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Abstract

The determination of vapor pressurg, of compounds with low vapor pressures (1@a < p°® < 10°Pa) is becoming increasingly
important as a result of the need to meagufréor environmentally sensitive compounds such as organophosphorus pesticides, biphenyls,
dioxins and alkylbenzenes. Under strict conditions, the components of gas—liquid chromatography (GLC) (a volatile solute, an involatile
solvent and a mobile carrier gas) are in equilibrium and as a result it is possible to use the technique to measure equilibrium properties such as
vapor pressure. The technique is rapid, reliable and reproducible. These advantages have tempted many workers to measure physiochemice
properties, including vapor pressures, under conditions for which the basic theories do not hold. In this review, the GLC techniques used
to measure vapor pressures from GLC data together with the basic theory, limitations of the techniques and some recent measurements are
discussed.
© 2003 Published by Elsevier B.V.
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1. Introduction significant organic chemicals, is becoming increasingly im-
portant as a result of forceful environmental lobbies in most
The measurement of vapor pressup¥s of organic com- countries todayl—4]. For volatile substanceg{ > 1 kPa),

pounds used industrially and in particular environmentally well tried and direct methods (e.g. manometric methods)
are availablg¢5—7]. Unfortunately, most organic compounds
* Corresponding author. Present address: PTCL, Oxford University, which are considered as potential pollutants, have very low

South Parks Road, Oxford OX1 3QZ, UK. Fax27-312603091. vapor pressures. Typical classes of compounds of this type
E-mail addressletcher@nu.ac.za (T.M. Letcher). are given inTable 1 The measurement of these low vapor
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Table 1

Typical classes of compounds considered to be potential environmental

pollutants, together with their vapor pressure rapfeat 25°C

Chemical class p° (Pa)
Polychlorinated biphenyls (PCBs) 1®to 101
Polycyclic aromatic hydrocarbons (PAHS) 10to 20
Polychlorinated dibenzp-dioxans 1019 to 10°®
Polychlorinated dibenzofurans (PCDFs) ~10to 106
Organochlorine and organophosphorus pesticides 510 102
p.p-DDT 1.2 x 1074
Dieldrin (CAS 60-57-1) 3.6x 104

pressures are however very much more difficult and more
unreliable than the measurement @ of more volatile
substances. No one method is able to meaptiraver the
whole spectrum of pressurgg]. A list of direct and indi-
rect techniques used today to measure vapor pressures, a
the limiting range of each technique, is givenTable 2

The available methods have recently been reviewed by

Site[18].

The importance of vapor pressure measurements in

modeling the fate of organic chemicals in the environ-
ment has been demonstrated by many workKées-21}
Vapor pressuresp®, together with water solubilitiesS,
Henry's law constant$i, distribution coefficients and par-

T.M. Letcher, P.K. Naicker/J. Chromatogr. A 1037 (2004) 107-114

2. GLC retention volume techniques

The use of GLC retention volume methods, to determine a
range of physicochemical properties (including vapor pres-
sures) has been developed over the past 60 years. The tech-
nigues offer great advantages of speed, small sample size,
purity, stability and reproducibility. As GLC involves an
equilibrium between a volatile solute, an involatile solvent
and a mobile and inert carrier gas, it is not surprising that
simple relationships exist between chromatographic proper-
ties such as retention volume or retention time and physical
properties such as solute vapor pressure, boiling points, en-
thalpy of vaporization, molar mass, activity coefficients and
even solute molecular geome{6,27] One of the notable
successes in the latter area was due to Matuk@djavho
reported discrepancies between API listed boiling points

9] and those he had obtained from GLC retention data.

his work was later extended by Walravan and Lafi20]
who found further errors in the API tables and on the ba-
sis of their GLC work the geometric configuration of some
hydrocarbons were correct§stl].

Unfortunately, not all GLC derived physicochemical prop-
erties have been so successfully related. The strength of these
techniques lies in the proper understanding of the theory be-
hind the GLC measurements.

tition coefficients are some of the necessary parameters

needed to predict the distribution of organic chemicals in 3 Theory

the environmental compartments of air, water, sediments,

soil, aerosols, animal and plant biof&9]. Vapor pres- The thermodynamics of GLC was developed in 1950s and
sure and water solubility are the two fundamental prop- 1960s by a number of workers including Martin and Synge
erties as the others can be derived from them, and both[32], Martin and Jamef33], Everett[34] and Cruickshank

can be combined18,22—-25]to calculate the Henry's law
constant:

H==—.

2 ®

A number of gas—liquid chromatography (GLC) techniques

have been used to measure vapor pressures. These include
an adsorption process followed by GLC analysis, headspaceM

sampling followed by GLC analysis, GLC solvent evapo-
ration and retention volume methods. It is the latter set of

methods that have become very popular and is the focus of

this review. The other methods will be discussed briefly, at
the end of this review, ifsection 6

Table 2

Methods for the determination of vapor pressum®sand their ranges
Method Reference Range pf (Pa)
Gas saturation [6] 1078 to 10*
Effusion [10] 105 to 101
Manometry [5-11] 1-1¢

GL solute retention [12-14] 108 to 101
GLC solvent evaporation [15] 10-5 x 10?
Relative volatilization [16,17] 105 to 101

et al.[35]. A very basic equation relating the net solute re-
tention volumeVy at temperaturd, to the activity coeffi-
cient at infinite dilution,y75, of the solute (subscript 1) in a
solvent (subscript 3), is given H6]:
RTws
N=—"Z73."
VS pIMs

= J3(tk — tg)uo, (2)
wherews is the mass of solvent on the GLC column and
3 its molar mass,pg is the solute vapor pressure at tem-
peratureT, 1 andzg are the retention times of the solute
and unretained air sample, respectively,is the flow rate
of the carrier gas (usually Ar, He or N measured at the
exit of the GLC column andl32 (the pressure drop across
the column) can be inferred from:

m_ 1 (pi/po)" —1 @)
m (pi/po)" — 1’
wherep; andp, refer to the column inlet and outlet pressure,
respectively.

A more exact equation which takes into account the
solute—carrier gas imperfections, was developed by Everett
and Stoddarf37] and Cruickshank and co-workd8—40}

(B11— VO pd N 2(B12— V) pols
RT RT ’

InVy =InvJ —

(4)
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whereVy = Jg(t& — tg)uo, Very often GLC measurements are made at temperatures
RT very different to the one required for vapor pressure determi-
W= 0. (5) nation. Hamilton[45] solved the problem by incorporating
yi3PiM3 the Clausius—Clapeyron relationship involving enthalpies of

p11.and V2 refer to the solute variable coefficient and molar VaPorizationAvapH; into Eq. (11)and arriving at:

volume at temperatur&, B1, refers to the mixed variable | x\ 1 AvapHy In 0 — ¢
coefficient for the solute and carrier gas (subscript 2) and " (g) - ( N m) s
J3 is given byEq. (3)

Egs. (2) and (4are based on the assumption that the only
phy_sical processes gllowed during thg chrolmatog_raphic_ex-ln(pg)298 _ [(AvapH§> In pg} e (13)
periment are dissolving of the solute in the involatile liquid AvapH$ 298
solvent and the subsequent evaporation of the solute from 0 )
the solvent as the carrier gas sweeps the solute along theThus’ frpm aplot_ of In/ts) VErsus Inps at different temper-
column. It is also assumed that no surface adsorption takes2tures: it is possible to obtain a value f@tepHy / AvapHs)
place.Eq. (4)was developed with the aim of determining 2nd & value foiC, both OOf which can be incorporated into
accurate activity coefficients at infinite dilution and is used =d- (13)to determinep, at a defined temperature, which
extensively{41]. It can, of course, also be used to determine could be 298 K.

solute vapor pressureﬁg, assuming that the activity coeffi- ;he .Kolvats’ ind.ex,l', [4|16(]j.has peeg relgtglcj to pff;y;ic-
cient, 25 is known. It is howeveEq. (2) which is used by ochemical properties including mixed variable coefficients

manv workers to determing®. It is usually expressed as: [47] and vapor pressures. The main justification for relat-
y By y exp ' ing | to p(l) is given below. Other considerations are that

vl — RT (6) less dependent on changes in experimental conditions than
g y‘fgp?Mg’ other GLC propertied is only weakly temperature depen-
dent and that a large number lofalues are available in the
literature. The relationship betweéandpi0 is usually done
through equations of the type:

7) log p8 = a x Is+ b. (14)

(12)

and

whereVgT is the retention volume of species 1, per gram of
solvent at temperatur€ [42], or as:

_ 27315R
Vs pIMs’
where Vg is known as the specific retention volume at

273.15K[43,44] This can be related to the net retention
volume,Vy, by:

Vg

Oncels and pg values for a number of chemically-related

compounds have been measuradand b can be found

through linear regression and the vapor pressures of other

members of the familyp?, can be obtained from a knowl-

Vg = 27315W (®) edge ofly. The relationship does appear to correlate some
Tw3 families of compounds. It can be derived from the definition

FromEqg. (8) or (2) it can be shown that for two solutes  Of | [46]:

(a standard reference, s, and an unknown solute x) passing, log[Vg(X)/ Vg(Pu)]
down the same GLC column at the same temperature: gIX = 100x log[Vg(Py + 1)/ Vg(Py)] + 100, (15)
0 . . .
x _ Vs Ps 9) whereVy(x) is the specific retention volume of substance x,
Is %‘?OPQ’ P, refers to a paraffin of the series, E2,,2. The quantity

Vy(Py) is chosen such thaty(P,) < Vg(X) < Vg(Puy1).

wheret; refers to the net retention timeg:= 7z — f as in . .
Usually the retention volumes are replaced by retention

Eqg. (2) . )
Eq. (9)was established by Herrington in log form in 1957 times or even.dllstances ona chart regorder.
[12]: Because Y(i) is proportional to(y* p;"), Eq. (15)can be

rewritten as:

t_x = p_cs] K 00,0 0,0
og (%) =tog (25 + 109 (2 ). 6O _1og, [s OSOEPD/GEA) .
log[(¥2%1rn. )/ (v p)]

The ratio in the last term dEq. (10)is usually not known
and many workers have assumed that if the solvent is a°"

non-polar substance, this term approximates to unity and: 0.,00 0o 0

0 log p? = 0.01/x — n + log (M) + log )/”Lp”oﬂ .
& _Ps (11) e V" P

ts  pY (17)
Thus, from a knowledge of retention times for solutes s and
X, together with the vapor pressure of s, it is possible to

determinep?. log p§ = 0.01lx — n + log(p2,, ). (18)

If it can be assumed thaf, = y,° = »;°, then
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The method is based on the standard reference sampleg.3. Adsorption

beingn-alkanes and that the retention time for the unknown

compound is chosen so that it lies between the retention The constraint in the derivation &Qgs. (2) and (4df NO

times of then-alkanes GHy,+1 and G,11H2, 3.

adsorption of the solute on the solid support is very impor-

A complicating factor in measuring vapor pressures by tant. This limits the technique to non-polar soluiés]. For
GLC, is that the GLC experiments are often done at temper- weakly polar substances, it is usually sufficient to use a high
atures which are higher than the melting point of the com- solvent to solid support mass ratio of greater than 0.20. This
pound under investigation, which in turn is higher than the ensures good coverage of the solid support (usually celite

temperature (usually 2%) at which the vapor pressure is

or a silanized diatomaceous earth) but does depend on how

required. As a result, for these compounds the vapor pres-well the solvent wets the support. Adsorption effects can be

sure, as measured by GL@?{C), is actually the vapor pres-
sure of the sub-cooled (or super cooled) liq(dd]. The
magnitude of the vapor pressure of the sqjggnd is lower

detected by measuring the change of the retention volume
per mole of solvent with GLC columns of different solvent
to solid support ratios. The propertyy§Ms)/w3 should be
independent of column loading (expressed as mass solid sup-

port/moles solvent). If not a plot ol M3)/w3 against the
0 . .
Psolid _ mass of solid support (e.g. celite) per mole of solvent should

(19)
0
Pcc

than pgc and Mackay et al[25] have shown that:
X Af 50
P RA-Tw/D ]’ be made and extrapolated to zero, i.e. infinite covefadp
in that caseEq. (2)becomes:
whereA¢ S0 is the entropy of fusiorTy is the melting point VaMa RT
andT is the temperature of interest. Very ofteq S°/R is ( ) =—3 (22)
assumed to be 6.79. infinite coverage  ¥13P1

w3

This equation or an equivalent one relatedEm. (4) can

then be used to determings or pcl). Unfortunately, no mea-
surements of this nature have ever been made to correct va-
por pressure measurements from GLC analysis.

4, Limitations and errors

4.1. Gas imperfections
4.4. Activity coefficients
The solute and carrier gas imperfection ternkin (4)is:
0\ .0 0 4 Perhaps the largest error incurred in the methods used
_Bu=Vor + P12 = Vi)pils to determine vapor pressures frdgq. (11) or (14)is the
RT RT assumption thay°/y° can be equated to unity. If, how-

And ignoring it can lead to significant errors in the determi- ever, the standard substance, s, is chosen with care, the
nation of activity coefficients at infinite dilution and other errors will be small. To give some idea of the possible
physicochemical properties, which includes vapor pressures.errors, it is useful to look at the values of activity coeffi-
FromEqg. (4)it can be shown that: cients at infinite dilution, of some related compounds for

0 which accurate data is known. [feble 3 y73 for some
In |:px(uncorrecte§1:| — A alkane solutes in solvents squalane, tetracosane and oc-

p g(corrected

A= (20)

(21)

tadecane are given, together with the activity coefficients
at infinite dilution for weakly polar chloro-compounds in

As an example, consider a compound with a vapor pres- solvents squalane, dinonylphthalate and ketones or esters
sure of 16 Pa, a variable coefficient 6£2000 cn¥ mol, or nitriles in squalane or in octadecane. In the table, one
v = 100 cn? mol~! and api. value of 200 crAmol~? at substance from each family of related compounds has been
300K. chosen as the standard reference substance and the ratio

Substituting these values inx. (21)shows that the un-  of 1,2/, is calculated for each solute. The results show
correctedp? value is in error by 10%. However, for com-  that on these grounds alone, errors in the determination of
pounds with low vapor pressures?(< 1kPa), the error in  vapor pressure can be as high as two-fold. Extrapolation
pio is small and will rarely be greater than 1%. to higher homologues will obviously result in even greater

errors.

4.2. Sample size

The derivation ofEgs. (2) and (4)s based on the as- 5. Results and discussion
sumption that the amount of solute traveling along the GLC
column is small and in solution approximates to infinite di-  Kwantes and Rijnderf53] were the first to relate g
lution. This can be achieved with solute injections between to Inp® and showed that a good relationship was possible,
0.1 and Jul onto a column loaded with solvent amounts provided that the lowest members of a homologous series
between 103 and 102 moles, respectively. are avoided, as they usually did not conform.
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Table 3

Literature values of activity coefficients at infinite dilutiopy, for temperatureT, for a number of related solutes (x) in a non-polar solvent (y)
Solute (x) Solvent (y) T (K) Yy v/ Vey Reference
Hexane Tetracosane 353.15 0.792 0.90 [49]
Heptane 0.815 0.93

Octane 0.849 0.97

Nonane (s) 0.877 1.00

Hexane Octadecane 308.15 0.740 0.91 [50]
Heptane 0.771 0.95

Octane (s) 0.813 1.00

1,1-Dichloroethane Squalane 313.15 0.820 1.59 [51]
1,2-Dichloroethane 1.143 2.22
1,1,1-Trichloroethane 0.586 1.14
cis-1,2-Dichloroethylene 0.740 1.43
trans-1,2-Dichloroethylene 0.516 1.00

Trichloromethane 0.627 1.22

Dichloromethane 0.830 1.61
Tetrachloromethane (s) 0.516 1.00
1,1-Dichloroethane Dinonylphthalate 313.15 0.453 1.68 [51]
1,2-Dichloroethane 0.460 1.71
1,1,1-Trichloroethane 0.490 1.82
cis-1,2-Dichloroethylene 0.301 1.12
trans-1,2-Dichloroethylene 0.456 1.70

Trichloromethane 0.332 1.23

Dichloromethane (s) 0.269 1.00
Tetrachloromethane 0.581 2.16

Ethyl acetate Squalane 353.15 1.27 1.08 [52]
Isopropy! acetate 1.20 1.03

n-Propyl acetate (s) 1.17 1.00

Acetonitrile Squalane 353.15 6.4 1.45 [52]
Propionitrile (s) 4.4 1.00

Acetone Squalane 353.15 1.93 1.50 [52]
Methyl ethyl ketone 1.50 1.16

Cyclopentanone 1.64 1.27

Methyl isopropyl ketone (s) 1.29 1.00

Ethyl acetate Octadecane 353.15 1.86 1.11 [52]
Isopropyl acetate 1.74 1.04

n-Propyl acetate (s) 1.68 1.00

Acetonitrile Octadecane 353.15 9.7 1.50

Propionitrile (s) 6.5 1.00

Acetone Octadecane 353.15 2.96 157 [52]
Methyl ethyl ketone 2.20 1.16

Cyclcopentanone 2.46 1.30

Methyl isopropyl ketone (s) 1.89 1.00

Within each family, a reference solute, s, has been chosen and the/fafigfy has been calculated.

Hamilton [45] was the first to consider the temperature  One of the earliest workers to take the activity coeffi-
effect and this has led to many workers using his method cients into account were Castello and D’Amd@&8,64]
[13,14,54-62which is based oigs. (11)—(13)Hamilton The activity coefficients were calculated and correlated with
determined the vapor pressures of herbicide eftéisising the molecular structure involving the position of the carbon
dibutylphthalate as a standard solute with a non-polar solventatoms and the methyl groups.

SE30 column. The results were extrapolated t6Q%and the Koutek and co-workers have investigated a number of
reported differences with other methods ranged from a factor families of pheromone-like compounds which includes alky!l
of 2 to 4. The differences were attributed to the implicit acetateg65,66], alcohols[67] and aldehyde$68]. They
assumption of a constant enthalpy of vaporization but the have compared their results with vapor pressure measure-
lack of activity coefficient data should not be overlooked. ments by ebulliometric methods and have usealkanes
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as reference standards. Their vapor pressure measurements Donovan[80], using the basic ideas of Hamilton, de-

are within 10% of the ebulliometric results. More recently veloped a temperature gradient method, involving a simul-
Koutek et al.[69] embarked on a comparison of four GLC taneous injection of a cocktail of standards and unknown
methods used to measure vapor pressures. The methods aolutes. This method proved to be much quicker than the

as follows: usual method involving a series of isocratic experiments,
extrapolated back to 2% using the Clausius—Clapeyron
(a) Hamilton’s method based dfgs. (11)—(13) [45] equation. The method was based on Donovan’s experimen-
(b) the method incorporating Kovats’ indices, based on tal evidence that the retention time of solutes undergoing
Egs. (14) and (16) [70] the temperature gradient regime, was related to the log of
(c) a method similar to (b) above, but incorporating an es- the vapor pressure. The vapor pressure a2 the liquid
timate of the activity coefficient ratiqg1-73} and state for a compound was determined by finding its reten-
(d) a method similar to (c) above, but incorporating a tem- tion time and those of at least two standards. Corrections
perature dependence term for the Kovats’ intl§x4]. were made for crystalline compounds. The method is quick

and easy but is more of an empirical method than the other
In this exercise, Koutek, chose five homologous series methods discussed above. The method also suffers from the
of the type H—(CH),-Y, where Y denotes Cl, Br, CHO, problems related to the relative non-ideality of the standards
OCOCH; and COOCH with n varying from 6 to 14. The  and unknown solutes and works best when the compounds
results were interesting in that the percentage error incurredof unknown vapor pressure are chemically related to the
by any one of these models was less than 18%. “Thesestandard compounds. Donovan estimated that the method
conclusions”, states Koutek, “should be applicable to other was capable of predicting the vapor pressure of compounds
non-polar and/or moderately polar series of homologues.” in the range of 19 to 107 Pa, better than an order of
The vapor pressures of the substances measured ranged fromagnitude.
0.02 to 1300 Pa. The first reported use of Kovats’ retention indices to de-
Bidleman and co-worker$13,54,56,58]also used the termine vapor pressures, was given by Dimov et[&l].
Hamilton method. Their work included the determination of Ballschmiter and co-workerg82-84] have, more recently
the vapor pressures of many organochloro- and organophosused this technique to great advantage. They have measured
phate pesticides and polycyclic aromatic hydrocarbons the vapor pressures of halogenated methylphenylethers and
(PAHSs). They re-iterated that the limitations to the method have highlighted the importance of the method for vapor
were due to the lack of activity coefficient data and stated pressure measurements used in determining the fate of or-
that possible errors were of the order of 5-10-fold. They ganic pollutants in the atmosphere. The range of vapor pres-
suggested that caution must be exercised when the GLCsures was 10 to 1% Pa.
method is applied to polar substances. The vapor pressures Attempts to upgrade the Kovats’ index method by improv-
measured were in the range of 70to 1072 Pa. ing the assumption that°* = y° (seeEq. (17) was re-
Recent measurements by Lei et[&b], using the Hamil- cently made by Govers and co-work§rd,72] They related
ton method included the determination of 35 unsubstituted the activity coefficient ratio to the McReynolds number and
and alkylated PAHs using pyrene and 1,2-benzanthracene aslso included a temperature dependent term for the Kovats’
standard reference samples. More recently they have deterindex. They determined the vapor pressure of chlorophe-
mined the vapor pressures of 17 polychlorinated napthalenesnols and tetrachlorobenzyltoluenes in the range of?10
[76], 9 chlorinated catechols, syringols and syringaldehy- 10* Pa.
des,[77], 23 polybrominated diphenyl compound8] and The application of the averaged numerical value of the
35 PAHSs[75]. A variety of reference standards were used constantAsS%/R, as being 6.79, must be used with caution.
including pyrene and 1,2-benzathracene for the PAHs andThe differences between the average numerical value and
chlorinated phenols for the chlorinated catechols, etc. In the correct values may be as high as a factor [F&68]
most cases, a DB-1 capillary column was used. They esti-
mated that in some cases, errors as high as three-fold were
possible. Lei et al. came to similar conclusions to Falconer 6. Other GLC methods
and Bidleman[79]. The work involved vapor pressures in
the range of 10° to 50 Pa. There have been a number of other GLC methods which
Hinckley et al.[58] used the Hamilton method to de- have been used to determine vapor pressures. Friedrich and
termine vapor pressures of non-polar and semi-polar com- StammbacH85] used a method which involved absorbing
pounds. They compared some of their results to literature a fixed amount of vapor of a substance (of unknown vapor
values and came to the conclusion that vapor pressuregpressure) in equilibrium with its liquid phase, onto a GLC
of these compounds were determined within a factor of column. This column was theninserted into a GLC apparatus
two-fold of the literature values, well within the precision and the substance eluted together with a reference sample.
of other techniques. The vapor pressures measured, range&rom the peak areas, the amount of material was determined
from 107° to 70 Pa. and hence the vapor pressure was calculated.
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