on the concentration of impurities in the station-
ary phase, since these impurities become concentrated at
interfaces). The impurity content can vary during the oper-
ation of the column: thus after three months' operation of a
column containing acetyl tributyrate the relative retention of
paraffins varied by 0.5%, whereas that of aromatic hydrocar-
bons (which are less sensitive to this type of adsorption)
varied by only 0.1%.'*° On a highly polar stationary phase
(1,2, 3-tris-(2-cyanoethoxy)propane) at 94 °C the retention
indices of aromatic hydrocarbons vary by 0.3 units per day
as a result of differences in the adsorption of n-paraffins
(introduced as standards) on the stationary phase**°.

Some interesting observations on the ageing of sorbents in
packed columns have been reported®l. After treatment of a
squalane sorbent for 35 h at 110 °C in a stream of nitrogen
the Vg value for n-propanol falls off sharply, and similar
effects are observed after prolonged heating in vacuum or
refluxing of the sorbent under hexane®*!»1%?,

Thus the basic reason for the lack of reproducibility of
retention data in analytical GLC is interfacial adsorption,
coupled with the non-linearity of the isotherm describing this
adsorption. We must stress that interfacial adsorption effects
are most marked in systems consisting of molecules of differ-
ent polarity, which form non-ideal solutions (with y > 5),
Under these conditions it is most important to choose and
standardise the experimental conditions carefully in order to
optimise the reproducibility of the retention data. In other
types of system these requirements are less stringent unless
the highest precision is required (errors of less than 0.1% in
the relative retention and 0.05 units in the retention indices).
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VI. METHODS OF PRESENTING RETENTION DATA FOR
IDENTIFICATION

In this Section we shall discuss the "apparatus" errors in
the measurement of retention parameters and we shall propose
rational methods of calculating retention quantities for later
use in inter-laboratory identifications and comparisons.

1. Specific Retention Volumes

Theoretically the parameter Vg is independent of the
amount of stationary phase in the column, but it is influenced
by variations in the velocity of the carrier gas and the tem-
perature of the column. Both temperature fluctuations and
temperature gradients can affect Vg. In commercial appara-
tus the temperature of the column thermostat is controlled to
give fluctuations of less than 0.1 K and local temperature dif-
ferences of less than 0.5 K along the column. In many of the
currently avallable models the flow rate of the carrier gas is
automatically controlled, but nevertheless some modifications
to the gas control part of the apparatus are usually needed
for the highest precision in the measurement of Vg.

The first high-precision chromatograph for the measure-
ment of retention is described in Ref.143. Subsequently
several papers on high-precision chromatography were pub-
lished, with emphasis on achieving a constant flow rate of the
carrier gas and a constant column temperature, and on accu-
rate measurement of the main parameters of the chromato-
graphic experiment. The most successful development was
an apparatus with manual (semi-automatic) control'®!, in
which the input pressure was measured with a standard devi-
ation of 0.24 mmHg, the output pressure with a standard devi-
ation of 0.1 mmHg, and the column temperature to £0.05 K.
An a-priori calculation of the possible standard deviation s°
in the measurement of Vg gave a value of 0.19%.

According to error theory, the overall error of the exper-
iment is determined mainly by the two or three experimental
parameters which introduce the largest errors. In the mea-
surement of Vg the precision is limited by the error in wi: in
packed columns the standard deviation of this parameter is
s%=0.16-0.32%, and in capillary column s’ = 0.24—0.42%. %,
An additional error in the measurement of Vg in capillary col-
umns arises from the difficulty of measuring small gas-flow
rates accurately.

We can measure w] by weighing the sorbent before and
after filling the column, and extracting the stationary phase
from the sorbent after removing it from the column“l, but it
is important to allow for the loss of stationary phase during
activation of the column. The "burning off" and extraction
of the stationary phase from the sorbent could be incomplete
if some of the stationary phase becomes chemically bound to
the surface of the carrier by the high-temperature activation®’.
The error of the measurement of w; in the column determines
the overall error of the measurement of Vg (0.15%), even if
the chromatographic apparatus is ideal in all respects. These
problems explain the large scatter of Vg values reported from
different laboratories’*. Thus we cannot recommend the use
of V, as a reliable criterion for identifying the components of
a mixture from retention data.

2. Absolute Retention Volume

This parameter does not require measurement of w;, and
therefore its measurement error is lower than that of Vg.
For qualitative analysis the parameter has a serious drawback:
its dependence on wi. Hence it cannot be recommended for
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identification in GLC. However it is useful to analyse the
sources of error in the determination of Vy, because they

explain the shortcomings of various methods of measuring

relative retention characteristics widely used in qualitative
analysis.

The errors in the measurement of Vy with a soap-bubble
gas flow-meter are discussed in detail in Ref.145. Before
analysing these errors we should stress the requirement for
high efficiency of the chromatographic column used to mea-
sure the retention data, since this parameter does not appear
in the classical equations for calculating the errors of the
measurement of VN. The efficiency of the column affects
the precision of the measurement of retention quantities
through two parameters: a) it is essential to work with a
sharp, narrow, steep-fronted peak in order to obtain an
accurate measurement of the time of emergence of the peak
from the column, and b) in the measurement of retention data
for mixtures it is important to achieve separation of the com-
ponents as early as possible in order to avoid mutual interac-
tions. In order to locate the peak maximum with a precision
of 0.1% the efficiency of the column should be at least 500
theoretical plates'*®. However it has been suggested**® that
a column efficiency an order higher is needed to achieve this
level of precision, but the arguments used are not convinc-
ing.

When retention data are determined simultaneously for sev-
eral components displacement effects and interactions between
incompletely resolved bands are possible. The displacement
effect consists in the replacement of the less strongly sorbed
by the more strongly sorbed components, which decreases the
retention time of the less strongly sorbed components. It
has been shown*® that in the case of two poorly resolved
bands the appearance time of the first peak is shorter, and
that of the second peak is longer, than the corresponding
times for the pure components, but this phenomenon does not
appear to involve the mutual solubility of the components**’,
In general the separation criterion should not be less than 3
to ensure that the mutual effect of the components on their
measured retention is less than 0.1%. "%

a) Measurement of the retention time of a non-sorbed gas
(ty)- The method of measuring this quantity depends mainly
on the type of detector used. With a katharometer it is con-
venient to measure t, by the appearance time of helium or
other inert gas. However inorganic gases are not detected
by a flame-ionisation detector, and therefore in this case it is
convenient to use methane: at a column temperature of 100 °C
the appearance times of air and methane are indistinguishable,
but at lower temperatures the sorption of methane can cause
a systematic error in the measurement of t,. *®

A more correct method of measuring t, with a flame-ionisa-
tion detector is to determine the retention time of helium
against a background provided by the diffuse trailing edge
of any other peak (vacancy chromatography method) at ahigh
setting of the detector sensitivity, or by injecting a sample
of helium into the column with nitrogen containing a trace of
methane as the carrier gas (the function of the methane being
to provide a steady base-line detector current™*?). A base-
line detector current can also be produced by raising the col-
umn temperature until the vapour of the stationary phase or
of its decomposition products appears at the column outlet.

In every case the helium sample is detected as a negative
peak.

Many of the recommended methods of calculating t,
rely on linear approximations of the retention data for n-par-
affins. However a comparison®’” of calculated and experimen-
tal values of t, clearly shows the greater precision of the val-
ues obtained experimentally.
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b) Measurement of the retention time of the component
under study. The appearance time of the peak maximum of
a component can be measured as the distance (on the chromato-
gram) between the sample injection and the appearance of the
peak, or it can be measured directly with a stop-watch. If
the former method is used the measurement error can be con-
siderable!*: a 2 s error in the sample injection marker, a
30 s error due to variations in chart speed, anadditional error
of 2% due to the effect of mains frequency fluctuations on the
chart speed, and a 10 s error in locating the peak maximum.
It is usually easier to measure the retention time with a stop-
watch, when the error is less than 0.02% for retention times
of >10 min. In this method the overall error is at least four
times smaller than in the determination of retention times from
measurements of length on the chromatogram*®®., However
the latter method is convenient because it does not require
the presence of the experimenter at the appearance time of
the peak: it is often used, therefore, in approximate mea-
surements.

Electronic chronometers offer a high precision for the mea-
surement of the appearance time of individual peaks, but this
precision cannot be exploited to the full because of the limita-
tions of the experimenter's reaction times (0.1-0.3 s). By
using a computer to detect the injection of the sample and to
measure the appearance time of the peak we can reduce the
error of the measurement of retention time 5—7-fold in the
case of a non-polar stationary phase, but if the sorbent is
coated with a polar stationary phase the precision is not sig-
nificantly improved by using a computer®*,

The absolute error of the measurement of retention time is
proportional to the retention time, and for very long retention
times the relative error of the measurement is constant!%é,

In addition to the errors associated with the measurement
of retention time, which can be minimised, we need to con-
sider errors in the determination of retention time arising from:
instability of the experimental parameters. These errors are
mainly responsible for the overall experimental error of mea-
sured retention times®377167,

Stable conditions for the measurement of retention times
are most easily obtained by using a computer-controlled chro-
matograph, especially in the separation of complex mixtures
of many components??6°716%  Conventional electronic pro-
portional temperature controllers can stabilise the temperature
of the column thermostat to within 0.05 K, and this uncertainty
can be lowered to 0.02 K by using computer control®5:6¢,
The fluctuations in the flow rate of the carrier gas can beless
than 0.1 ml min~! with computer control. Some workers
recommend the use of liquid-filled thermostats®’, which offer
a temperature stability ranging from 0.0025 to 0.01 K, but
these thermostats also have a number of shortcomings (corro-
sion of the apparatus, high thermal inertia, and large tem-
perature gradients along the column). Air thermostats can
give temperature differences as low as 0.02 K in the vertical
direction and 0.2 K in the radial direction?®®,

The use of computer control of the operating parameters
of the column can greatly reduce the lack of reproducibility
of the experimental conditions but it cannot eliminate it com-
pletely. Therefore allowance for the residual fluctuations of
the experimental parameters, and appropriate corrections to
the measured quantities, are as important as control*®%:6%170,
All the experimental parameters were measured at intervals
varying from 0.05 s to several seconds and the retention vol-
ume was obtained as the sum of micro-elementary volumes
corresponding to the measured column temperatures and car-
rier gas flow rates’”’. The detectors were thermo-anemo-
meters, manometers, and resistance thermometers: for a
column temperature stability of 0.01 K and a pressure mea-
surement precision of 0.05 mmHg the standard deviation of
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the measurement of retention volume of n-heptane in octade-
cane at 60 °C was 0.43% with manual processing of the data
and 0.02% with computer processing’’*.

Thus by using commercial apparatus with appropriate mod-
ifications to the gas handling system the standard deviation
of the measurement of VN is 0.1-0.2%: an order of magnitude
improvement in precision is possible by using computer con-
trol and data processing methods.

3. Relative Retention Volume

This parameter was first proposed for the identification of
components in 1952 *72: its value is independent of the amount
of stationary phase (if interfacial adsorption is negligible),
but it is affected by changes in the flow rate of the carrier
gas and by changes in column temperature.

The precision of the measurement of relative retention vol-
ume (r) can be raised by correctly choosing the reference
standard. With high-grade apparatus the method of intro-
ducing the standard does not affect the error of the measure-
ment of r: it can be introduced with the components of the
mixture to be analysed, or after each analysis, or even after
several analyses'®®. A 20-50% improvement in precision in
the measurement of r by introducing the standard as part of
the unknown mixture (rather than separately) has been
reported!®®, However adding the standard as part of the
mixture is legitimate only when the peak of the standard is
completely resolved from those of the unknown components,
and therefore the retention times of the components are unaf-
fected by the presence of the standard. The best compro-
mise is to add the standard to the column once every 2—4 h,
depending on the stability of the control of experimental con-
ditions.

The standard substance should appear at the outlet of the
column in 5—-15 min, its adsorption at the interfaces should be
negligibly small, and it should be readily available. For these
reasons aromatic hydrocarbons are often used as standards, since
their adsorption at the sl and gl interfaces makes a negligible
contribution to Vy, and the compounds are easily obtained.
For example, at low temperatures (up to 100 °C) benzene can
be used as a standard, naphthalene at temperatures up to
200 °C, and anthracene or phenanthrene at still higher tem-
peratures.

In general r can be measured with any arbitrarily chosen
standard, but if the results are to be published and used in
other laboratories for qualitative analysis they should be
recalculated on the basis of one of the above standards. This
involves determining the r value of the arbitrary standard with
respect to one of the aromatic hydrocarbons. In the Ry
system of r values with a single standard!’>**’®17* n-nonane
is used as the standard compound: the reproducibility of the
measurement of retention indices in this system is given as 10.
An important disadvantage of the use of a n-paraffin as the
standard is the large contribution to VN from adsorption at
the surface of the stationary phase when polar liquids are
used.

In the early experiments’’® the error in the measurement
of r was 0.5%, but the use of computers has lowered this error
to 0.02% 6®1767180  With manual processing of the data the
error of the measurement of r in glass capillary columns was
0.16—0.19% for OV-17 silicone oil, 0.26—0.28% for Carbowax
20M, and 0.38—0.55% for SF-96 silicone 0il'®!; the increase
in error caused by the last two stationary phases is probably
due to poor wetting of the capillary surface by the liquid and
hence to adsorption at the glass—gas interface’®?, In stain-
less steel capillary columns the error in the measurement of r
is slightly higher'®,
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4, Systems of Retention Indices

A detailed mathematical analysis of the errors in the calcu-
lation of retention indices has been published!®¢:18*~186  The
first report of high reproducibility in the measurement of
retention indices was made in 1970 *®7, and it was shown that
the error in the measurement of retention indices can be
decreased by an order of magnitude by using a computer.
The conditions for precise measurement of the retention indices
are formulated in Refs.131, 188, and 189, and an error of
0.03 units was claimed®*. Sojak and Rijks**® describe the
conditions which allow the retention indices of hydrocarbons
on squalane to be measured with an error of 0.02 units.
Attempts to calculate retention from the centre of gravity
rather than from the apex of the peak®%?®! fajled to reduce
the error below 0.05 units.

The reliability of the determination of retention indices on
capillary columns is discussed in detail in Ref.140. Changes
in the input pressure of the carrier gas from 2.5 to 4 atm
produced changes of 0.08—0,13 units in the retention indices
of hydrocarbons when hydrogen was used as the carrier gas,
whereas with nitrogen as the carrier gas the retention indices
varied by 0.27-0.33 units when the pressure at the column
inlet was varied from 1 to 4 atm. Within the limits of experi-
mental error (0.05 units is the retention index) there was no
effect from changes in helium pressure. The response to
changes in carrier gas pressure increases in the sequence
paraffins < alkenes < cycloparaffins < aromatic hydrocar-
bons**?,

In Kovats' conventional system of retention indices the
standard components are n-paraffins, for which the retention
data on polar stationary phases are strongly affected by
interfacial adsorption (leading to poor reproducibility). It
was pointed out!® that the error in the calculation of the
retention indices increases with the polarity of the stationary
phase. According to Bonastre and coworkers!'® a change
from 10 to 30% in the wj value of Carbowax 20M on a sorbent
increases the retention indices from 14 to 22 units because of
the decreased retention of n-paraffins. In order to over-
come this difficulty the use of a homologous series of n-alco-
hols as standards is proposed!®? when polar stationary phases
are used. This suggestion is not incompatible with the con-
cept of a system of retention indices, based on the assumption
of direct proportionality between lg VN and C (where C is the
number of carbon atoms in the molecule) for a homologous
series!®%1%%,

The desirability of choosing polar standard substances
when polar stationary phases are used has been stressed by
many workers!?%133%195-208  with a tendency to use as stand-
ard the homologous series whose members are being studied.
However there are objections to the use of a homologous series
as standard on polar sorbents, because interfacial adsorption
increases sharply with the length of the alkyl radical and
this lowers the reliability of the results. Another important
shortcoming of the retention index system is the assumed
linear dependence of 1g VN on C, which does not apply in a
number of systems!?®»2%4-206  Dpeviations from linearity arise
from the parity rule?®, and from the interaction of methyl
groups®®’, which led to the principle of non-calculability of
the indices (according to which the linear dependence of
lg VN on C is only approximate, with a confidence interval of
two units). When the molecules of the stationary phase con-
tain aromatic rings the relationship is no longer linear?®*,

The consistency of retention indices obtained in different
laboratories has been analysed in several papers. Theerror
in the measurement of the retention index from data reported
by different laboratories is stated'® to be 0.2 unit, but we
should note that recalculation of the quoted results*’ gives
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an error varying from 0.6 to 1.5 unit. The discrepancies
between retention indices obtained in different laboratories
may be due to effects from the material of the capillary column
or to changes in composition or in concentration of the sta-
tionary phase during operation of the column. Thus it has

- been shown?"® that after high-temperature activation of a
non-polar capillary column the retention index of aromatic
hydrocarbons varies by 8 units. Standardisation of the capil-
lary surface is said®® to lower inter-laboratory discrepancies
(to 0.2 unit of index). The work of Schomburg (quoted in
Ref.155) has shown that if the capillary columns are prepared
in one laboratory and distributed to other laboratories the
discrepancy between the results is less than 0.05 unit,
whereas if the columns are prepared in the different labora-
tories the reproducibility falls to 1 unit,

A careful comparison of the retention data for n-paraffins
on squalane obtained in different laboratories under a satis-
factorily controlled experimental conditions is given in Ref. 209:
the error varies from 0.09 to 0.28 unit whereas the reproduc-
ibility within each laboratory is 0.025 unit. For an internal
reproducibility of 0.2 unit’®®% an inter-laboratory comparison
gave a discrepancy of 1 unit®»2°°72!%  Hence the consistency
of the retention quantities between laboratories is 4—5 times
worse, on average, than the measurement error within one
laboratory, though we should note that all these results apply
to systems in which the retention of the components is almost
unaffected by adsorption effects. When the influence of
interfacial adsorption is not negligible the above recommenda-
tions for achieving reproducible retention data must be
strictly observed.

In conclusion we shall briefly dwell on some systems of
retention indices which have been developed to remedy the
shortcomings of the Kovats system. In view of the non-
linearity of the dependence of 1g Vy or C Matukuma®'* pro-
posed a new form of index in which three successive homo-
logues of the n-paraffin series are used as standards:

Iy = 100C -+ €0 THa=18) 140
lg (b/a)
where i = tNx—tNe, @ =tNc —tN(c-1), b =tN(c+1)"tN¢: INx
is the appearance time of the unknown component, and tNc,
tN(c+1) tN(c-1) are the appearance times of the n-paraffins
with the same number of carbon atoms as the unknown, one
carbon atom fewer, and one carbon atom more respectively.
Though this system of indices yields more accurate results it
suffers from a loss of generality in comparison with the
Kovats system.
The arithmetical indices proposed by Vigdergauz®'® are
the simplest form of indices:

I, = tRx - th
tR(er1) — IR

where tR are the appearance times of the components uncor-
rected for the dead volume of the column (the unknown com-
ponents and the n-paraffins with the same number of carbon
atoms). Expressions relating the arithmetic indices to the
Kovats indices have been obtained?'¢~*'®, and some applica-
tions of the arithmetic indices have been described?*®22°,
Though the calculation of the arithmetic indices is extremely
simple the indices are not particularly useful because they
contain no physicochemical information and they lack the gen-
erality of the Kovats indices for identification,

The differences between different systems of retention
indices are not fundamental in principle, and the choice of a
particular type of index is usually dictated by tradition or
by convenience. Evidently, the Kovats index was historic-
ally the first and it will continue to be widely used in analytical
practice.
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5. Comparison of Different Methods of Presenting Retention
Data

The basic characteristics of the four most widely used
retention parameters are compared in the Table. The speci-
fic retention volume Vg has some important advantages over
the other parameters because it contains physicochemical
information, but it cannot be recommended as an identification
parameter because the precision of its measurement is low.

The relative retention volume r and the Kovats index I are
similar in many ways, and the choice between them is often
a matter of convenience or tradition. The parameter I lends
itself particularly well to calculations by the additivity prin-
ciple: any n-paraffin with an appearance time comparable to
that of the unknown component can be used as standard for
the calculation of this parameter. However with polar sta-
tionary phases we must use homologous series of polar com-
pounds as standards, and even this procedure does not
exclude interfacial adsorption effects on the retention param-
eters of the standards. Another shortcoming of the Kovats
indices is the need to assume a linear dependence of lg VN on
C, which is often not appropriate. Furthermore the error in
the measurement of I is almost twice as great as the error in
the measurement of r.

Characteristics of the retention parameters.

P Reproducibility, % Advantages Disadvantages
within between
laboratory labora-
tories
Specific 0.2 4.5 A thermodynamic Laborious measurement of the
retention parameter, describing amount of stationary phase
volume Vg the gas-liquid equili- in the column, and associated
brium; can be used to errors
calculate all the thermo-
dynamic characteristics
of the phase equilibrium;
independent of the
amount of stationary
_phase in the column
Net retention { 0.1 (0.02) - - *x
volume V
Relative 0.1 (0.02) 0.8 Simple to calculate, con- | The need to recalculate the
retention sistent with the order of | results to a single standard from
volume 7 appearance of the peaks, { secondary standards
few parameters to be
measured. No assump-
tions needed
Kovats 0.2 (0.05) 2.3 Rational presentation of | The need to postulate linearity
index I the results as a sum of of the logarithm of the reten-
increments associated tion volume as a function of
with the atomic groups | number of carbon atoms in the
in the sorbate molecul lecule for bers of a
any member of the homologous series; the need
homologous series can to use at least two standards
be used as standard

*The errors obtained in computer-controllied experiments are
shown in brackets.

**Not recommended for identification, not reproducible
between laboratories.

Though the equivalence of I and r as identification param-
eters has been convincingly demonstrated®* the r values are
more convenient to use because they are simpler. They are
also more accurate because no assumptions are made in their
derivation. Since the choice between I and r does not raise



Russian Chemical Reviews, 49 (5), 1980

any fundamental questions, it is desirable to standardise on
one of these quantities: the choice of r (with aromatic hydro-
carbons as standards) appears to be the best overall approach
to a standard identification procedure in GLC.

Because of the complexity of sorption processes in chro-
matographic columns the following experimental parameters
should be stated in publications to ensure reproducibility of
the retention data in other laboratories: 1) the column tem-
perature (to the nearest 0.1 K), 2) a full description of the
stationary phase (purity, origin, amount of liquid phase on
the carrier, details of the activation process), 3) a full
description of the carrier, 4) length, diameter, and material
of the column, and (in the case of capillary columns) pre-
treatment conditions, 5) size of injected sample and depen-
dence of the appearance time on sample size, 6) method of
measuring the dead time of the system, 7) nature, input
pressure, and flow rate of the carrier gas, 8) sensitivity of
the detector and chart recorder, 9) type and model of the
chromatograph, 10) errors in the determination of retention
data,

1t is also desirable to state the operating life of the col-
umn, and to point out any changes in retention behaviour
observed after lengthy operation of the column, as well as
the role of adsorption effects. Lastly, the results being
reported should be compared with published data if possible.

6. Choice of Parameters for ldentification in GLC

Reliable identification of a component requires the coinci-
dence of two independent retention parameters for the unkown
peak and for the peak of the standard. We shall discuss two
variants of the method of identification from retention data,
though non-retention methods (spectral, chemical, etc.) are
also widely used.

a)Chromatographic spectra. Coincidence of the retention
parameters for the unknown and the standard component on
two or three different stationary phases is a good criterion of
identify of the substances being compared. Stationary phases
of very different polarity and chemical nature are often used
for comparison. The following can be recommended for iden-
tifications: squalane (up to 100 °C), the C4, hydrocarbon??!
(up to 250 °C), oxydipropionitrile (up to 80 °C), hexakis(2-
cyanoethoxy)hexane (up to 180 °C), polyphenyl ether from 6
rings (up to 250 °C).

The separation of not very complex mixtures on two or
three columns with different stationary phases yields "chro-
matographic spectra' which can be used to identify the com-
ponents??27228 Analogous to the chromatographic spectrum
is the parameter AI, calculated as the difference between the
Kovats indices for the unknown component on two stationary
phases. Both these methods are useful for the identification
of the components in mixtures of 5—10 substances present at
different concentrations. The main difficulty in identifica-
tion from chromatographic spectra is the "recognition" of the
peaks of a particular component when the mixture is sepa-
rated on different columns, since the peaks appear in differ-
ent order at the column outlet and they can only be recog-
nised by their relative height. Another drawback of the
chromatographic spectra is the difficulty of obtaining an
acceptably complete resolution of all the peaks for a complex
mixture on a number of stationary phases. Often only one
stationary phase is available for identifying the components
of a complex mixture. In this case we need another inde-
pendent parameter determined on the same stationary phase—
the temperature dependence of the retention quantities—in
addition to the indices r or Al for reliable identification.
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b) Temperature dependence of the relative retention vol-
ume and of the Kovats index, These temperature depend-
ences are determined directly by the enthalpic selectivity of
the statiohary phase (the relative molar heat of dissolution
AHS , whose value can be calculated relatively simply by using
the additivity principle). The quantity AHS can be used
directly for identification?2%2%, because it is much less sensi-
tive to experimental conditions (such as interfacial adsorption)
than the parameter r. It can be evaluated very simply from
experimental data by using the expression

AH? = 4.58 (lgry —lgry)
UTy— 1T’
where the subsecripts 1 and 2 refer to different column tem-
peratures.

The temperature dependence of the retention can be
described also by indirect parameters (e.g. the constants of
an equation of the Antoine type?*'?*?) or by the temperature
dependence of the Kovats index §I. The latter type of
dependence is widely used to identify substances of different
classes?®*2337243,209-212 14 we should note that 81 can vary
with temperature as a result of non-linearity of the relation-
ship between I and the column temperature, and this effect
must be allowed for when §I is used for identification. Since
neither the constants of the Antoine equation nor §I contain
as much physicochemical information as AHS we recommend
the two quantities r and AH;’ as the basic independent param-
eters to be used for identification.
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