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1. INTRODUCTION
A, Whar are virial coefficients?

The ideal gas law, given by the familiar equation P} = nRT, is based on an
ideal model: however, real gases generally fail to obey it. Rather than formulate a new
law, however, the ideal gas law is moditied so as to conform more closely to the actual
behavior of gases. Several such ~“moditied™ laws have been used, including the Van
der Waals, Dieterici, Berthelot, and Beattie-Bridgeman equations'. An alternate torm
is the virial expansion of the ideal gas Iaw, which for one mole of gas becomes:

PV = RT(l + —— -+ —5 -+ = 1 --) (1)

where B, C. D. ... . are called the second, third, fourth, . . . virial coeflicients. Obvious-
ly, given enough coeflicients,; the experimental data for any gas can be fitted to the
ideal, albeit modified, gas law.

Eqn. ! gives the gas law as an expansion of volume terms, so that B, C. D, . ..
are a function of temperature only. The expansion could just as easily be written in
terms of pressure, however:

PV = RT -~ BP + CP* -+~ DP®> + _ _. (2)
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Eqns. 1 and 2 are used mterchdnuedb[y n the literature; they are easily related by
setting 2 = (RTfV}(1 + B{V)in eqn. 1 (ignoring higher coefficients) and substituting
for F in the r:ﬂht-[mnd side of egn. 2.

Virial coeflicients are of more than superficial |mportance for chenmusts. For
example, the true fugacity of a real gas is given by the expression®:

BP '
ln/mlan——f- C B - - {3)

RT ~ ( ) ( RT ) : '
Funhermore, the second, third, fourlh, . . . virial coeflicients can be related to binary,
ternary. quaternary, . ... molecular interactions via statistical mechanics®. Expressions
for the thermodynamic properties of redl eases should also contain \lrldl terms, for

“example: ,
AG = RTIn P.iP, 7 (ideal) (4)
AG = RTInP.JP, = B(P,—P;) + ... (real) (3)

Finally, since gas chromatography (GC) inv ol\es the elution of a solute with a gas,
chromatographers should be aware of the effects of non- -ideal carrier gas behavior on
retention parameters, which ir some cases can be appreciable.

B. Gaseous niuxtures :
The Helmhollz free energy for one mok of an ldeal gas is given by?

A =¥ — RT + RT In (©)

(7o)
where #° is the chemical polen[ml of the guas at a standard pressure, PY. For n molt.> of
a gas, eqn. 6 becomes: :
- . nRT : .
A-—:” [‘u“—R]'—f— RT In (PUV )] . ] (7)
When the second virial coetﬁciem (rcprescmm" gas lmperkcuons) is included, we
have: ' 7 ,
i : . - nRT | . nB : ,
A =n[u* — RT + RTIn (—52-)| + nRT () (8)
For two perfect gases in an ideal mixture, Dalton’s law of partial pressures may be
written as: : C
A=, [,u‘,? — RT -+ RTIn

é

mRT ’]

n (e )

That is, the svstem is described by a simple summation of the properties of each com-

. penent: For a mixture of two non-ideal gases, eqn. 8 therefore becomes:
o , - mRT
' A - = Ay [."l — RT el RT In (—[’_UT)] -5

" [,:‘Z’ RT + RTIn ( I;()RVT ]
' RT

e (10)

(1B + 2m1.By> + 1 B;s)
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where B,, and B,, are the second virial coeflicients for species 1 and 2 as if each were
present exclusively, and B,. is the cross-coeflicient (or. the mixed second virial coeffi-
cient) for the two gases. That is, B,, represents the non-ideal interactions between
species 1 molecules and species 2 molecules. The B,, values are often called second-
interaction virial coefficients, because they represent the non-ideal gas-phase inter-
actions between two dissimilar species.

Eqn. 10 is now differentiated with respect to volume at constant temperature
to obtain3:

. . > . . RT
PV = (n, -+ 1) RT -+ (n°By, - 2mi,B,5 -= 1. B,,) 5 (i1

Eqn. 11 describes the behavior of a non-ideal gaseous mixture in terms ofi the ideal gas
law and virial coefficients, and is applicable to GC, where a gaseous solute is eluted
by a carrier, also a gas.. As is most often the case, solute molecules are very different
from carrier species, so that the virial corrections to the ideal gas law (given by eqn_ I 1)
may be appreciable. This is in fact the case when carrier gases other than helium or
hydrogen are used at pressures greater than 2 aum, and is a contributing factor to the
non-reproducibility of GC data. Much of the work by chromatographers has been
oriented toward the determination of B, values, however, rather than the use of virial
cocfiicient data (which is admittedly scarce) 10 corréct for gas-phase non-ideal be- .
havior. As will be shown, these effects are in some cases very large, and must be dealt
with when physico-chemical measurements are made by GC.

2. THEORY OF THE DETERMINATION OF VIRIAL COEFFICIENTS BY GAS-LIQUID
CHROMATOGRAPHY

In 1961, Everettand Stoddart® reported the determination of activity coeflicients
for several hydrocarbon solutes in di-si-nonyl phthalate at 30° by gas-liquid chromato-
graphy (GLC). They also noted that the true activity coefficient for a single compo-
nent when converted to fugacity, is only opproximately given by:

. , B {)
In;p == Iny, — — ! (12)

RT

and, for an infinitely dilute solute vapor in a carrier gas, is actually:

Iny; = lnyl — P (B, — 1)) = ié_’T (2 Bia — Bax — 1)) (13)
where 2} is the pure solute vapor pressure, 1 the pure solute molar volume.  is the
average column pressure, and r® is the solute molar volume at infinite dilution. In
1962, Goldup and co-workers® noted that the separation of several hyvdrocarbons
could be dramatically altered merely by changing the carrier gas. The suggestion was
made that second-interaction virial coetlicients (B, values) were responsible, and an
empirical formula was proposed to account for the behavior:

5
Ink' = 4+ 2P B . (14)
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where &' = K, V[V, the capacity factor, and A is an empirical constant. At constant
T and 7, In &* was indeed shown to be a linear function of B,, for methylcyclopentane,
2,2-dimethylpentane, 24—dimethylpemane and benzene, with helium, hyvdrogen,
nitrogen, argon, and carbon dioxide carrier gases.

Desty and co-workers® evaluated the use of caplllary columns in 1962, and
concluded that B,, values could be determined via the following equation:

InVy=InVy+ fp.J: ' o (13)
where ¥V, is the solute net retention volume, and: '

In ¥° = In 17, RT _ (B — "(x)) l’?
¥ e RT

) o
2Bn—n

= 2

n, is the number of moles of smuondry phase in tl*e column, p, is the column outlet
pressure, and -

J’-——

2 Hpdpy — 1
[&./ﬁ”)- — 1]

following the nomenclature of Everett’:

w [Py —
. :L[(Z:;Z,;"~ ]

n
Everett? also derived a virial equation which was different from Desty’s. The
ideal gas law was written as a summation: ‘
RT

PV = n; RT + _l_ ¥ B XX v , ' ‘ o (16)

where #ag; is the total number of moles of gas phase, and X; is the moie fraction of the 7
fth component. Everett then derived the following e\pressmn for the activity coeffi-
c1ent' i ' -

| | e B Y3 . ‘
Inyy =Iny™* — Cu R;l)pl + 2 Fs ?7_ e 7
where
e _ M RT [l . Bzzl’]
st [\’LVLp‘l) " RT
Thus,
In 7> I n, RT - (B — "(1’) [’(l) " (2B, —v)p (I18)

"KV.p® _  RT : RT
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where the approximation:

(v, Bea2py O Bnp
In (1 +—%5—) RT

~

has been made.
Eqn. I8 is formally similar to eqn. 15 by Desty. However, Everett subsequently

derived the tollowing:
In K, =In K + pp (19)
where

n, RT . (B,, — 1":) p'l)
Vi p} RT

In K} = —Inyp < In

and

as before. The net retention volume was then shown to be:
V. = K°V o 3 20
~ = K V(1 = pp.Jy3) (20)

Or, since K} = F/ 17,

Ky = KL(1 + fp,J3) 21
A plot of V' (or K}) vs. p,J3 should have a slope of KP1, p (or K2p). and an intercept

of KP¥, (or KP). The true activity coeflicient should therefore be given by:

n, RT _ (B, — 1'?) 1)(1) 22
KoV, p° RT T

Inyf == In

Martire and Pollara® also considered expressions for the activity coeflicient,
and used the following:
, ; 2By, — ) p By, — v p}
In :’-'1- = In ;’; . ( 12 l)[ _ ( 11 l)pl (23)

RT RT

where r;° has been replaced by 1y in the second term on the right-hand side of eqn.
23. They noted that this equation should be used for all carrier gases except helium,
which is nearly ideal, and for which the following approximation is probably valid

os .

to == 1%:

0
P By 2
RT 24

i >
Iny” =Iny, —

Cruickshank et a/.® and Windsor and Young!® reconsidered the equations of
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Desty and Everett. They also expanded the theory to include the etfects of carrier gas
solubility and third virial coefficients: '

In ¥y =In VS~ Bp,Ji+Z(p.Ji ' (25)
where: ‘
s (3C5, — 43’1132:) ) ) 7 : - (26)
2ART) : '

Cy>. is a mixed third virial coeflicient!!, and is probably negligible up to 20 atm.
Eqn. 25 is only approximate it 5 is defined as before. More correctly. ho\\mcr”-’-’

. (2B, —vy) | . dlin v, : - .
”“Tf‘[‘ (L] 7)

where Z is the carrier gas molal solubility in the quuionarv phase, X, is the carrier
mole fraction in the stationary phase. and (8 In »/3.X,) represents the change of the
solute activity coefficient with changing amount ol dissolved carrier. When the cor-.
rections given by eqns. 26 and 27 are ignored. egn. 23 reduces to:
| 28 V__ /0 R 3 . ) 28
InVy=InVy+gp,J3 , (—*)
Three equations had thus been derived by dillerent workers, eyns. l:», 20.
and 28, which are given below in terms of the net retention volume:

InVy=InV2=pgp,J3 (Desty er al®) (15)
In ¥y = In VY -+ In(l + gp,J3) (Everett’) ' (20)
In¥Vy=In¥Vs-<pgpJ; (Cruickshank er ¢l”) . (28)

Each of these involves a different plotting procedure to obtain g (and hence By.).
Cruickshank -er @/® and Windsor and Young!® compared the three equations by
assuming a value for g, then calculating Fy for a range of p; and p, values. Each of
the three plotting procedures given by eqns. 15, 20, and 28 above were then used to
‘retrieve f: eqn. 28 consistently gave f values within 0.3 of the initially assumed
value (even for conditions similar to capillary columns), and was usually much better
than 0.3%. The only difference between eqns. 15 and 28 is in the J term. and results
- from either CQUdIIOH were not appreciably different as long as B,, was less than about
150 mifmole.:
’ Sewell and Stock! investigated the solubility of nitrogen in squalane and found
- it to be negligible. Cruickshank and co-workers!*-!? also considered the magnitude of
the £ and modified  terms giver above. Neglecting £ will give.an error in the virial
coefﬁciem of about - 2 mljmole, but ignoring the term -

[[_(aln., )] | - o | ' - 29)

‘may lead 1o appreciable errors: for hvdrocarbon solutes and stationary phases ut
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column pressures less than 5 atm, the B,, values will be erroneous by 3 4+ 3 ml/mole
(H, carrier), 6 - 6 mlfmole (N, carrier), and 10 - 10 ml/mole (Ar carrier). The
carrier effects will be even larger at pressures greater than 5 atm due to the increased

solubility of the carrier in the stationary phase.
Pecsok and Windsor'® extended the study of carrier gas effects to include

methane and ethane, with the use of a very sensitive katharometer'. Their gqu‘mon
was of the form:

In ¥y [((TIT:,I:) | =t ve+ppa (30).
where b = B,,/RT, p == p,J3, and p is given by eqn. 27 above. The pressure drop in
their work was verv small (p — p, << 0.1 atm), so that {I + hp)/(1 -+ bp,) was close
to unity: the discrepancy in the data with ethane as a carrier was only 2 ml/mole
when the factor was ignored. The carrier solubility was expected to be appreciable,
since the stationary phase was squalane. Virtually no data exist for the value of
31— [(3 In #7)/(6X5)]), however, and so the approximation was made that it lies
between 0 and 1, that is:

[V - (55— ”l" )] 2 0.5 05

A turther approximation was the assumption that the solubility behavior of the carrier
gases was ideal'’. The corrections to By, values, when the term given by eqn. 29 is
included in eqn. 27, were —22 -+ 22 ml/mole tor methane carrier, and —1353 -+ 133
ml/mole for ethane carrier at 25°. These were very approximale however. and indi-
cated that much more accurate determinations of 7 and [(6 In 3:;7)/(8.X5)] are required
when hydrocarbons are used as carrier gases.

Dantzler er a/.*® critically compared staiic'® and GLC-determined B,, values.
and found that the agreement was within the experimental error of the 1wo techniques.
They also noted that replacing v by ¥ in eqn. 27 may give an error of 10 mi/mole
in the B,, values determined b_v GLC. lgnoring carrier gas solubility (when fixed
gases are used) may additionally cause an error of -+ 53— 10 ml/mole, so that while
the precision of GLC experiments can be as goad as + 6 ml/mole, the overall error
of the method may be as high as - 20 - 30 ml/mole. Cruickshank er a/.*® attempted
to avoid the carrier solubilitv problem by using a polar stationary phase (glvcerol),
where the solubility of N, and CQ, was estimated to be less than 109, of the solubility
of these gases in hydrocarbon phases. Gainey and Pecsok?' used a series of closely
related stationary phases for a number of hydrocarbon solutes and nitrogen carrier,
and found the agreement between GLC and calculated values was excellent when N,
solubility in the stationary phases was taken into account.

Vigdergauz and Semkin?* have reported the determination of B,, values from
the change of retention index with pressure:

M, = 100 Zy (i, 2 — Py) — 100 (py — fiy) (1)

:IP - ,)1

where I/ = I, — I, (the retention indices of the solute of interest measured at P,
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and Py). Zand Z = 1 are lne carbon numbcrs of the standards,. 1P = =P, — P, X is
the xolut; of interest. and: _

2Bya; — "il;
7 T 2303RT
[,: . log l‘rr/ + 1

- g-Z
whare b, is lhc log of the ratio - of specific retention volumes of the standards at Py. _
In addition, they described a capillury column method which used benzene and
styrene standards, PEG 400 as the stationary phase, and pressures up to 30 atm for
the determination of B,, values for several "mmalic hydrocarbons. A method was
also proposed which allows calculation of the [(é In 3+7)/(d1,}] term by choosing one
of the’'solutes as a standard. Finally, Spertell and C Imng-“ have derived a method of
determining solute-solute (By,) virial coeflicients by GLC, where the solute is an
isotope of the carrier gas: the proposed method appears to be valid, but is severely
limited by the isotopic rgquxrenlc.ms of the soluu.. and has not yet been experimentally
vertied. ~

3. EXPERIMENTAL ASPECTS

A Appararus

The apparatus requirements for the determination of virial coeflicients by GLC
are essentially the same as for any physico-chemical measurement®®, with the added
consideration that the pressure must be variable over a range of several atmospheres.
Many authors have reported GC apparatus capable of medium-to- high pressure
operation. including Young®*, Pecsok and Windsor™™'*, Tsuda ef a/.**. and Cruick-

shank e al -3 Goedert and Guiochon™-" have also described a high-precision ap-
paratus capable of reproducing retention times to hundredths of a second. The device
described by Tsuda er ¢l*® is of particular interest, since organic solvents such as
carbon tetrachloride, benzene. and ethanol were used as carrier gases. These of
‘course exhibit large gas-phase non-ideal effects. but may prove useful in the separation
of some components, especially in light of the findings of Goldup and co-workers®,
where the elution behavior of petroleum hvdrocarbons was markedly altered merely
"by chunging the carrier gas. :

Two excellent papers have also uppeurcd which describe uselfulapparatus for the
suitic measurement of By, values. Coan and King's method® used an entrainment
procedure to determine the mole fraction of benzene in various gases over a range of
40 atm. The mixed virial coeflicients were then found from the ratio of fugacity co-
efficients of benzene and the benzene-gas mixtures. Knobler™ has also described a
device which was employed by dezkr et al'® in order to compare GLC and static
B,, vaines. :

B. Calculatzd B,: values

Good agreement has been obtained between virial coeflicients calculated from
. molecular properties, and those determined by GLC. Cruickshank and co-workers!>-*2
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first reported the use of the “method of corresponding states™, due to Hudson and
McCoubrey*?>. The principle of corresponding states requires that if two different
gases have the same value for two reduced variables (¢.g., pressure and temperature),
they will also have approximately the same value for the third reduced variable (e.g..
volume), and are said to be in corresponding states®™. This principle has been used by
several workers to calculate By, values, notably McGlashan et a/35-%, and Guggen-
heim e7 /375, Gainey and Hicks*-** have recently reviewed four methods of pre-
dicting B,, values, and it now appears that solute mixed virial coeflicients can be read-
ily calculated, even with a paucity of experimental information regarding the molec-
ular properties of the compounds of interest.

C. GLC procedure

Mixed virial coeflicients are determined most accurately by GLC with egn. 28:
in Iy is plotted vs. p,J3. which should give a straight line of slope 3. B,, values are
then found tfrom this slope and eqn. 27: several examples are given by Littlewood?!,
where plots of log Fy vs. p,J3 are presented for benzene in squalane with various
cuarrier gases (taken from ref. 28). Helium gives almost a horizontal line. indicating
that virial eflects are negligible up to several atmospheres. The heavier carrier gascs,
however, show appreciable (greater than 1%) virial deviation from ideal behavior
bevond 2 atm. Values tor the second-interaction virial coeflicients determined in this
way will not be more accurate than -+ 20 ml/mole. however, unless the eftects of
arrier solubility in the stationary phase are known. or can be negated2. In addition,
the average column pressure should be kept below approximately 10 atm so that
third virial coeflicients (C; ) are negligible (eqn. 26). Interestingly enough, Czubryt
et al** have shown that gas-solid chromatography is not a suitable technique tor the
determination of By, values unless the carrier gas adsorption isotherm at the column
temperature is known exactly. and the relative amounts of adsorbed carrier and solute
on the packing surface can be determined.

B> values are most often employved to calculate corrected (fugucity) activity
coetlicients: the use of eqns. 13, 23. or the following by Conder and Purnell®3:

In =" - 1 1y RT . (Bll el "!:) _I’([, . (ZB[: s ":)[’.. J..: kD]
ny o ln —e—— & - - (32)
K, ¥y n RT RT

requires knowledge of the solute virial coeflicient. 8,,. in addition to B,. values. By,
values have been calculated by various methods. including that by Rowlinson*,
Guggenheim and McGlashan®”, Kobe and Lynn*®, Hirschtelder et al.*°. and McGlas-
han and Potter®. A simplified apparatus has recently been described with which B,
values can be determined directly*": a few examples are presented in Table 1.
Vapor pressure data { pf values) are also needed. and can usually be found in
physical properties compendia, or calculated from various forms of the Anteine
equation™. Solute molar volumes can easily be measured. but infinite-dilution molar
volumes (r)") generally must be approximated (often, merely by substituting ¥): in

x

selected cases. r{ values can be calculated with some degree of accuracy'?*.
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TABLE 1

SOLUT!:—SOLUTE VIRIAL COEFFICIE\TS° -3t (Bu) AT ’5"
7 Solme Bu { ml mo[::)

n-Pemar;e — IO.>3

n-Hexane — 1468

n-Heptane —1968

Benzene — 1326

C\clohc\:mg — 1510

1. RESULTS

At least 17 papers have now appeared which list B, values tor well over 200
organic compounds with various carrier gases and stationary phases. A few repre-
sentative examples are given in Tables 2 and 3: Table 2 compares values of pentane
for various carriers and stationary phases, and Table 3 presents the virial coeflicients

“for a variety of hydrocarbons. Most of the.B,, determinations have been for normal
“and branched alkanes and alkenes, but a fcw aromduc hydrocarbons have also been

studied==.

TABLE 2
CON[PAR[SO\ OF Bp \ALUES FOR PE\TA\E
By ( ml'mu[c) R( ﬂ'n'm"

Solwnt Cuarrier T( "C )

SquaLmL N. 25 — 100 - "7
Squalance H 25 S 27
Squalane N. 25 — 76 ' 7
Squalane H. 25 < 3 7
Squalane- He 25 -+ 28 6
Squalane CH. a5 -201 15
Squalane C.H., 235 —414 15
n-Hydrocarbons - - Ar 25 — o8 I8
1-Phenylalkanes N. 10 . — 86 21
n-Octadecane N, 35 — 83 2
Di-uz-nonyl phlhdld[u Ar 30 -~ 82 22
Di-z-nonyl phthalate  Ar 80 - -~ 68 22
Di-n-nonyi phthalate N, S0 — 60 a2
Dl-n-nonv[ phtlmla.lc Co. 30 — 16 22

A. Comparison of the GLC rechnique with other methods

Chromatographic data are usually evaluated by comparing GLC B, values to
static measurements, or calculated virial coefficients. The B,, values for benzene deter-
_mined by the static method of Coan and King* are compared to GLC measurements
in Table 4; agreement between the two techniques is within the experimental errors
“of the methods (Table 2, ref. 31). Dantzler er al.®* also found that agreement between
their static and GLC B, values was within experimental error, which was said to be
as high as =+ 70-30 ml/mole. This is not overly distressing, since at p = latm, a
" By, value of =50 ml/mole will yield an activity coefhcnem accurate to = 0.4Y/, as
shown by Conder and Purnell®3. '
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TABLE 3

SELECTED VIRIAL COEFFICIENTS FOR HYDROCARBONS DETERMINED BY GLC
Solute Solvenr Cuarrier T(°C) By, (ml:mole) Reference
n-Hexane 1-Phenvlalkanes N, 40 —110 21
n-Heptane 1-Phenylalkanes N, 40 —110 21
n-QOctane I-Phenylalkanes N, 40 —134 - 21
n-Hexane Squalane CH, 25 --292 15
2-Methylpentane Squalane CH. a5 — 317 I3

2 2-Dimethylbutane Squalane CH; 25 —216 15
Cyclohexane n-Octadecane N. 35 ~122 I2
Benzene #-Octadecanc N, 35 — 104 12
Hexatluorobenzene 1-Phenylalkanes N, 10 -126 21
Toluene Polyvethylene glvcol 400 CO. 30 - 248 22
Ethylbenzene Polyethylene glveol 400 CO» 50 --271 22
a-Xyvlene Polyethylene glycol 400 CO. 50 --289 22
m-Xylene Polyvethylene glveol 400 CO., 50 — 282 22
p-Xylene Polyethylene glycol 400 CO» 50 ~-284 .22

In addition to the static experimental methods already cited, good agreement
has also been found between calculated and GLC virial coeflicients, as noted earlier.
Conder and Langer®®, Gainey and Young'3, Gainey and Pecsok®, and Gainey and
Hicks®*-** have all shown that the method of McGlashan and Potter®® in conjunction
with the combining rule of Hudson and McCoubrev®? gives the best theoretical
prediction of virial coetlicients for conditions appropriate to GLC, and that values
calculated in this manner agree with GLC results to 1-10%,, as shown in Table 5.
Thus, it appears that the GLC method of B,, measurement 1§ accurate to about =— 10—
20 ml/mole; and can be significantly better, providing the carrier solubility and third
virial coeflicient eflects can be determined. or experimental procedures chosen so
that they can be neglected. In any event, agreement between static. calculated. and
GLC mixed virial coefficients lies within the experimental error of the respective
methods, but the GLC technique is significantly faster and simpler, since it requires
only a gas chromatograph and the determination of the solute net retention volume
at several column pressures.

TABLE ¢4
COMPARISON OF STATIC AND GLC-DETERMINED B, VALUES FOR BENZENE

Currier gas T(°C} By (ml mole)

Sraric** GLC*
He 50 4 - 57 + 8
H. 50 3 — 5+ 38
N. 35 3 104 = 10
N> 50 3 ~ 87+ 8
Ar 32 3 —135 -2 10
Ar 50 3 -~ 83 = 8
CH; 50 3 —155 215
50 5 —

C,H,
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" TABLE S
CALCULA’I’ED AND GLC Bl. VALUES FOR BE‘\ZE\E—\[TROGL—.\X“
Solvenr T¢°C, } Bp { mI mulc}

GLC Culc.
n-Hexadesane 200~ 120 =12 - 120
25 —109 = 10 - 116
30 — 107 = 10 — 111
#-Octadecane 35 — 104 10 - 107

a-Ercosane 50 — 91 - 10 . — 96
' [ . — 93 = 10 — 89

5. DISCUSSION

There are two areas of significance for chromatographers arising trom virizl
coeflicient studies, the first is the effect of gas-phase non-ideal behavior on GC data.
and the second, the use of orzanic solvents as carrier gases. Virial effects are now rec-
ognized as a potential source of significant error in GC results. but these gas imper-
fections may in some cases be used to separale componmls Euach of th\L opics is
therefore now examined in duml-

N l"irial cffects on V,, and K, values

Littlewood® has considered the problem of non-ideal (virial) etfects and
relative distribution coetlicients. He defined the distribution cuetlicient, K. in terms
of mass: ! o '
weight of solute per gram stationary phase

K, = . - — -
weight of solute per milliliter carrier gas

. mlfg

" and showed that:
RT
o mi/g

-hcrc AT, 1s the molecular weight ol the liquid phase. The true distribution coetli-

cient, K; (corrected for carrier non-ideal behavior), was then given as:

~° - '(1."___3 Y . (B)‘—l'.)) . . -
N & exp [ : _"“l = RS ]
T RT . RT
The rativ of’ K; o A will thus be a measure of virial effects on the dnxlnbuuon co-
t‘:ﬁlCanl\

- [ ; Q . ¥y = . .
in K e (ry — By py L (2B,. — v, ) p i . 3y

K. ~RT T T RT 3 ;

Cruickshank and co-workers? have correctly pointed out that even il B,, = 0. the
term (—r) /RT) is not zero under any conceivable GLC conditions, so that the ratio
will always differ from unity. even at p,J3 == 0, at which point:

: " - (1‘?'- Bu)jr(; o : 7 o
In K RT » 7 (35)
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Conder and Langer®™ have also considered the eflfects of gas-phase non-ideal
behavior on retention volumes. They showed that:

Vo) 20,03 .
In V’u ([l) o RT [Bll (l) - Bl.“: (ll)] (36)

where V(i) and B,,(i) are the specific retention volume and virial coeflicient for carrier |
gas, 7, with the same liquid phase. Eqn. 36 predicts that the ratio of specific reiention
volumes is independent of By, or B,, values, and the effect of changing the carrier gas
(assuming it is insoluble) is independent of the stationary phase. This was demon-
strated to be the case for butyl tetrachlorophthalate and benzoquinoline. Thus, while
the absolute specific retention volumes were appreciably different for the two phases,
the ratio In [V, (D}/{V, (ID] was the same for both phases. Conder and Langer™
also found that the diftference in ¥, values was 1-2%, for a variety of aliphatic and aro-
muatic hydrocarbons when helium and nitrogen were compared as carrier gases. which
is certainiy negligible tor most analytical packed-column work (especially since com-
mercially available chromatographs are rarely capable of reproducing and controlling
column temperature and flow-rate to better than == 3%;). However. they also noted
" that since capillary columns often require an appreciable pressure drop across long
narrow-bore tubing to maintain an adequate flow-rate, virial eflects can become ap-
preciable. which will vield non-reproducible relative retention volumes as well as
absolute values. unless the pressure conditions are duplicated exaculy from laboratory
to laboratory. This of course applies equally well to packed-column work when-
ever the pressure drop across the column exceeds 2 atm. These contributing factors
to the non-reproducibility ot GC data are not recognized by most chromatographers:
and, while it s often true that most analvtical laboratories are not c¢oncerned with
reproducibility of better than 5-10" such inaccuracy can lead (for example) to the
incorrect identification of compounds in complex mixtures, for which capillary col-
umns are now primarily used, and for which virial effects may be pronounced.

B_ Use of organic carrier gases

“The use ol carrier gases such as benzene™ may prove very useful in the sepa-
ration of mixtures,since By, values should be large. For example, Laub and Pecsok®-52,
and Purnell and co-workers™-** have recently examined the charge transfer inter-
actions of benzene, toluene, and the xyvlenes with various complexing agents in a
variety of stationary phases. A very interesting experiment would be the use of ben-
zene as a carrier gas with a column containing di-n-buiyl phthalate and 2.3-dichloro-
5.6-dicyanobenzoquinone (DDQ: a strong complexing agent®). Presumably. the
stationary phase would quickly become saturated with benzene, which would then
complex with the dissolved DDQ. Solutes such as toluene and the xvlenes would be
forced to compete with benzene for sites of complexation, thus offering an additional
column variable for purposes of separition, simifar to the competition between carrier
gases and solutes for surface sites in gas—solid chromatography. Alternatively. one
could conceivably begin with a carrier of p-xylene (or various dilutions thereof in
fixed gases) which forms stronger complexes than the other xylenes, and attempt the
clution of the aromatic hydrocarbons. It is anticipated that frontal or displacement
torms of GLC would also prove uscful in these studies. Luckhurst™, and Conder
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“and Purnel??® have in fact considered the determination of activity and virial coefli-
cients when the solute concentration is not at infinite dilution, and Conder® has
~ pointed out the advantages of several finite-concentration GLC methods. ‘
‘ "The technique of Coan and King** would appear 1o be particularly useful as
an independent measure of” B, values where an organic carrier gas is used, such as
cthane or benzene. OF perhaps potentially greater importance, however, would be a
‘comparison of the static values to the GLC virial coetlicients in order to determine the
etfects of carrier gas solubility in the stationary phase. It may also be feasible to use
a combiined  McBain balance®~DeNouy tensiometer®? system to measure carrier sol-
ubility directly. analogous to the determination of GLC surface adsorption éffects™ %3,
Regardless of the procedure or measurement, however, the use of carrier gases other
than helivm. hydrogen, or nitrogen is a much neglected area of research, and 1t
secims feasible that carrier selectivity in GC could become as important as solum .
clution in hl“h pgrtormanc‘. liquid chromatography. '

6. CONCLUSIONS

It should now be abundantly clear that virial effects can be very important
in physico-chemical siudies by GLC, particularly. when activity coeflicients are to be
determined. As discussed carlier, the error in 3+ values will be as much as 3-10%;, it
virtal effects are 1gnored. and it is not difficult to realize that since chromatographic
distribution phenomena depend inversely on s7 . data from non-physico-chemical
applications (such as separation and identification) will similarly be in error. These
effects will be most pronounced when large pressure drops across a column are used.
resulting n the possibility of serious discrepancies in retention data. The alteration
of retention times or volumes by changing the carrier gas. however., may be a very
useful separation ool for analytical work. ‘ .

An excellent example of other virial effects can be found in the work reported -
by Yeramian er o/, who studied the influence of “inert” diluent gases on-the re-
action rate and activation energy of the oxidation of SO. to SO; with V.O; catalvst
at 375-450°_ Arrhenius plots showed that there was a 100%, difference in the reaction
rate when helium was substituted for argon as the diluent gas, and an increase in the
molecular weight of the gas increased the rate, precis¢ly the opposite of what was
expected. Furthermore, adsorption of the inert gas on the surface of the catalyst was
discounted as minimal at the temperaiure of interest (although this may be open to
question), so that physico- or chemi-sorption could not be used to explain the anom-
alous rate behavior: these phenomena have vet 1o be explained. but are of considerable
interest in a wide variety of industrial applications. and therefore continue to be
~ studied in detail*®. Such investigations are of course direcily amenable to the GLC
or GSC methods developed for rate and catalysis studies™: for example, a glance at
Tables 2 and 4 shows that He and Ar give virial interactions which are ditferent
by as much as 160 ml/mole (benzene at 50°). A useful approach to the question of
SO, catalysis would therefore involve the determination of the virial coeflicients of
He and Ar with SO, (undoubtedly. these eflects are pronounced with species such as
SO.). Carrier gas eflects could then subsequently be C\J.llllrl(_d bv GSC, where V.0,
would be employed. as the column packing.

Finally: it s now apparent to chemists of all disciplines that gas-liquid chro-
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matography is of far more importance than a mere tool for separations.-Nowhere is
this more. true than in physical chemistry, where GLC is becoming an increasingly
attractive method of examining solution phenomena and related topics!™3!173%-67-71
Concerning virial phenomena, the trend in GLC has for the most part been in the
direction of determining B,. values, rather than the use of virial coeflicients to obtain
more accurate (hence more reproducible) distribution data. Yet, 1t does little good
to construct a high-precision instrument, and not correct the data so obtained for
carrier gas non-ideal effects. It is hoped, therefore, that this review will prompt
chromatographers at least to consider virial phenomena, not only in physico-chemical
applications, but in straightforward separations as well. There are many areas await-
ing development in the study of virial impertections, not the least of which is the use
of common organic solvents as GC carrier gases. Lastly. this review should serve to
indicate the fulfillment of an expectation by Purnell™, who in 1962 expressed confidence
that GC would one day assume an established place among purely physico-chemical
disciplines.

7. SUMMARY

The determination of second-interaction virial coetlicients (B, values) by pas—
liquid chromatography is reviewed. The precision apparatus and experiment:l proce-
dures required to measure B, values are considered, and the importance of virial
coeflicients is also discussed. It is shown thiat in some cases, carrier gas imperfections
lead to very pronounced solute elution eflects, especially in kinetic studies. It is con-
cluded that virial coeflicients should always be taken into account whenever physico-
chemical measurements are made by gas chromatography. and that virial effects
should also be recognized to be of potential importance in other analvtical (sepa-
ration and identification) studies.
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