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Résumé

La mesure absolue de la permittivité statique (€) en fonction de la pression permet
de déduire le premier coefficient du viriel de la constante diélectrique (Ag) qui
représente l'interaction d'une molécule avec le champ externe. La méthode de
I'expansion basée sur la mesure de € conduit a la détermination du second (Bg) et
du troisieme (C.) coefficients du viriel de la constante diélectrique qui sont

respectivement dis a l'interaction entre deux et trois molécules.

Nous présentons dans cette thése trois articles. L'intérét dans ces études est aussi
bien fondamental qu'appliqué. Dans notre premier article, nous avons montré
selon une approche développée dans notre laboratoire, que la mesure absolue de la
permittivité statique d'un échantillon gazeux en fonction de la pression,
lorsqu'associée a I'évaluation indépendante de Bg et C. fournit des valeurs fort
précises de la densité molaire (p) et par la suite du facteur de compressibilité (Z)
de l'échantillon gazeux étudié. Dans ce sens, la méthode diélectrique a été
appliquée a la détermination de la densité molaire et par conséquent du facteur de
compressibilité pour les composantes suivantes du gaz naturel: le méthane (CHy),
I'éthane (C;Hg), le propane (C3;Hs) et le butane (n-CsHjp), a 298.15 K pour des
pressions allant jusqu'a 15 MPa.

Etant donné que le deuxieéme coefficient du viriel de la constante diélectrique est
intimement li€ au potentiel intermoléculaire, l'objectif principal dans notre
deuxieme article était de comprendre l'interaction mixte (CO, - SFe). En effet,
nous avons mesuré les trois premiers coefficients du viriel de la constante
diélectrique de 5 mélanges du CO, - SFs a 322.85 K. L'étude ces mélanges de
différentes compositions du CO, nous a conduit a obtenir le deuxiéme coefficient
du viriel de l'interaction mixte CO, - SF¢. Apres l'analyse des différents termes de
celui-ci, nous avons explicité la contribution orientationelle a partir de laquelle

nous avons obtenu une valeur du moment quadrupolaire de la molécule

it



CO, O = (4.48 = 0.30)x10"%® esu cm®. Cette valeur est en excellent accord avec
celle trouvée par la méthode de la biréfringence induite qui est une méthode
directe ne nécessitant pas l'analyse du potentiel intermoléculaire comme dans
notre cas. A la lumiére des récents progrés qui ont été notés dans la littérature,
nous avons aussi €étudié le deuxiéme coefficient du viriel de la constante
diélectrique de la paire SF¢ - SFs. A partir de celui-ci, nous avons obtenu une
valeur du moment hexadécapolaire de la molécule SFg (10.75 + O.75)x10'42 esu

cm4.

Dans notre troisi¢me article, nous avons développé une nouvelle méthode pour la
mesure de la solubilité des solides dans les fluides a 1'état supercritique. Cette
approche, basée sur la mesure précise de la constante diélectrique, est la
conséquence de la relation directe qui existe entre la permittivité statique d'un gaz
et sa densité molaire. La solubilit¢ du naphtalene dans le CO, a I'état
supercritique a été mesurée sur une plage de pression allant de 12 MPa a 30 MPa
le long des isothermes 313.15, 318.15 et 323.15 K.
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Introduction

L'étude de la constante diélectrique (€) d'un gaz sous pression permet d'obtenir
des informations sur la structure et les interactions moléculaires. L'équation de
base qui relie la constante di€lectrique a la densité molaire (p) et a la polarisabilité
(a) est donnée par la relation de Clausius-Mossotti
e-11 4nN, o
e+2 E !

, (LD

ou N, est le nombre d'Avogadro. Cette équation fut tout d'abord développée par
Mossotti > en 1847 puis indépendamment par Clausius * en 1879. Cependant,
cette relation ne décrit que le comportement d'un gaz idéal. Pour un gaz réel, la
relation de Clausius-Mossotti est écrite sous la forme d'un développement du
viriel en série de puissances de la densité molaire * :

e-11

= ——=A.+Bp+C.p*+..., 1.2
er2p P+Cp (L2)

ol A¢ est le premier coefficient du viriel de la constante diélectrique et représente
l'interaction d'une molécule avec le champ externe, B est le deuxieme coefficient
du viriel de la constante diélectrique et est dfi a l'interaction entre deux molécules.
Similairement, C, représente l'interaction entre trois molécules. Ces coefficients
du viriel sont indépendants de la densité, varient avec la fréquence et en général

avec la température ’,

Parallélement a la relation (I.1), la loi des gaz parfaits est donnée par :

PV=rRT, (13)
ol P est la pression, V le volume, R la constante universelle des gaz, T la
température absolue et n le nombre total de moles. La relation (I.3) ne permet pas
de traduire le comportement d'un gaz réel. On peut cependant la modifier en
introduisant le facteur de compressibilité (Z), qui tient compte de la déviation d'un
gaz réel par rapport a l'équation d'état d'un gaz idéal. Dans un tel cas, I'équation
d'état d'un gaz réel est donnée par:

PV =ZnRT. (1.4)
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Déterminé a partir de l'expérience, le facteur de compressibilité (Z) est une

fonction de la température, de la pression et de la densité du gaz.

Comme € est proportionnel a p, nous pouvons appliquer la méthode diélectrique
a la détermination des valeurs de la densité. Cette méthode fournit des résultats
aussi précis que ceux obtenus par les méthodes PVT sans pour autant faire de

6-8

mesures de volume En effet, nous montrerons au chapitre 2 qu'a partir de

I'équation (1.2), nous pouvons obtenir, suite a trois approximations, les relations

suivantes :
cM B,(cMY 2B2-A.C,(cMY
=—= + > , (1.6)
A, A, | A, A’ A,
et
B, A.C,-B?
z=i i __e_+€_ce3_B€_CM , (L7)
RT{CM A, Al

ou CM = (e-1)/(e+2).

Formellement, la précision dans la détermination de la densité molaire (p) et par
conséqueht du facteur de compressibilité (Z) est intrinséquement liée aux
précisions relatives aux mesures de la permittivité statique (€) en fonction de la

pression et des trois premiers coefficients du viriel de la constante diélectrique.

Dans une premiére étape, 1'objectif visé par notre étude est de déterminer, par la
méthode diélectrique, la densit¢ molaire et le facteur de compressibilité en
fonction de la pression a 298.15 K du méthane (CH,), de 1’éthane (C;Hsg), du
propane (C3;Hg) et du butane (n-C4H,p). Ces corps gazeux sont les constituants”
majeurs du gaz naturel dont le méthane est le composant principal. Cette

application s'integre dans un projet plus vaste entrepris dans notre laboratoire,

* Nous avons aussi étudié le dioxide de carbone (CO,) et I'azote (N,), mais ils ne sont pas inclus
dans ce travail.



dont le but est de déterminer les facteurs de compressibilité des composants purs
du gaz naturel, ainsi que de leurs mélanges binaires et ternaires en utilisant la
méthode di€lectrique. En effet, cette étude qui a fait I'objet de notre premiére
publication, démontre que la mesure absolue de la constante diélectrique d'un
échantillon gazeux, en fonction de la pression, lorsqu'associée 2 une évaluation
indépendante du deuxi¢me et du troisiéme coefficients du viriel de la constante
diélectrique conduit a la détermination de valeurs fort précises de la densité

molaire et par conséquent du facteur de compressibilité.

Par définition les coefficients du viriel de la constante diélectrique sont aussi une
source d'informations pouvant nous renseigner aussi bien sur les propri€tés
intrinseques des molécules que sur les interactions moléculaires. En particulier, le
premier coefficient du viriel de la constante di€lectrique est directement li€ a la
polarisabilité moléculaire. Le deuxi¢me coefficient du viriel met en évidence
I'importance des moments dipolaires et multipolaires et le potentiel
intermoléculaire associé dans l'étude d'une interaction entre deux molécules. En
effet, dans la deuxieéme étape de ce travail, qui constitue le théme de notre
deuxieme publication, notre objectif était de comprendre l'interaction mixte

dioxide de carbone - hexafluorure de soufre (CO; - SFg).

Nous avons mesuré les trois premiers coefficients du viriel de la constante
diélectrique de cinq mélanges du dioxide de carbone-hexafluorure de soufre (CO,
- SFg) a 322.85 K. La composition de ces mélanges dans des proportions
différentes nous a conduit a obtenir le deuxie¢me coefficient du viriel de la
constante diélectrique associé a l'interaction mixte (CO, - SF¢). A partir de ce
coefficient, nous avons déduit le moment quadrupolaire du CO,. Toutefois, on
peut aussi obtenir cette valeur a partir du deuxieme coefficient du viriel de la
constante diélectrique du gaz pur. Mais, celui-ci contient une interaction du type
quadrupole — quadrupole, qui est la plus importante mais aussi la plus complexe a

9,10

étudier Alors, pour contourner cette difficulté, Johnson et Cole ® avaient

suggéré d’utiliser le gaz SFg comme un solvant dans un mélange binaire



contenant le CO,. La molécule SF¢ n'a pas de moment multipolaire d’ordre
inférieur a I’hexadécapole et comme la molécule est pseudosphérique, les termes
de correction diis a I’anisotropie de la polarisabilité et a la forme moléculaire sont

négligeables.

La précision de la méthode diélectrique ainsi que la relation directe qui existe
entre la permittivité statique d'un échantillon gazeux et sa densité molaire nous
ont conduit dans la derniére étape de cette these a présenter la mise au point d'une
nouvelle approche pour la détermination de la concentration molaire volumique
d'un soluté solide dissous dans un fluide a 1'état supercritique. Cette nouvelle
application représente une extension de la méthode diélectrique au domaine de la
solubilité des solides dans les fluides a 1'état supercritique. Notre troisiéme article
décrit en» détail, la motivation derriere cette étude, l'approche théorique, la
procédure expérimentale ainsi que le dispositif expérimental que nous avons
congu. Afin de valider notre méthode, nous avons étudié la solubilité de la
naphtaléne dans le CO, sur trois isothermes supercritiques et pour des pressions

allant de 12 MPa a 30 MPa.



Chapitre (1)

Les coefficients du viriel de la constante diélectrique

Dans ce chapitre, nous dérivons 1’expression théorique des coefficients du viriel
de la constante diélectrique . Plusieurs auteurs ont étudié ces coefficients d’un
point de vue théorique (voir Sutter ''). Nous présentons ici les grandes lignes du
calcul de Buckingham et Pople '2 basé sur un développement de la mécanique

statistique classique .

1.1. Le premier coefficient du viriel de la constante diélectrique :

Considérons un milieu diélectrique homogene et isotrope, placé dans un champ

électrique uniforme Eo . La polarisation P est alors donnée par:

41P = (e - 1)E, (1.1.1)
ou € est la constante diélectrique du milieu et E représente le champ
macroscopique moyen dans le diélectrique. Ce dernier champ est relié au champ

externe Eo par la relation :

E:[LJEO. (1.1.2)

e+2
En combinant les équations (1.1.1) et (1.1.2), nous avons la relation entre la

polarisation diélectrique et le champ externe :

= 3 (e-1)\z
P=—| — [E,. 1.1.3
4n[e+2] ° (19

Considérons maintenant un ensemble de N, molécules (N, est le nombre
d’Avogadro) dans un champ externe E,. De 1'éq.(1.1.3), le moment dipolaire

macroscopique est donné par :



v = e—1 3 \=
M(E,)=PV_=| — |V_| — 1.
( 0) m [£+2] m[4n]E0’ (114)

oll Vp, est le volume molaire. Le terme ((€—1)/(e+2))V,, est appelé la fonction

de Clausius—Mossotti. Celle—ci est donc donnée par la composante suivant I’axe

de E, du moment dipolaire total moyen <M(E0)> lorsque E, tend vers 0 :

e-1, 4n. (ME)) an 2
g+2 " 3 E» E 3 OE,

(MEy)-¢) (1.1.5)

Eo=0

oll € estun vecteur unitaire dans la direction de E,.

La moyenne statistique <I\7I(E0) : é> est définie par I’expression '

(5B, ) [(1(r.Eo)-)expt (U-M(x.E,) B, ) /kT} dt. L6

[expl(U-M(1.E,)-Eg)/kT} dn

ol M(t,E,) est le moment dipolaire instantané de 1'échantillon, U est le

potentiel intermoléculaire et k la constante de Boltzmann. Les coordonnées
moléculaires sont représentées par T. L’intégrale est effectuée sur toutes les

directions et orientations des molécules.

En évaluant la dérivée partielle du moment dipolaire macroscopique par rapport a

E,, lorsque E, =0, on obtient apres substitution de I’éq. (1.1.6) dans I’éq. (1.1.5).

e-ly _4m /[ oM & )em(m?) | (1.1.7)
e+2 3| \\ 3B, J; o 3KT

On constate que le premier terme du membre de droite de 1’éq. (1.1.7) représente

’effet du champ externe qui polarise les molécules. Le second terme représente
quant a lui, I’effet statistique des dipoles permanents et induits qui tendent a

s’aligner dans la direction du champ externe tout en recherchant la position



d’énergie la plus basse. Ce terme est important dans le cas d'une molécule
possédant un moment dipolaire permanent. Mais nous pouvons souligner que ce
terme n’est pas nécessairement nul pour les molécules qui n'ont pas de moment
dipolaires permanents car il tient également compte des dipoles induits par les

champs multipolaires.

En posant que le moment dipolaire total M est la somme des moments de chaque

molécule, on aura:

M=) i, . (1.1.8)

En tenant compte de I’éq. (1.1.8), I’éq. (1.1.7) s’écrit

exl) gy AN oM ) N L Smm) | @)
e+2 3 [\ . | KTH

D’autre part, en écrivant la fonction de Clausius—Mossotti (éq. 1.2) en série de

=]

puissances inverses du volume molaire Vy,:

- B, C
L Vo =A + S+ +, (1.1.10)
€+2 \Y .

m

on dérive la définition des coefficents de telle maniére que '2:

A, =lim £ty | (1.1.11)
Va2 g+ 2
. e-1
B, = lim {vm[—vm ~A, } (1.1.12)
Va2 £+2
C, = 1im v2| £ty _a, - B (1.1.13)
Va e €£+2 V.,

A partir de 1’éq. (1.1.9), nous avons l’expression de ((e— )/(e+ 2))Vm. Le
premier coefficient (A¢) est obtenu en évaluant le membre de droite de I’équation
(L.1.11) pour un gaz dilué (V,—). Pour un tel gaz, on peut négliger toutes les

interactions entre les molécules. A ce stade, on obtient :



47N , m;
A, = (oty +——
3 3kT

) (1.1.14)

ol o, est la polarisabilité totale d’une molécule isolée et m_ son moment dipolaire
permanent. Pour les molécules non dipolaires que nous avons étudiées dans ce
travail, on a m_ =0 et ’expression de A¢ devient :

47N ,
=3

o, . (1.1.15)

1.2. Le deuxiéme coefficient du viriel de la constante diélectrique:

L’expression du deuxie¢me coefficient du viriel de la constante diélectrique B est

obtenue en insérant dans 1’équation (1.1.12), les équations (1.19)et (1.1.14)

v, |/om, NI
B, ___vliEnm 41'CN3A m {<gg‘1 .e>_a0 +ﬁ[ <m1 .mi>_m(2):|}. (1.2.1)
m 0 i=1

It

Lorsque V, est grand, la probabilité qu’une molécule (i) autre que la molécule de
référence ait ses coordonnées de translation et de rotation T; dans un domaine df;

autour de la molécule de référence (molécule 1) est donnée par '*:
(QV_ )~ exp(-U, /kT)dr,, (1.2.2)

ou Uj; est le potentiel intermoléculaire et

Qv = J.d*ci, (12.3)

tel que Q est I’intégrale sur les coordonnées angulaires.

La probabilité qu'une troisi#me molécule soit présente est proportionnelle 2 V.’

et elle ne contribue pas 2 B,. En sommant (1.2.1) sur les probabilités que les

molécules 2, 3,..., N4 soient prés de la molécule 1 on obtient:



47N} o .. .
BFT"'[dTZ{[E(m, &) -0, ]+

1o . .
ﬁ(m, (i, + mz)—mg)}exp(—U,z /KT), (1.2.4)

ou Uy, est I'énergie potentielle d’interaction entre les molécules 1 et 2. De fagon

plus symétrique :

47IN? 1 9 - - .
B = Aldt,<| — m, +m,)-e—q, |+
T} j 2{[23}30( 1) °}
L (L@, +m,) —m? lexp(-U,, /kT) (1.2.5)
KT, 2 e o T R IR -

Pour des échantillons gazeux non dipolaires on a m,= 0.

Cette équation comporte deux parties, la premiere appelée Biyg, est donnée par:

B, ,= %jdrz E%(m, +ﬁ12).é—oco},xp(—u12 /KT). (1.2.6)
Bing rend compte de I’interaction entre les moments dipolaires induits par le
champ externe. La deuxieme partie, appelée Bog, existe seulement si une paire de
molécule en interaction posséde un moment dipolaire résultant en 1’absence de
tout champ externe. En effet, dans une paire de molécules, les moments

multipolaires de I’une peuvent induire des moments dipolaires dans 1’autre et
I’orientation de ces derniers dans la direction du champ externe EO provoque des

interactions représentées par :

4nN3 11 .~ 5

o =g [dr, 3kT[E(m' +im,)? —m? |exp(-U,, /KT). (1.2.7)
Donc, pour un gaz possédant un multipole, B, est la somme de deux effets tels
que B, =Bog + Bing. 11 est possible de séparer les deux contributions en mesurant

I’indice de réfraction du gaz que 1’on veut étudier. En effet, on peut écrire



3 qui est I’analogue optique de 1’équation de

I’équation de Lorentz-Lorenz
Clausius—-Mossotti. Dans la région des fréquences optiques, on a €_ =n’ et

I’équation de Lorentz-Lorenz peut s'écrire :

n*-11 5
n2+2B=AR+BRp+CRp +oee (1.2.8)

Ici, n est 'indice de réfraction et Agr, By et Cr sont respectivement les premier,
deuxieme et troisieme coefficients du viriel de 1’indice de réfraction. Si on

néglige les effets de dispersion ''"*

, on peut écrire

B,, =B:. (1.2.9)
En effet, comme Bogr est d’origine moléculaire, sa contribution est nulle aux
fréquences optiques. Cependant, une comparaison faite par Bimbaum et Bose '

entre les valeurs de Bor mesurées a partir de (B, —By) et celles mesurées par la
méthode de 'absorption induite par collision pour une série de gaz a révélé une
différence importante pour certains de ces gaz et plus particulierement pour le
SF¢. Cette constatation a amené ces auteurs a conclure qu'il existerait une bande

d'absorption non mesurée dans l'infrarouge. Dans ce sens, ils ont montré que

B, -By =B +B., (1.2.10)
ou Br dont l'expression est donnée par 1'équation 13 de notre deuxiéme article,

est associé aux interactions entre les dipdles de translation, rotation et vibration

induits par le champ moléculaire.
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Chapitre (2)

L'équation d'état du viriel

L’équation d'état d'un gaz réel dans un développement en série du viriel de
puissances de la densité molaire p s'écrit :

P _ 2 3
ﬁ_p+Bpp +Cp +-, (2.1)
ou P est la pression, R la constante universelle des gaz, T est la température
absolue et By, Cp, sont respectivement le second et le troisieme coefficients du
viriel de pression. Physiquement, B, est associ€ aux interactions entre deux corps

et C, 4 celles entre trois corps.

L’état gazeux parfait correspond au cas limite du gaz dont les molécules,
suffisamment éloignées les unes des autres (gaz dilué, pression relativement
basse) n’interagissent pas. L’équation caractéristique d’un gaz parfait est donnée
par la relation (I.3).

Il est commode de ramener I’équation d’état d’un gaz réel, i.e. éq. (2.1), sous une
forme semblable a I’équation (I.4). On définit ainsi le facteur de compressibilité:

P 1
Z=——=1+B p+Cp*+-, 22
RT p pP TP (2.2)

qui est une grandeur sans dimension décrivant I’état d’un gaz réel et la manicre

dont son comportement s’écarte de celui d’un gaz idéal.

La mesure du facteur de compressibilité permet alors la détermination des
coefficients du viriel de pression. En particulier le deuxieme coefficient qui est
directement fonction du potentiel entre deux molécules et dont I’expression, bien

établie en physique statistique '®, est donnée par :

oo

B, =-2nN, [(exp(- U, /kT)-1) r’dr, (2.3)

p ==
0

11



ou U, est le potentiel intermoléculaire et r la distance entre les centres des deux

molécules en interaction.

2.1 Détermination de la densité et du facteur de compressibilité:

A partir du développement en série de puissances de la densité molaire de la
relation de Clausius-Mossotti, i.e. éq. (I.2), la premiére approximation de la

densité molaire est donnée par :

CM
P

€

(2.1.1)

oll on a posé pour simplifier que CM =(g—1)/(€+2). Les équations (2.1.1) et

(2.2) conduisent 2 la premié€re approximation du facteur de compressibilité :

1 =i[ A, } (2.1.2)
RT| CM

L’approximation du second ordre pour la densité molaire, obtenue a partir des

équations (1.2) et (2.1.1), est donnée par :

A A A

€ € €

2
B
P2 =C—M—(—e] (C—MJ , (2.1.3)

en introduisant cette derniére expression dans 1’équation (2.2), on obtient la

deuxiéme approximation pour Z :

A, B
=LA B (2.1.4)
RT|CM A, »

Suivant la méme démarche que ci-dessus, I’approximation du troisi¢me ordre en

densité molaire est :

(2.1.5)

cM B,(cM) 2B2-A,C,(CMY
py=————F + ,

A, Al A Al | A

€ € € €
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et conduit a

A. B AC. -B?
3=R—2(C§I+A—E+%CM . (216)

On note immédiatement que la détermination de la densité, et par conséquent du
facteur de compressibilité Z nécessite, en plus de mesures précises de €, P et T, la

détermination de A, B et C,.
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Chapitre (3)

Description de la méthode expérimentale

La constante diélectrique de 1’échantillon gazeux étudié est obtenue par :

£=—1, 3.1
C. _ 3.1

ou C est la capacité du condensateur ayant pour diélectrique le gaz sous pression
et Cyp est la capacité sous vide. Quand une cellule est remplie de gaz sous
pression, la capacité géométrique change. Car les matériaux constituants le
condensateur sont compressibles. Nous considérons ici que sous pression, le
condensateur se comporte comme un solide élastique '’. Dans ces conditions, la
capacité géométrique a la pression P s’exprime en terme de la capacité

géométrique 2 vide comme '®:

Co(P)=Co(O)1-7P], (32)
ol 7y est la compressibilité du métal constituant les plaques du condensateur.

L’équation (3.1) devient donc :
e=— ) (3.3)

Cq (O)[1 - P]

Les condensateurs et les cellules diélectriques que nous avons utilisés dans ce
travail sont du méme type que ceux utilisés et décrits en détail par Huot et Bose'®.
Le schéma du montage expérimental utilisé lors de la premicre étape de notre
étude est présenté sur la figure 1 de notre premier article. Ce montage est
constitué de deux cellules pouvant supporter de hautes pressions (= 120 MPa). A
l'intérieur de chaque cellule se trouve un condensateur. Celui-ci est reli€é a
I'extérieur de la cellule par des connexions électriques qui sont parfaitement
étanches sous la pression. La capacité des cellules est mesurée, via des cables
coaxiaux, par un pont de capacité. Les cellules sont reliées entre elles par une

valve servant 2 faire l'expansion d'une cellule dans l'autre. Le gaz est acheminé

14



vers les cellules par des conduits métalliques pouvant supporter jusqu'a 200 MPa.
La pression du gaz est fournie par un compresseur a air. Le montage
expérimental utilisé pour la mesure de la constante diélectrique du mélange saturé
CO; - naphtaléne a l'état supercritique est décrit en détail dans notre troisieéme

article.

3-1 Détermination du premier coefficient du viriel Ag :

Le premier coefficient du viriel de la constante diélectrique est obtenu suite aux
mesures de la constante diélectrique € en fonction de la pression sur une
isotherme T.

L' équation de travail pour la détermination de A, obtenue a partir des relations

(L2), (2.2) et (2.1.5) est telle que :

B, -A,B
CME =A, +|:5—EP}CM
P A

€

A.C,-B}+AX(B:-C
+{ ee ~ P ;39( P P)}CM2+---. 3.2.1)
Si on se limite aux faibles pressions ( 1 & 1.4 MPa selon I'échantillon gazeux
étudié ), on peut négliger le troisiéme terme dans le bras droit de 1’équation
(3.2.1). Le graphique de CM RT/P en fonction de CM se résume alors a une droite

dont l’ordonnée a Il’origine est égale a A,. La pente de la droite
m=(B, -A,B;)/A, conduit  la détermination de B dans la mesure oii nous
connaissons A et Bp. Or, B est petit comparativement & AcBp et une petite erreur
dans la détermination de la pente m peut conduire & une erreur importante sur la
valeur de Be %°. D’on la nécessité d’utiliser une méthode plus précise pour la

détermination de B, et Ce.
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3-2 Détermination du deuxiéme coefficient du viriel B, et du troisiéme

coefficient Ce:
Pour obtenir une plus grande précision dans la détermination du deuxiéme (B;) et
du troisieme (C) coefficients du viriel de la constante diélectrique, nous avons eu

recours 2 la technique de I’expansion développée par Buckingham et al.?'.

Cette méthode consiste & mesurer en premier lieu la capacité totale de deux
cellules quasi identiques (C=Ca;+Cpo), dont les condensateurs sont similaires et

branchés en parallele (Figure a). L’une des cellules est remplie de gaz

Figure a : Principe de la technique de I'expansion

a une densité «pa» et ’autre est vide. En ouvrant la valve entre les deux cellules
et lorsque I’équilibre thermodynamique est atteint, on mesure de nouveau la
capacité totale (Cy=Ca,+Cp;). Comme les cellules ont des volumes presque
identiques, la densité molaire est diminuée de moitié apreés 1’expansion. La
différence Da= C;’- C; annule les parties linéaires en densité molaire (identiques
avant et apres 1’expansion) et, il ne reste que les parties quadratiques, cubiques et

d’ordres supérieures.

Considérons deux cellules A et B, de volumes V=V (1+d) et Vp=V(1-3) oll 0 est
petit. Les cellules ont des capacités a vide Cao=Co(1+A) et Cpo=Cy(1-A) ou A est
petit et la capacité moyenne a vide est C,=(C,,+Cgz,)/2. Supposons

qu’initialement la cellule A contienne du gaz a une pression P et de densité
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molaire pa, ayant une constante diélectrique €, et que la cellule B soit sous vide.
La variation Da= C;- C; de la capacité totale des cellules avant et apres

I’expansion est donnée par '°:

D B 17, 3.7, 1
3G, = (6 ~DE=8)=2B, 94 2 C.ph 1+ 8) 4, (B.2.1)
ou
A, =3A,, (3.2.2)
B, =3(B, +A}), (3.2.3)
C, =3(C,+2A.B.+A)), (3.2.4)

sont les coefficients dans le développement suivant:
g-1=A,p+B, p*+C, p’ +--. (3.2.5)

Pour éliminer les effets d’écart de volume et de capacité qui apparaissent dans le
terme de droite de I’équation (3.2.1), nous effectuons une expansion de la cellule
B vers la cellule A. La procédure expérimentale est similaire a celle de
I’expansion de la cellule A vers la cellule B. La cellule B est remplie de gaz de
densité p, telle que p, = p;, alors que la cellule A est sous vide. La capacité totale
Cy est mesurée, puis I’expansion de B vers A est effectuée. Apres 1’équilibre
thermodynamique, la capacité totale C'y, aprés I’expansion est mesurée. La

variation Dg= C'yj - Cy; est donnée par 19,

3

1_7 ’ 1
D%o=‘(82‘1)(5-A)—§BEP§—ZCEP%(1—§8)+---. (3.2.6)

17



Les parametres o et A sont €liminés en combinant les équations (3.2.1) et (3.2.6).

’

’ ’
Nous obtenons alors aprés avoir remplacé les coefficients A, , B, et C,_ par leur

expression respectivement donnée par les équations (3.2.2), (3.2.3) et (3.2.4):

D, , Dy _ (B+A;
C,(g,=1) Cy(e,-1) 6A?

} [(e, -+ (g, - 1]

1(435 ~3A,C, +2B,A2 + A}
+ —

2 36A° ] e, =D+, =DF +---. (3.2.7)

Les manipulations expérimentales lors des expansions sont réalisées de telle sorte
que l'on ait g = €, dans I'équation (3.2.7). Une mise en graphique de la partie
gauche de l'équation (3.2.7) en fonction de [(g,—1)+(e,—1)] permet de

déterminer B 2 partir de la pente et C; a partir de la courbure.
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Chapitre (4)

Résultats complémentaires

Afin de compléter les résultats expérimentaux présentés dans notre premier
article, nous présentons au tableau a ci-dessous une comparaison des valeurs
mesurées des coefficients du viriel de la constante diélectrique que nous avons

obtenus avec celles de 1a littérature.

Pour le méthane (CHy), la valeur de notre premier coefficient du viriel de la
constante diélectrique rejoint celle obtenue par Obriot et al® dans les limites des
incertitudes. Pour le deuxiéme et le troisi¢me coefficient du viriel de la constante
diélectrique, a notre connaissance, nos valeurs sont les seules mesurées a
298.15 K Pour I'éthane (C,Hg ), notre valeur de A, (11.186 = 0.003) cm’.mol’!
est trés proche de celle mesurée par Sliwinski 2 (11.22 + 0.03) cm®.mol”. Notre
méthode de 1'expansion nous a permis de déterminer a 298.15 K, une valeur de B,
qui est de (32.2 = 1.8) cm® mol2. Huot et Bose 2* avaient mesuré une valeur B, =
(21.66 + 0.08) cm®mol? 2 323.15 K. La valeur de Be = (20 £ 2) cm®.mol™

2 3 une température moyenne de 295 K nous apparait

obtenue par Sliwinski
erronnée. En effet, Sliwinski 2 cite une valeur de Bg = (25.5 % 1.0) cm®.mol? (Bg
étant le deuxieéme coefficient du viriel de l'indice de réfraction). Or, normalement

on a B¢ supérieur a2 Bg. Tel n'est pas le cas pour les mesures de Sliwinski 3,

Pour le propane (C3;Hj), la valeur de A (16.052 £ 0.006) cm’.mol! que nous
avons mesurée dans ce travail est voisine de (15.93 + 0.03) cm’.mol™ obtenue par
Sliwinski 2 2 295 K et celle que nous avons mesurée pour le butane (n-CsH o), A

(20.84 = 0.09) cm’.mol ™ se rapproche de celle annoncée (20.65) cm’.mol™ par
Watson et al.” 3298 K.
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Tableau a : Comparaison de nos coefficients du viriel de la constante diélectrique avec ceux de la littérature.

A (cm3 .mol'l) Be (cm6. mol'2) Q(cm9.mol'3)
Ce travail Littérature Ce travail Littérature Ce travail Littérature
CH; |6.551+0.002 6.547+0.003® |7.23+0.31 -246 + 18
6.541 +0.003 ® 7.77® -284 ®
CHs | 11.186+0.003 | 11.22 £0.003© |322+1.8 20+£2© -1180 + 873 1460+ 150 ©
11.162 +0.008 21.66 +0.08 @ -1101 @
CHs | 16.052+0.006 |15.93+0.03 76+£4© -5840+ 300 ©
n-CsHyo | 20.84 +0.09 20.65 P 141.00 ™ -13920 %
(a) Ref 8.
(b) Ref 22.

(c) Ref 23 (T=295 K).
(d) Ref 24 (T=323.15 K).
(e) Ref 23 (T=331 K).

(f) Ref 25.

(g) Ref 22 (extrapolée a 298.15 K).

(h) Ref 26.
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Dans notre deuxi¢me article, nous avons également étudié le deuxieéme coefficient
du viriel de la constante diélectrique du SFe¢ pur avant de nous consacrer au
deuxieme coefficient du viriel de la constante diélectrique de l'interaction mixte
CO, - SF¢. En effet, par une mise en graphique des valeurs de B des différents
mélanges étudiés en fonction de la fraction molaire X du CO,, selon I'équation 3
(article 2), nous avons extrapolé a X=0 la valeur du deuxieme coefficient du viriel
de la constante diélectrique du SFg pur (65.14 + 1.80) cm®.mol?. Cette valeur
s'accorde bien avec celles obtenues a 323.15 K par Hosticka et Bose >’ (63.31 +

2.80) cm®.mol? et par Nelson et Cole 2 (64.1) cm®.mol ™

Pour le SFs, apres avoir séparé Bor de B, nous avons obtenu une valeur du
moment hexadécapolaire ¢ = (10.75 £ 0.75) x 10™** esu-cm®. Nelson et Cole **
avaient obtenu, a partir de la mesure du deuxieme coefficient du viriel de la
constante diélectrique du SF¢ pur, une valeur du moment hexadécapolaire. Cette
valeur est erronnée, comme il a été précisé par Hosticka et Bose %7 pour deux
raisons : Nelson et Cole ont, (a) utilisé des parametres du potentie]l qui sont
déduits du deuxiéme coefficient du viriel de pression, (b) utilis€é une valeur
calculée de Biyq au lieu d'une valeur déterminée expérimentalement. Hosticka et

Bose 2

ont repris l'étude du deuxieme coefficient du viriel de la constante
diélectrique du SF¢ pour trois températures différentes dans le but de déterminer
Bina expérimentalement. Ils ont supposé que la dépendance en température
introduite par le facteur de Boltzmann dans l'expression de Biq est négligeable.
Alors, suivant la relation B; = Bj,q4 + Bog, la dépendance en température de B est
manifestée a travers le facteur 1/T dans l'expression de Bor. Faisant varier Be en
fonction de 1/T, Hosticka et Bose ont trouvé une valeur de B,y =28.04 cm® mol™.
Cette valeur est combinée avec le deuxieme coefficient du viriel de la constante
diélectrique selon B - Bina = Bor, a chaque température étudiée, afin d'obtenir les
contributions orientationelles a partir desquelles ils ont dérivé une valeur
moyenne du moment hexadécapolaire ¢ = (5.40 % 0.70)x10*'esu-cm®.  Cette

valeur ne concorde pas avec notre résultat. Ceci provient du fait que la valeur de

Biq déterminée par Hosticka et Bose 27 constitue environ 60 % de notre valeur de
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B;sa =Br + Br =46.9 cm6.mol'2, utilisée lors de notre étude selon l'approche plus
récente de Birnbaum et Bose '°. D'un autre c6té, Rosenberg et Birnbaum 2 et
ensuite Birnbaum et Sutter *°, par I'étude du spectre d'absorption du SFs dans
linfra-rouge lointain ont déduit une valeur ¢ = 5.6x10*%esu-cm®. Comme il
n'existe pas de méthode directe pour la détermination des moments
hexadécapolaires, il est difficile de confirmer une valeur exacte de ¢. Toutefois,
nous pouvons conclure que notre étude du deuxieéme coefficient du viriel de la
constante diélectrique du SFg, a substantiellement amélioré la situation depuis la

premiere tentative par Nelson et Cole %

Dans notre troisieme article, nous avons déterminé les solubilit€és de la
naphthaléne dans le CO, a 'état supercritique a partir des mesures de la constante
diélectrique du CO, - naphtaléne a saturation et celles du CO, pur respectivement
sur la méme isotherme. I1 y a lieu de préciser que les mesures de la constante
diélectrique du CO, pur ont été prises indépendamment de celles du CO, -
naphtaléne, aux mémes températures sur une plage de pression allant de 10 MPa a
30 MPa comme le montre la figure 3 de notre troisiéme article. Nous avons
ensuite interpolé celles-ci aux pressions de mesure de la solubilité sur les
isothermes correspondantes. Le tableau b ci-dessous, présente les constantes
diélectriques du CO, - naphtalene a saturation et celles du CO, pur en fonction de

la pression le long des isothermes €tudiées.
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Tableaub: Les valeurs de laconstante diélectrique € du mélange CO,-
naphtaléne a saturation et celles du CO, pur €’’ en fonction de la pression sur les

isothermes étudiées.

T=313.15K P (MPa) X e
12.419 1.477765 1.436226
13.557 1.502513 1.454385
14.487 1.516368 1.465859
16.276 1.540381 1.482905
18.760 1.566697 1.502166
20.761 1.585729 1.516103
23.205 1.605969 1.530587
26.127 1.618862 1.542757

T=318.15K
12.254 1431763 1.393254
13.534 1.470776 1.421725
14.752 1.498139 1.441198
16.822 1.531727 1.464729
18.125 1.548935 1.476458

20.297 1.573188 1.493756
22.342 1.592649 1.508233
24.513 1.610466 1.521063
28.057 1.632815 1.537246
T=323.15K
12.014 1.363513 1.337568
13.915 1.406708 1.394729
14.904 1.470771 1.412480
16.522 1511118 1439184
18.540 1.547923 1.462152
20.562 1.574923 1.477963
22.203 1.592659 1.488092
24.446 1.614210 1.500829
26.542 1.633657 1.513263
28.664 1.653355 1.526778
30.472 1.669361 1.538170
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Conclusion

Nous avons pris avantage de la précision et de l'adaptabilité de la méthode
diélectrique afin d'étudier la densité et le facteur de compressibilité des
hydrocarbures légers, le deuxieéme coefficient du viriel de la constante
diélectrique de 1'interaction mixte ( CO, - SFg ) et enfin la solubilité des solides
dans les fluides a 1'état supercritique. La méthode diélectrique étant une méthode

électrique, elle est simple, absolue et précise.

Dans notre premier article, nous avons montré que les mesures de la constante
diélectrique lorsqu' associées aux coefficients du viriel A, B, et C; conduisent a
des valeurs trés précises de la densité molaire et du facteur de compressibilité des
principaux composants du gaz naturel. De ce fait, nous notons pour le CHy des
écarts inférieurs a 0.06% par rapport aux facteurs de compressibilité calculés
selon 1'équation d'état de Setzmann et Wagner *'. Pour le C;Hs, les écarts notés
sont moindres que 0.45% par rapport aux valeurs calculées selon 1'équation de
Friend et al. *2. Nous avons obtenu des écarts maximum de 0.29% et 1%, par

rapport 2 I'équation de Younglove et Ely *, respectivement pour le C3Hg et le n-

C4Hio.

Notre deuxieme article a fait 1'objet de la détermination expérimentale et de
I'étude du deuxieme coefficient du viriel de la constante diélectrique de
l'interaction mixte CO, - SFs. Apres l'analyse des différents termes de celui-ci,
nous avons déduit le moment quadrupolaire du CO,. La valeur de celui-ci,
obtenue dans cette étude, est en excellent accord avec celle déterminée par la
méthode de la biréfringence induite. Etant une méthode directe;, la biréfringence
induite ne nécessite pas I'analyse du potentiel intermoléculaire comme dans notre

cas.

Notre troisieéme article constitue une nouvelle avenue pour la méthode de la

constante di€lectrique. Nos résultats sur la solubilité de la naphtaléne dans le CO,
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a I'état supercritique concordent bien avec la littérature. Néanmoins, la technique
expérimentale décrite dans notre troisieme article peut étre améliorée afin de
réduire le temps nécessaire a l'obtention de la saturation. Ceci peut étre réalisé,
comme mentionné dans notre article, en faisant circuler le solvant & pression
constante au moyen d'une pompe de circulation, a travers une cellule remplie de
soluté et la cellule diélectrique montées en série dans un circuit fermé. Ceci
aiderait a saturer le solvant supercritique avant d'arréter la pompe de circulation et
laisser ensuite 1'équilibre thenﬁodynanquue s'établir. Une autre alternative serait
de remplacer nos deux cellules du soluté par une cellule plus longue ou par une

batterie de cellules afin d'augmenter le temps de contact du soluté avec le solvant.
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Abstract. It is shown that precise measurement (uncertainty of 1 ppm) of the dielectric constant
(¢), when combined with the first three dielectric virial coefficients (a,, b,, and c,), leads to
accurate values of the molar density (o). Values of the compression factor Z have been
obtained through the equation Z = p/poRT. We report the measured values of Z as a function
of p for gaseous CH,, C,Hs, C;H,, and n-C,H,, at 298.15 K for pressures up to 15 MPa.
Values of Z are compared with the latest equation of state for each light hydrocarbon.
Deviations vary between 0.006% and 0.06% for CH,, between 0.0002% and 0.44% for C,Hq,
between 0.11% and 0.28% for C;H,, and between 0.25% and 1.00% for n-C,H,,. The virial
coefficients b and ¢ have also been obtained and agree with literature values.

1 Introduction

The precision in the measurement of the compression factor Z is important from the
point of view of fundamental as well as applied science. The compression factor is a
direct measure of the importance of molecular interactions. In the gas industry, the
compression factor is necessary to calculate the cost of natural gas. The cost of gas,
which depends on the heat content, is calculated on the basis of heat per unit mass.
The mass, m, of natural gas is derived from the compression factor by use of the

formula
_ MoV ' (1)
ZRT’

where M is the molecular weight, p is the pressure, V is the volume, R is the universal
gas constant, and T is the absolute temperature.

The purpose of this article is to show that measurements of the dielectric constant
lead to precise determination of the compression factor of light hydrocarbons. We
have already shown (St-Arnaud et al 1992) that the dielectric-constant method is as
precise as the pV'T expansion technique and the refractive-index method (Bose et al
1986; Achtermann etal 1991). The dielectric-constant method, being an electric
measurement technique, is much simpler and can easily lead to miniaturization.

m

2 Mathematical development
The compression factor, Z, is given by

p
Z=—, 2
ORT (2)
where o is the molar density and R = 8.314510+0.000008 J mol~! K~! is the molar
. gas constant (Cohen and Taylor 1986). The objective of the dielectric method is
to determine the density from the Clausius-Mossotti relation for the dielectric
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constant, €. This relation is given by

e—1 £cm

(c+2p o G)

where P, is the total polarization and ecy = (& —1)/(e +2). The latter can be expanded
in a virial series as

Ecm = ap+bpi+co’+.., (4)

where a,, b,, and c, are respectively, the first, second, and third dielectric virial
coefficienis. Details of the mathematical development have been presented in a
previous publication (St-Arnaud et al 1993).
From equation (4), we can show that to the third-power approximation, the density
is given by
_ o _ b (&:_M)2+2b3-aece e
a a \ a,

2
a, a,

3

+ .. (5)

which leads to the third-power approximation on the compression factor
P al bl al CE - blz
Z= a2y + ..
RT lSCM a, at3 ) 6‘CM] (6)

The determination of Z can then be obtained from measurements of p, T, ¢, a,, b,,
and c,.

3 Experimental procedure
The first dielectric virial coefficient, a,, is obtained from the measurement of the
dielectric constant, ¢, as a function of pressure along one isotherm. The equation of

state,

P
PRT
is associated with equation (4) in order to get

_ — b2+ g(pt—
ECA;RT=0,+(M)£CM+|:QCE ” Jat(b ) eéM"'---v (8)

at

where b and c are, respectively, the second and third virial coefficients. A least-
squares fit of £c\RT/p as a function of ey gives a, from the intercept of the curve.

In order to determine precisely b, and ¢, we used an expansion technique devel-
oped by Buckingham et al (1970). This method esseritially consists of first measuring
the sum of capacitances of two similar cells, one of which is filled with gas at density
0, and the other is evacuated (see figure 1). The gas is then allowed to fill both cells,
the density is almost halved, and the sum of capacitances is measured again. In this
process, the linear term in density remains the same before and after the expansion,
but the quadratic and higher-order terms change. Therefore, the second and third
dielectric virial coefficients are determined by the change in total capacitance. Details
of this expansion technique are given by Kirouac and Bose (1976) and Huot and Bose
(1991). The working relation for the determination of b, and c, is

DA + DB = bz + a¢2
Coler—1)  Cylex—1) 6“3

=1+bp+cp2+..., (7)

(4

) [(&, —1)+(e, —1)]

[(51—1>+(52—1)]2+..., (9)

L1 4b}-73a,c,+2b,a’ +a’
2 36a;
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where () is the mean geometric capacitance [C, = }(C, + Cg)] under vacuum, D, is
the change of capacitance measured when the gas of dielectric constant ¢, and density
o, 1n cell A is expanded into the evacuated cell B. Similarly, if the expansion takes
place from cell B (gas of dielectric constant ¢, and density p,) to cell A, the change in
capacitance is Dg. The combination of the two expansions eliminates the mismatch of
capacitors and volumes between the two cells. We do the expansion measurements
in such a way that ¢ = g,. On plotting the left-hand side of equation (9) against
(e, —1)+(e&, — 1)], one can determine b, from the slope and ¢, from the curvature.

The schematic diagram of the experimental setup is presented in figure 1. The
dielectric measurements were carried out at 1 kHz with a capacitance bridge (Andeen
Hagerling, model 2500A).(v The precision on capacitance measurement is estimated
to be 5x 1076 pF. Details of the construction are given by Huot and Bose (1991).
The measurement system (dielectric cells and valves) was immersed into a constant-
temperature bath. Temperature was controlled by a circulating bath within +£0.01 K
and was measured with a thermistor that had been calibrated against a platinum
resistance thermometer. The uncertainty in the temperature measurement was 0.01 K.
The pressures were measured with a quartz pressure transducer calibrated against a
pressure standard manufactured by Desgranges and Huot and having a precision of
the order of 0.005%. A polynomial for the pressure values in terms of the readings
of the transducer was fitted for the purpose of calibration. Considering the fitting
procedure and the small errors in temperature measurement, we estimate the final
precision to be of the order of 0.01% for pressures above 1.5 MPa. For lower
pressures, the uncertainty increases to 0.05% down to 0.5 MPa. Below this pressure
the calibration is very difficult, and the uncertainty in pressure is of the order of 0.1%.
For all the results reported here, we included a correction for the effect of pressure
on the plates of the geometric capacitance C, of the cells. The relation between
C,(p), the geometric capacitance at pressure p, and the vacuum capacitance C,(0)
is C,(p) = C,(0) (1-yp), where y is the compressibility of copper (ie y = 2.4
x 1076 MPa~!).

CB T v oLy
S ’ VP —k——
= | < _
1—ﬁ1 ;— C —Jﬂ———{
| i I Z | |
—-— f) ' PG| —b——
g —%i— T - g &
e -g_i N, = . W S— 1> < S—
P NE . -
A B
CTB

Figure 1. Schematic diagram of the experimental setup for the dielectric-constant technique.
A, B: measurement cells; C: compressor; CB: capacitance bridge; G: gas; GN: generator; PG: pres-
sure gauge; V:vent; VP: vacuum pump; CTB: controlled temperature bath.

(1 Andeen-Hagerling Inc., 31899 Miles Road, Chagrin Falls, Ohio 44022, USA.



304 J-M St-Amaud, A Hourri, T K Bose, D Ingrain
13 ECTP Proceedings page 144

4 Experimental results
The gases were used as supplied by Air Liquide® without further purification. In
order to maintain each gas in the vapor phase at 298.15 K, the maximum pressure
was 15 MPa for CH,, 3.78 MPa for C,Hy, 0.88 MPa for C;H;, and 0.21 MPa for
n-C,H,,. Figure 2 shows comparative curves of equation (8) at 298.15 K for the
determination of a, for CH,, C,Hy, C;Hjg, and n-C,H,,. Table 1 gives the values for
a, of all light hydrocarbons. The values of b, and ¢, are determined according to
equation (9). Figure 3 presents curves of the left-hand side of this equation as a
function of [(¢;, —1)+(&;, —1)]. In table 1, we also give the values of b, and ¢, for CH,
and C,H¢. The determination of ¢ as a function of p along one isotherm can then be
associated with the values of a,, b,, and c, in order to obtain the density (o) and the
compression factor (Z) according to equations (5) and (6), respectively. In table 2 we
present the measured values of ¢, the density (o,), and the compression factor (Z,),
the calculated values of the density (o.,.) according to the equation of state (EOS),
and the deviations AZ/% = 100(Z .~ Z.)/Z.,., where Z, is the calculated value
for the compound as a function of p for CH,, C,;H,, C;Hg, and n-C,H,,. The devia-
tions AZ are reported in figure 4 as a function of the pressure for each light
hydrocarbon.

The pressure virial coefficients have been obtained from a least-squares fit of the
equation

%=b+cp+.... (10)

0.000 0.005 0.010 0.015 0.020

Figure 2. Curves of ecRT/p as a function of ecy = [(e —1)/(e +2)] for gaseous CH,(V),
C,H, (0), C;Hg (A ), and n-C,H,, (®) at 298.15 K.

Table 1. The dielectric virial coefficients, a,, b,, and c, for light hydrocarbons at 298.15 K.

Gas a,/cm® mol ™! b,/cm® mol 2 ¢, /em’® mol~?
CH, 6.55110.002 7.231£0.31 —246%18
C,Hq 11.186 £0.003 32.2+1.8 -1180t873
C,H, 16.052 +0.006

n-C,H,, 20.84 £0.09

- @ Ajr Liquide Canada Ltd, 1155 Sherbrooke Quest, Montréal, Québec H3A 1H8, Canada.
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Table 2. Measured values of dielectric constant, e, density, o, compression factor, Z_, and
calculated values of density, o, according to various equations of state (EOS) for a number
of light hydrocarbons as a function of pressure, p, at 298.15 K. The deviation AZ/% =

100(Z_,,. — Z,,)/ Z., is also shown. (a) CH,, (b) C,H,, (c) C,Hg, (d) n-C H,,.
p e—1 ; Om /Ocalc Zm AZ
MPa (£6x1077) mol dm ™3 mol dm™? %
(£0.01%)
{a) CH,, EOS of Setzmann and Wagner (1991)
15.0015 0.153654 7.3928 £0.0062 7.3961 0.8185 +0.0008 -0.0371
14.5317 0.148316 7.1490 £0.0059 7.1519 0.8199+0.0008 -0.0323
13.9873 0.142096 6.8639+0.0054 6.8663 0.8220+0.0008 -0.0299
13.0180 0.130955 6.3501+£0.0047 6.3520 0.8269 +0.0007 -0.0214
12.0562 0.119888 5.8359+0.0041 5.8374 0.8333+0.0007 ~0.0184
11.0139 0.107958 5.277310.0035 5.2784 0.8419+0.0007 -0.0210
10.0428 0.096972 4.7589 +£0.0029 47597 0.8512+£0.0007 ~0.0072
9.03389 0.085761 4.2257+0.0024 4.2263 0.8623 +0.0006 ~0.0047
8.02961 0.074860 3.703110.0020 3.7037 0.8746 £0.0008 ~0.0061
7.00068 0.064005 3.1788+0.0016 3.1793 0.8883+0.0008 ~0.0066
6.00862 0.053872 2.685610.0013 2.6861 0.9025 +£0.0008 ~0.0158
5.00792 0.044002 2.201710.0010 2.2021 0.9175+0.0006 ~0.0150
3.99796 0.034407 1.7278 £0.0007 1.7282 0.9334+£0.0005 -0.0265
3.00044 0.025294 1.2746 £0.0005 1.2750 0.9496 £0.0005 ~0.0346
2.00106 0.016523 0.8354+£0.0003 0.8357 0.9662 +0.0005 -0.0373
1.49872 0.012247 0.6202 £0.0002 0.6205 0.9747 £0.0005 ~0.0410
1.40012 0.011418 0.5784 £0.0002 0.5787 0.9764 £0.0005 ~-0.0440
1.30001 0.010579 0.5361 +£0.0002 0.5363 0.9781 £0.0005 -~0.0439
1.20011 0.009746 0.4941+0.0002 0.4943 0.9798 £0.0005 ~0.0441
1.10011 0.008916 0.452110.0002 0.4523 0.9815+0.0005 -~0.0438
1.00015 0.008089 0.410310.0002 0.4105 0.98321+0.0006 —0.0434
0.90012 0.007265 0.3686 £0.0001 0.3688 0.9849+0.0006 ~0.0425
0.80006 0.006444 0.327110.0001 0.3272 0.9866+0.0006 —0.0411
0.70008 0.005627 0.2857+£0.0001 0.2858 0.9884+£0.0006 —0.0500
0.60013 0.004814 0.2445 1 0.0001 0.2446 0.9901 £ 0.0006 ~0.0482
0.50012 0.004003 0.2034 £0.0001 0.2035 0.9919+0.0006 -0.0562
0.40008 0.003196 0.1624 £0.0001 0.1625 0.9938 £0.0007 —0.0641
0.30008 0.002392 0.1216 £0.0001 0.1216 0.9953+0.0007 -—0.0518
(b) C,Hs, EOS of Friend et al (1991)
3.78524 0.089089 2.5612+0.0032 . 2.5725 0.5982 +£0.0008 ~0.4471
3.61074 0.803320 2.3173+0.0025 2.3262 0.6285+0.0008 ~0.3757
3.55604 0.077879 2.2487 £0.0024 2.2571 0.6379+£0.0008 ~0.3729
3.45565 0.073649 2.1301 £0.0021 2.1382 0.6544+0.0008 ~0.3781
3.35364 0.069684 2.01861£0.0019 2.0261 0.6702+0.0007 -0.3770
3.25189 0.065954 1.9133+0.0017 1.9217 0.6856+0.0007 —0.4377
3.13913 0.062198 1.80701£0.0015 1.8121 0.7007£0.0007 -0.3320
3.00081 0.057860 1.683910.0013 1.6888 0.7188+£0.0007 -0.2823
2.90234 0.054933 1.6006 £0.0012 1.6053 0.7314+£0.0007 -0.2852
2.84351 0.053246 1.5525+£0.0011 1.5571 0.73881+0.0007 —~0.2962
2.73117 0.050148 1.4640 £ 0.0001 1.4686 0.7525+0.0006 —0.3087
2.57499 0.046095 1.3478 £0.0009 1.3519 0.7706 £0.0006 —~0.2970
2.47180 0.004356 1.2751+£0.0008 1.2785 0.7819+£0.0006 —0.2582
2.36772 0.041097 1.2041 £ 0.0007 1.2071 0.7932+£0.0006 —0.2461
2.20866 0.037487 1.1000 £ 0.0006 1.1025 0.8099+0.0006 —0.2236
2.14519 0.036093 1.0597 £ 0.0006 1.0622 0.8166+0.0006 —0.2396
2.05539 0.034171 1.0040 £0.0005 1.0065 0.8258 £0.0006 —0.2460
1.95362 0.032054 0.9426 £0.0005 0.9450 0.8360 1 0.0006 ~0.2500
1.85404 0.030049 0.8844 £0.0005 0.8865 0.8456 £0.0006  —0.2317
1.74994 0.028006 0.8249+£0.0004 0.8269 0.8557+0.0006 —0.2429
1.65902 0.026277 0.7745 £ 0.0004 0.7762 0.8640 £ 0.0006 -0.2097
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Table 2 {continued)

p €- 1 . pm pcalc Zm AZ
MPa (£6x107) mol dm ~? mol dm™? %
(£0.01%)
1.54116 0.024083 0.7105+0.0003 0.7120 0.8749 £0.0006 -0.2063
1.49291 0.023209 0.6850+0.0003 0.6863 0.8791 +£0.0005 -0.1820
1.44385 0.022324 0.6591 £0.0003 0.6604 0.8836 £0.0005 -0.1877
1.38844 0.021330 0.6300+0.0003 0.6314 0.8890 +£0.0005 ~0.2345
1.32799 0.020281 0.5993 +0.0003 0.6003 0.8938 £0.0005 -0.1682
1.26829 0.019249 0.5690 £0.0002 0.5700 0.8990 £ 0.0005 -0.1601
1.18445 0.017820 0.5271+£0.0002 0.5280 0.9064 £ 0.0005 ~0.1684
1.12857 0.016885 0.4997 +0.0002 0.5004 0.9111+0.0005 ~-0.1539
1.07224 0.015952 0.4722 +£0.0002 0.4729 0.9159 £0.0005 -0.1504
1.00900 0.014917 0.4417+0.0002 0.4424 0.9213+£0.0005 -0.1526
0.98843 0.014584 0.4320£0.0002 0.4326 0.9230 £0.0005 —0.1483
0.94302 0.013854 0.4104 £0.0002 0.4110 0.9268 £0.0005 -0.1459
0.89208 0.013041 0.3865+0.0002 0.3870 0.9310+0.0005 -0.1395
0.84499 0.012298 0.3646 £0.0002 0.3651 0.9348 £0.0005 -0.1273
0.61850 0.008818 0.2618 £0.0001 0.2620 0.9529 £ 0.0006 -0.0871
0.59999 0.008540 0.2536 £0.0001 0.2538 0.9544 £0.0006 -0.0883
0.55696 0.007898 0.2346 £0.0001 0.2347 0.9577 £0.0006 -0.0736
0.52813 0.007470 0.2219+£0.0001 0.2220 0.9600 £ 0.0006 -0.0739
0.44914 0.007043 0.2092 £0.0001 0.2093 0.9622 £0.0006 -0.0632
0.42697 0.005988 0.1780+0.0001 0.1780 0.9676 £ 0.0006 -0.0330
0.36246 0.005055 0.1503+£0.0001 0.1503 0.9727 £0.0006 -0.0382
0.31771 0.004413 0.1313+£0.0001 0.1313 0.9763 £ 0.0006 -0.0508
0.23354 0.003222 0.9590+0.0001 0.0959 0.9823+£0.0007 -0.0002
0.19884 0.002736 0.0814 £0.0001 0.0814 0.9848 £0.0008 0.0156
0.15849 0.002174 0.0647 £0.0000 0.0647 0.9876 £0.0009 0.0440
(c) C;Hy, EOS of Younglove and Ely (1987)
0.88638 0.020748 0.4278 £0.0002 0.4280 0.8356 £0.0005 -0.2135
0.85132 0.019727 0.4069 £0.0002 0.4072 0.8438 £0.0005 -0.2421
0.82485 0.018973 0.3915+£0.0002 0.3918 0.8498 £0.0005 -0.2620
0.78954 0.017989 0.3713+0.0002 0.3717 0.8577 £0.0005 -0.2797
0.75954 0.017174 0.3545+£0.0001 0.3550 0.8640 £ 0.0005 -0.2694
0.73486 0.016511 0.3409 £0.0001 0.3414 0.8693 £0.0005 -0.2716
0.70989 0.015849 0.3273+£0.0001 0.3278 0.8746 £0.0005 -0.2860
0.68395 0.015174 0.3135+0.0001 0.3139 0.8799 £0.0005 -0.2846
0.66534 0.014695 0.3036 £0.0001 0.3041 0.8838 £0.0005 -0.2883
0.60474 0.013171 0.2723+£0.0001 0.2727 0.8958 £0.0005 -0.2712
0.58643 0.012719 0.263010.0001 0.2634 0.8994 £0.0005 -0.2738
0.56333 0.012156 0.2514 £0.0001 0.2517 0.9038 £0.0005 -0.2661
0.53526 0.011479 0.2374 £0.0001 0.2378 0.9093 £0.0005 -0.2690
0.50864 0.010845 0.2244 £0.0001 0.2247 0.9143£0.0005 -0.2540
0.48299 0.010241 0.2119£0.0001 0.2123 0.9192 £0.0005 -0.2758
0.45458 0.009584 0.1983+£0.0001 0.1986 0.9242 £0.0006 -0.2369
0.43050 0.009031 0.1869 £ 0.0001 0.1872 0.9288 £0.0006 -0.2460
0.40568 0.008467 0.1753+£0.0001 0.1756 0.9333£0.0006 -0.2455
0.38313 0.007962 0.1648 £0.0001 0.1651 0.9372£0.0006 -0.2290
0.35822 0.007406 0.1534 £0.0001 0.1536 0.9419£0.0006 -0.2465
0.33835 0.006968 0.1443 £0.0001 0.1446 0.9453 £0.0006 -0.2341
0.30730 0.006292 0.1303 £0.0001 0.1305 0.9507 £0.0006 -0.2196
0.29693 0.006069 0.12574£0.0001 0.1259 0.9523£0.0006 -0.1980
0.26690 0.005425 0.1124 +£0.0001 0.1125 0.9574 £0.0006 -0.1792
0.23496 0.004747 0.0984 £ 0.0001 0.0985 0.9630+£0.0006 -0.1943
0.20590 0.004138 0.0858 £0.0001 0.0859 0.9678 £0.0007 -0.1729
0.17110 0.003417 0.0708 £0.0001 0.0709 0.9738£0.0007 -0.1810
0.15536 0.003095 0.0641 £0.0001 0.0642 0.9762 £0.0007 -0.1598
0.13146 0.002609 0.0541 £0.0001 0.0541 0.9797 £0.0007 -0.1158
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Table 2 (continued)

p e-1 ; Pm Peaic Zm AZ
MPa (£6x1077) mol dm™? mol dm™? %
(£0.01%)
(d) n-C,H,,, EOS of Younglove and Ely (1987)
0.21545 0.005822 0.0929+0.0004 0.0931 0.93541+0.0045 -0.2459
0.21360 0.005764 0.0919+0.0004 0.0922 0.9368 +£0.0045 -0.3278
0.21163 0.005701 0.0909+£0.0004 0.0913 0.9384 +£0.0045 -0.4275
0.21038 0.005662 0.0903 £0.0004 0.0907 0.9393 +£0.0045 -0.4693
0.20683 0.005556 0.0886 £0.0004 0.0891 0.9410+0.0045 -~0.5343
0.20380 0.005466 0.0872 +£0.0004 0.0877 0.9424 +0.0045 -0.5762
0.19978 0.005348 0.0853 +£0.0003 0.0858 0.9442 +0.0045 -0.6206
0.19661 0.005254 0.0838 +£0.0003 0.0844 0.9458 £ 0.0046 -0.6799
0.19000 0.005063 0.0808 +£0.0003 0.0813 0.9485 +£0.0046 -0.7331
0.17804 0.004719 0.0753+0.0003 0.0759 0.95331+0.0046 -0.8336
0.17373 0.004598 0.0733+0.0003 0.0740 0.9548 £0.0047 -0.8357
0.17055 0.004508 0.0719+£0.0003 0.0725 0.9560 1+ 0.0047 -0.8598
0.16694 0.004405 0.0703+0.0003 0.0709 0.9575 £0.0047 -0.8915
0.16398 0.004322 0.0689 £0.0003 0.0696 0.9587 £0.0047 -0.9174
0.15145 0.003972 0.0634 £0.0003 0.0640 0.9632 +£0.0048 -0.9703
0.14885 0.003902 0.0622 £0.0003 0.0628 0.9638 £ 0.0048 -0.9448
0.14549 0.003809 0.0608 £0.0002 0.0613 0.9651 £0.0048 -0.9591
0.14288 0.003737 0.0596 £0.0002 0.0602 0.9660 £ 0.0048 -0.9696
0.13699 0.003575 0.0570 £ 0.0002 0.0576 0.9679 £0.0048 -~0.9756
0.13300 0.003467 0.0553+0.0002 0.0558 0.9689 £ 0.0049 -~0.9455
0.13032 0.003394 0.0541 £0.0002 0.0547 0.9700 £ 0.0049 -0.9716
0.12750 0.003317 0.0529+0.0002 0.0534 0.9709 +£0.0049 -0.9746
0.12316 0.003198 0.0510+£0.0002 0.0515 0.9726 £0.0049 -1.0071
0.12185 0.003164 0.0505 £0.0002 0.0510 0.9727 £0.0049 -0.9738
0.11973 0.003107 0.0496 £0.0002 0.0501 0.9734 £0.0049 -0.9812
0.11420 0.002957 0.04721+0.0002 0.0477 0.9753 £ 0.0050 -~0.9951
0.11187 0.002895 0.0462 £0.0002 0.0466 0.9759+£0.0050 -0.9838
0.10748 0.002778 0.0443 £0.0002 0.0447 0.9772+0.0050 -0.9685
0.000 ~
~ -0013] 3}5\
E) ) V\
QL o
d ~
+  —0.025 6*\\ v
= Q
< I .' ~
Q 5 SO~
S -0.038
NS
\\
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Figure 3. Curves of equation (9) according to the expansion technique for the determination of
the second (b,) and third (c,) dielectric virial coefficient of CH, (v), and C,H, (0) at 298.15 K.
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Values of b and ¢ for CH, and C,H, are compared with literature values in table 3.
For C;H; and n-C,H,,, the low pressure measurements permitted only the determina-
tion of the values of b which are compared with the literature values in table 4.

2.0 CH,

C.H,
C,Hy
n‘C‘Hw

1.5¢

[ ol

1.0¢

0.5¢

0.0

AZ[%

-0.5

-1.0

-15¢

-2.0 : — " .
0 1 2 3 4
p/MPa

Figure 4. Pressure dependence of the deviations AZ between measured values, Z,, of the
compression factor and those calculated, Z ., according to the equation of state (EOS) of
Setzmann and Wagner (1991) for CH,, to the EOS of Friend et al (1991) for C,H,, and to the
EOS of Younglove and Ely (1987) for C;Hg and n-C,H,, at 298.15 K. Note AZ/% = 100
(Zc:lc - Zm)/zcalc'

Table 3. Comparative values of the second, b, and third, ¢, virial coefficients of (a) CH,,
(b) C,H, at 298.15 K.

. b/cm® mol ™! ¢/cm® mol 2
(a) CH, .
This work —-42.231£0.28 2341+73
Kleinrahm et al (1988) —-42.8810.15 2435150
Douslin et al (1964) -42.82+0.2 2370100
Dymond and Smith (1980) —-428 *1
Roe (1972) —4250+0.2 2418125
(b) C,H,
This work ~1842%1.7 11840+280
Douslin et al (1964) -185.8 10600
Michels et al (1954) -184.6 9852
Dymond and Smith (1980) —185 *£2
Pope et al (1973) —185.9+0.6 10089 £ 560

Table 4. Comparative values of the second virial coefficient of C;Hy and n-C,H,, at 298.15 K.

C,H, n-C,Hy,
This work —-378t18 -719+£50°®
Dymond and Smith (1980) —-387%20 -734120
McGlashan and Potter (1962) -392%5 -711£20
Strein et al (1971) -390%4
Tripp and Dunlap (1962) . -733130

2 Value obtained with the calculated values of the density.
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5 Discussion

The deviations in Z (AZ) reported for CH, are less than 0.06% compared to the EOS
by Setzmann and Wagner (1991). We have obtained our values of the compression
factor by taking account of a,, b,, and ¢,. The deviations are of the order of the
uncertainty of the EOS of Setzmann and Wagner (1991). For C,H,, we also obtained
Z, with a,, b,, and ¢,. The deviations AZ vary between 0.0002% in the low-pressure
region to 0.44% in the high-pressure (3.7 MPa) region. Values of Z are calculated
according to the EOS of Friend etal (1991). The deviations are quite low if one
considers the experimental uncertainties for ¢, p, T, a,, b,, and c,. Because of the
low pressures for C;Hg and n-C,H,,, uncertainties in the values of b, and ¢, were
much too high and as such, we used only the value of g, to calculate the values of Z,_.
The deviations between our values (Z,) and the calculated values (Z_,.) according to
the EOS by Younglove and Ely (1987) are of the order of 0.25% for C;H;. These
deviations are quite low and confirm that only q, is necessary to obtain precise values
of Z in the low-pressure region at 298.15 K. For n-C,H,, deviations in Z are
between 0.25% around 0.215 MPa and 1% around 0.11 MPa. The 1% difference
obtained at 0.1 MPa for C,H,, is due, in part, to the uncertainty of our pressure
transducer in this region, where the accuracy is of the order of 0.1%.

For CH,, our experimental values of b and c (see table 3a) agree, within the limits
of the experimental accuracy, with the calculated values of Kleinrahm et al (1988),
with the experimental values of Douslin et al (1964) and Roe (1972), and with the
values recommended by Dymond and Smith (1980).

For C,Hg, our experimental values of b and ¢ agree with the values of Michels
et al (1954), Douslin et al (1964), Pope et al (1973), and Dymond and Smith (1980).

For C;Hg and n-C,H,,, it is only possible to obtain b owing to the low-pressure
measurements. For both gases, our values agree, within the limits of experimental
accuracy, with the values of McGlashan and Potter (1962), Tripp and Dunlap (1962),
Strein et al (1971), and Dymond and Smith (1980).

6 Conclusion

Because the measurements of the dielectric constant are relatively simple, the
accuracy that we have achieved in these measurements makes the dielectric technique
particularly interesting for the measurement of the compression factor of gases.
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Dielectric and pressure virial coefficients of imperfect gases:
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Dielectric and pressure virial coefficients of five mixtures of CO,—SF, have been determined at
322.85 K. The quadrupole moment of CO, calculated from the dielectric second virial coefficient of
the CO,-SF, mixture is (4.48+0.30)X 10~ esu cm?. This value is in excellent agreement with the
most recent value determined by the direct method of induced birefringence by Battaglia et al. The
hexadecapole moment of SF, calculated from the second dielectric virial coefficient of the pure gas

is (10.75+0.75) X 10™*? esu cm®.
[S0021-9606(97)51105-6]

INTRODUCTION

In this paper, we report measurements of the dielectric
and pressure virial coefficients of five mixtures of CO, and
SF,. This work is part of the systematic study carried out in
our laboratory for the precise determination of higher multi-
pole moments of molecules.'® The quadrupole moment of
CO, is computed from the orientation dependent part of the
mixed second dielectric virial coefficient of unlike mol-
ecules. The SF, molecule has no multipolar moment below
the hexadecapolar term and, because of its pseudosphericity,
the correction terms due to the molecular shape factor and
the anisotropy of the polarizability are negligible. The use of
SF, as the solvent gas in a binary mixture containing a qua-
drupolar component has been suggested earlier by Johnson
and Cole.’ The advantage of the procedure is that the mixed
second dielectric virial coefficient of unlike molecules is sev-
eral times larger than that of the rare gas—CO, mixtures and
is free from quadrupole coupling energy. The correction due
to quadrupole—quadrupole energy was first carried out by
Bose and Cole'® who found remarkable agreement between
the quadrupole moment deduced from the CO, pair, includ-
ing the quadrupole—quadrupole interaction energy, and that
determined from the CO,—Ar pair, where the quadrupole—
quadrupole interaction does not appear. Of the various evalu-
ations of the quadrupole moment, ®, for CO,, the only direct
determination not involving analysis of intermolecular forces
is by Buckingham and Disch'! and more recently by Batta-
glia et al'? using induced birefringence experiments. Ho
et al."® have carried out precise spectroscopic measurements
for the determination of the quadrupole moment of CO,.
They used pressure induced absorption in the far infrared
spectrum from 233 to 333 K and over the frequency range

7-250 cm™!, and their value of ® of CO, agrees well with
that obtained by Bose and Cole'® and Buckingham and
Disch."!

In this work, we also computed the hexadecapole mo-
ment of SF, from the second dielectric virial coefficient of
pure gas. Among the early measurements of the hexadéca-
pole moment of SF from the second dielectric virial coeffi-
cient, the ones made by Nelson and Cole'* at a single tem-
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perature led them to use the theoretical value for the induced
part of the second dielectric virial coefficient to determine
the hexadecapole moment of SFg. Rosenberg and
Birnbaum'> also determined the hexadecapole moment of
SF, from measurements of the absorption spectrum in the far
infrared. The hexadecapole moment derived by Nelson and
Cole is orders of magnitude higher than that found by Rosen-
berg and Birnbaum. Sutter'® has tried to explain this discrep-
ancy by suggesting that perhaps the induced part of the sec-
ond dielectric virial coefficient is much higher than the
theoretical value used by Nelson and Cole. Hosticka and
Bose® undertook the measurements of the second dielectric
virial coefficient at several temperatures in order to deter-
mine the induced contribution experimentally. The hexade-
capole moment determined by Hosticka and Bose is ten
times higher than that found by Rosenberg and Birnbaum.
Recently, Joslin et al. " studied the collision induced absorp-
tion spectrum in the far infrared of gaseous SF¢. Their theo-
retical analysis based on the spectral moments led them to
put an upper limit on the hexadecapole moment value of

SF.

THEORETICAL BACKGROUND

The quantities of theoretical interest are the param-
eters in the expansion of the Clausius—Mossotti function
(e—1)/(e+2)p for the static dielectric constant € in powers of
molar density p:

1

M e A B ptCp+ 1)
) - E+2 - P P ’ (
where CM =(e— l)/(e+2), and A,, B,, and C, are, respec-

tively, the first, second, and third dielectric virial coeffi-
cients, representing contributions from individual molecules,
pairs, and triplets.

For binary mixture of gases | and 2 with X as the mole
fraction of 2, the first and second dielectric virial coefficients

are given, respectively, by

A=A (1-X)+A X (2)
and

© 1997 American Institute of Physics
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B.=(1 —X)zBell+X(l_X)(BeIZ+BeZI)+XZBeZZ'
(3)

For a mixture of CO,-SFg, having no dipole moment,
the first dielectric virial coefficient is given by

47N,

A= a, 4
3

where N, is Avogadro’s number and a is the molecular po-
larizability.

The second dielectric virial coefficient which measures
the interaction effect between pairs is given by Buckingham
and Pople’s'® statistical treatment as

47rN,2‘
Be= Tt [ | (019E ) (my ) - a)

Xexp(— U, /kT), 5

kT (m, + _mz)z
where m, and m, are the induced moments of the two mol-
ecules of the pair, U, is their potential energy of interaction,
e represents the unit vector in the direction of the external
field £y, and the integral is over all relative configurations of
the pair in a spherical volume V with f dr=QV, Q being
the integral over orientation coordinates. As written, the ex-
pression is for unlike molecules, a factor 3 being necessary in
both terms for like molecules.

The first dielectric virial coefficient, A, and the second
pressure virial coefficient, B,, are obtained by making an
absolute measurement of the dielectric constant as a function
of pressure, P. The equation of state

P
m=l+Bpp+Cpp2+--- (6)

is associated with Eq. (1) and leads to

RT B.—A.B
CM —=A, (_‘_‘_E
A,

P )CM

_p24a2/p2 _
+("*C‘ A C"’)CM2+..-,
Al

™)

where %P and C, are, respectively, the second and third
pressure virial coefficients. A least squares fit of CM RT/P
as a function of CM gives A, from the intercept of the curve.
The coefficient B, is given by Eq. (6) as the intercept from
the least squares fit of {(P/pRT)—1}/p as a function of the
density p, which is determined using the dielectric constant
method.!*?° Since B, is only a small fraction of the second
term in Eq. (7), a very small error on (B,—A _Bp)/A, will
lead to a large error”! on B,.

In order to precisely determine the second and the third
dielectric virial coefficients, we used a differential technique
developed by Buckingham er al.?* This method essentially
consists in first measuring the sum of capacitances .of two
similat cells, one of which is filled with gas at density p and
the other is evacuated. The gas is then allowed to fill both

cells, the density is nearly halved, and the sum of the capaci-
tances is measured again. [n this process, the linear term in
density remains the same before and after the expansion but
the quadratic and higher order terms change. Therefore, the
second and third dielectric virial coefficients are determined
by the change in total capacitance. Details of this expansion
technique are given by Huot and Bose.? The working relation
for the determination of B, and C, is

D, N Dg
Cole,—1) Cy(e—1)

B +A?2
== T)[(El_ D+(e;-1)]

l(4B§—3A¢Ce+ZBeAf+A:
2 364°
X[(ei=D+(e= D+, (8)

where C, is the mean geometric capacitance
[Co=(C4+ Cp)/2] under vacuum, and D, is the change in
measured capacitance when the gas with dielectric constant
€; and density p; in cell A is expanded into the evacuated
cell B. Similarly, if B contains a gas with dielectric constant
€, such that €, =¢,, while A is evacuated, the change in total
capacitance is Dy . Upon plotting the left hand side of Eq. (8)
against [(¢,—1)+(e;—1)], one can determine B, from the
slope and C, from the curvature.

EXPERIMENT

Dielectric measurements were carried out at 1 kHz with
a capacitance bridge (Andeen Hagerling, model 2500 A).
The uncertainty on capacitance measurement is estimated to
be 5X107% pF. The details of the cells are described
elsewhere.” The measurement system (dielectric cells and
valves) was immersed into a constant temperature bath.
Temperature was controlled by a circulating fluid and was
measured within =10 mK with a platinum resistance ther-
mometer (Guildline model 9540) having a resolution of 1
mK. For the determination of A, and B, the pressures were
measured with a quartz pressure transducer (Paroscientific
model 740) having a precision of 0.01% and calibrated
against a pressure standard manufactured by Desgranges and
Huot. The precision of the standard is 0.005%. Full details
on the experimental setup have already been reported.'®2°

In all the results reported here, a correction for the effect
of pressure on the geometric capacitance C; of the cells is
included. The relation between Cg( P), the geometric capaci-
tance at pressure P, and C;(0), the vacuum geometric ca-
pacitance, is Cg(P)=C5(0)(1 —«P), where « is the com-
pressibility and k=2Xx10"% MPa™! for stainless steel. The
capacitor plates were gold plated in order to minimize gas
adsorption. The gas mixtures were used as supplied by Air
Liquide (Canada). The gases CO, and SFg used were ultra
high purity grade with a guaranteed minimum purity of
99.9%. The exact composition of the binary systems studied
was determined by weighing during the mixing process and
verified by gas chromatography.

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997
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RESULTS

Figure | shows representative curves of Eq. (7) for the
determination of the first dielectric virial coefficient A . for
three of the five CO,-SF mixtures studied. The values of B,
and C, are determined from the slope and the curvature,
respectively, by a least squares fit of the left hand side of Eq.
(8) as a function of [(¢;— 1)+ (&~ 1)]. Representative points
of the differential technique for three mixtures are plotted in
Fig. 2. Derived values of A, B, and C, are given in Table
1.2%% The uncertainties indicated are three standard devia-
tions from the best least squares fit.

The value of the CQ,~SZF pair interaction coefficient
(B,j2t+ B,y) is obtained from Eq. (3) which can be written
as

Bs_Bell(l_X)z

X =(Beat Bea)

+[Bep—(Beat Bay)lX. )

In order to determine (B, ,+ B,,,), we need a precise
value of B, of SFs. We obtained B,;, from our measure-
ments by plotting the B, mixture values as a function of the
mole fraction X of CO, according to Eq. (3). Our value of
B, =65.14£1.80 cm®mol?, obtained from the intercept,
agrees well with the literature values.*!*

Using the above value of B,, for SF; and
B 4,=50.7£0.9 cm®mol® for CO,,'° we show in Fig. 3 a
plot of the left hand side of Eq. (9) against X, the mole
fraction of CO,. The intercept of the straight-line fit gives
(B 12+ B ;) =109.86+2.40 cm®mol>.

The second pressure virial coefficients derived from the
low pressure mixture data are also listed in Table I. The
values for the pure components are extrapolated from litera-
ture data. Our data for pressures up to 1.4 MPa are insuffi-
cient to determine statistically significant contributions from
the third pressure virial coefficient Cp. As shown in Fig. 4,
we obtain Bp,=—146.15£6.33 cm*/mol from the intercept
by plotting the left hand side of the -equation
(B,— B, (1 —X)z)/X=23p,2+ (B,22—2B,;) X against the

22
T=322.85K

20

o 30.1% CO,
e 208 % CO,
o 10.5% CO,
N 5 PO " 1 L A 2 1 n " 1 "
0.000 0.005 0.010 0.015 0.020

CM

CM RT/P (10°m* mol™)
3
T

FIG. |. Representative plots of CM RT/P vs CM for the determination of
A, according to Eq. (7) for three CO,~SF,, mixtures. Points are experimental
and the curves are the least squares fits.

0.00
- F T=322.85K
9\ -0.02 -
\u:' E O  10.5%CO,
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UO -0.06 C
= [ s
\w:' -0.08 L
= L
= i

0.10 -

M SN SEVURUEE N GRS RS R
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FIG. 2. Representative plots of {D,/[(e,~1)Cy]l +Dg/[(€3—1)Cql} vs
[(e,—1)+(€;—1)] for the determination of the second (B ) and the third (C )
dielectric virial coefficients according to Eq. (8).

mole fraction X of CO,. This value agrees well with the
calculated value B,,,=—151.70 cm*/mol obtained from the
formalism of Kielich.?®

DISCUSSION

The second dielectric virial coefficient includes the con-
tributions from (a) Bog due to translational-rotational di-
poles induced by molecular multipolar and overlap fields, (b)
B\g due to translational-rotational—vibrational dipoles in-
duced by multipolar and overlap fields, and (c) By due to
dipoles induced primarily by the electric field of light,
namely

We note that in dielectric practice, it is customary to com-
bine Bz and By into a single term Bpyp, where By is the
second refractivity virial coefficient, determined from the
measurements of the refractive index at optical frequencies

For SF¢—SFg pair interaction, Kielich? computed the
orientation part of the second dielectric virial coefficient
such that Bog=Bogp(a,®)+Borld, @), where Bogla,@) is the
contribution arising from the dipole moment induced by the
field of the hexadecapole and it is given by

8 80 (4mNa;)? 2R an
and Bogr(.¢) is the correction term to Bog from the contri-
bution of the hexadecapole—hexadecapole interaction energy
to the total potential energy. This correction is given by

40 960 (TN a,)? _
Bor(¢.8)= —— oyt PHR . (12)

where (R;;")=[R;;" exp(—U,/kT)R};dR;;, ¢ is the hexa-
decapole moment value, and « is the isotropic polarizability.

The value of By is negligible for most gases™® except
SF,, which possesses a number of vibrational modes, which
are infrared active in the presence of another molecule. Of
the various induction mechanisms contributing to By, the

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997
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TABLE 1. Experimental values of the first three dielectric virial coefficients and the second pressure virial
coefficients for CO,-SF; mixtures from this work at 322.85 K. The pure components values are from the

literature.

Molar fraction of CO, A, B (cm®mol®)  C,(cm’mol’) 8, (cm’mol)
0 16.543x0.017* —229.12°
0.105 15.544+0.010 63.161.50 —5999+ 1386 —-205.22+0.24
0.208 14.679+0.015 61.04x1.20 —4638+324 —-198.13x1.80
0.301 13.776x0.015 59.60+0.81 ~3776%153 —179.87%2.50
0.798 9.204+0.006 55.86x0.42 -3146%66 -115.25%0.42
0.902 8.259*0.006 53.53=0.50 -2195+63 -108.85=0.12
1 7.350=0.006° 50.7x0.9° ~2515£235¢ -102.37¢

*Reference 4.

*Extrapolated from data of Ref. 25.
‘Reference 10.

Extrapolated from data of Ref. 24.

most important is due to the vibrating dipole associated with
the allowed infrared transitions of polyatomic molecules. In
this case, Birnbaum and Bose?® have shown that

Br=2(A.~Ag)Nsa’0 ™ I¢(x), (13)

where A, and A, are, respectively, the first dielectric virial
coefficient and the first refractivity virial coefficient, a is the
isotropic polarizability, o is the molecular diameter, and
16=f5°x'6 exp[—V(x)/lx',T]4rrrx2 dx; here x=r/a, r is the
intermolecular distance, and V(x) is the interaction potential.
They calculated the value Br=24.2 cm®%mol? by using the
McCoubrey and Singh®® generalized (7-28) Lennard-Jones
potential, where the parameters are =0.468 nm and (&/k)
=439 K. Therefore, using this value of B, our value of
B,=(65.14%1.80) cm®mol?> and the literature?®® value
Bg=(22.7+0.5) cm%mol’, Eq. (10) gives the value
Bor=(18.24*2.20) cm®mol®. The hexadecapole moment of
SF, is evaluated from the Bog value by using Eqs. (11) and
(12). In calculating ¢, the (7-28) Lennard-Jones potential
parameters defined above and the value for the
polarizability* a=6.558%1072* cm® were used. We obtain
the hexadecapole moment value <;$=(10.75:':0.75)X10'42
esucm®. As there is no direct method for the determination

100

80

(BA1-X)'B,, ¥X

60

404..[.:.[...]..:!.
0.0 0.2 04 0.6 0.8 1.0

FIG. 3. Plot of [B,— B (1 —~X)?]/X vs the molar fraction (X) of CO, for
the determination of the pair interaction parameter (B,,+ B,,;) according

to Eq. (9).

of hexadecapole moments, nor there is any quantum me-
chanical estimates in the literature, it is very difficult to as-
sess an exact value of ¢. A point charge model calculation
by Gray! yielded a value of |¢]=13X107*? esu cm®. Joslin,
et al."’ recently studied the absorption spectrum of gaseous
SFg in the spectral region from 20 to 140 cm™' at 339 K.
Their theoretical analysis, based on the spectral moments
about the different mechanisms underlying the induced spec-
trum, led them to put an upper limit of 7X 107*2 esu cm® on
the hexadecapole moment value. However, we do not con-
sider there is discrepancy between their estimates of the
hexadecapole moment of SF¢ and our results since the pro-
cedure depends critically on the potential parameters. They
used two intermolecular isotropic potential functions in their
approach, i.e., a (40-7) and a Morse—Morse—Spline van der
Waals, suggested by Aziz and Taylor.*? Qur results on the
hexadecapolar SF4 have markedly improved the situation in
dielectric study of gaseous SFg since the first attempt by
Nelson and Cole.'*

For a mixture of multipolar molecules such as CO,-SF,
Bor=(Bor)i12+(Bor)21, and (Bgg))2 is the orientational con-
tribution from the induced moment by the electric field of the
hexadecapole moment of SFq, and (B g),; is the one arising
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FIG. 4. Plot of [B,—B,( 1-X)?)/X vs the molar fraction (X) of CO, for
the determination of the pair interaction parameter (8,),).
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from the induced moment by the electric field of the quad-
rupole moment of CO,. The expression for (Bg),, is similar
to Eq. (11), where for unlike molecules the subscript  stands
for the CO, molecule. The expression for (Bgg),,, which has
been the basis for most treatments of quadrupole-induced
effects, was calculated by Buckingham and Pople33 and is
given by
(47Na;)?0?

(BOR)21=$<R;8)’ (14)
where O, is the quadrupole moment of the CO, molecule and
a; is the polarizability of S¥.

The remaining question is the calculation of By and By
for CO,—SF¢ pair interaction, in order to separate By from
the experimental mixed dielectric virial coefficient of unlike
molecules according to Eq. (10).

For a mixture of dissimilar molecules Bg=28g,,+8ga;,
and since there are no effects from the orientation dependant
interaction at optical frequencies, it is assumed that
Bpgi2=BRgai- To our knowledge, there exists no experimental
value of By, for the mixture CO,-SF; we derived the
value Bg,,=6.5720.42 cm®mol® by taking the geometric
mean of the pure component values?® Bg,,=22.7+0.5
cm®mol? for pure SFg and Bryy=1.9+0.2 cm®%mol? for pure
CO,. This way of determining Bg;, has been confirmed for
the mixture CH,~N, by Achtermann et al.*

For the calculation of Bjg=Bg >+ B, for the mixture,
the quantity (A,—Apg) in Eq. (13) is due to the molecule that
undergoes infrared vibrational transitions, therefore Big;; is
proportional to (A ; — Ag;)a; . For the CO,-SF¢ mixture, we
obtain Bj=6.49 cm®/mol?, where the first dielectric virial
coefficients used for the pure components are listed in Table
I, the first refractivity virial coefficients are®® A,=6.644
+0.002 cm’/mol for pure CO, and Az=11.323+0.002
cm’/mol for pure SF¢. Although the (7-28) potential param-
eters describe better quasispherical molecules such as SFg,
we were, however, obliged to use pure components viscosity
derived (6—12) Lennard-Jones potential parameters for the
mixture via the combining rules €,=(g€)"? and
a,=(o,+0,)/2, to determine the mixed parameters for
CO,-SF; interactions Table II lists the polarizabilities and
the L-J potential parameters used in the present study.*>3¢

Substracting (Bg+Bg) from (B,,+B,,,), one obtains
Bor=(90.23%3.29) cm®mol’. In order to separate (Bog)y
from Bog , we calculate (Bog)i,=1.48 cm®mol? according to
Eq. (11) for unlike interactions by using our value of the
hexadecapole moment of SF ¢=10.75X 1074 esu cm®. But
for a more complete analysis of the model, several correc-
tions have to be taken into account. These corrections have
been discussed in detail in an earlier work.'® The first results
from taking into account anisotropy of the polarizability in
the second molecule of the pair when this molecule is CO,.
Jansen®’ calculated the effect from the modified induced mo-
ment expression with the approximation of a radial pair po-
tential and obtained a correction

4
(ABor)ai(x)= 3 «*(Bog)21» (15)

TABLE II. Polarizabilities and the (6-12) Lennard-Jones potential param-
eters for CO,, SFg, and CO,-SF; interactions,

CO¥i) SFy(j) CO,-SF,
a(107* cm’) 2.91320.002* 6.558+0.007°
E (K) 218.8° 225.36¢ 222.06°
o (1078 cm) 3.819° 5.16¢ 4.489°

“Reference 10.

PReference 4.

‘Reference 35.

dReference 36.

‘Computed from pure component parameters using combining rules.

where (Bog),) is given by Eq. (12) and the anisotropy coef-
ficient k=(ay—a,)/(qy+2a,), o, and a, being the polariz-
abilities parallel and perpendicular to the symmetry axis of
the molecule. For CO,, Bridge and Buckingham®® obtained
«k=0.266, giving (ABgg),; (k)=0.057 (Bor)ay -

A second correction results from taking into account the
reaction field effect, i.e., a second moment induced in one
molecule by the reaction field of the induced moment of
another. This correction was first calculated by Bose and
Cole' using the Lennard-Jones potential

16[(271'Naj)2

0K R, (16)

AB aa;)=—
(ABor)u(a;a;) 15 xT

Two other corrections due to interaction energies are
considered below. The first one results from the energy due
to anisotropic attractive and repulsive forces and is given

64

(ABoR)2 (anis)=— 103

kT

471'N]2

X €D a; O o (R;;*)— iR, ']
(17

The parameter D represents the shape factor. For carbon di-
oxide, Spurling and Mason®’ give D=-0.1. The other cor-
rection is due to the quadrupole-induced dipole energy which
is given by'?

2

123 | 47N _
[ a}O}(R;'). (18)

(ABor)2i(a;0)) = 105 | %1

The values for (Bog)ia, (Bog)a» and the corrections
above were calculated using the polarizabilities and the vis-
cosity derived Lennard-Jones parameters listed in Table 1L
Using the equation Bor=(Bog)12+(Bogr)a +{ABgg), where
(ABpg) includes all the corrections, and solving for the
quadrupole moment of CO,, we find ©O=(4.48
+0.30)X 1072 esu cm?. The uncertainty in O reflects only
the error inherent to the experimental method and does not
take into account the error resulting from uncertainties in the
6—12 Lennard-Jones potential parameters. In Table III, the
magnitude of each of the terms in By is presented. One can
notice, however, that although each of the corrections is
rather small, their total adds up to about 18% of the experi-
mental By value, decreasing the value of O by about 10%.
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TABLE III. Various terms contributing to the mixed orientational second
dielectric virial coefticient of CO,-SF;.

As a function of © 0=4.48x10"% (esucm?)

(Bor)a 362.966%10% 62 72.84
(Borsz 1.48 1.48

(ABog) (a,8)) 223.98x10'% 6% 8.998
(ABoR) (aja)) 12.985% 10% @7 2.606

(ABog) (1) 20.69%10%° 62 4.152
(ABog) (anis) 1.23x10% 62 0.247

On the other hand, it is assumed that higher order multipole
interaction in the analysis oi pair interactions are insignifi-
cant.

In our treatment of the pairwise CO,—SF interactions,
various orientational energies were accounted for in addition
to a central Lennard-Jones potential. An important point is
that the pure components parameters &k and o for the latter
are obtained from viscosity data on the assumption, sup-
ported by theoretical analysis by Mason and co-workers,**%!
that the collision integrals determining viscosities are insen-
sitive to orientation dependent forces. The value
©=(4.48+0.30)X1072% esu cm?® from this work is in good
agreement with the literature values.!®!® The agreement is,
however, excellent with the latest experimental value
0=(4.49%0.15)X10"% esucm? determined by the direct
method of induced birefringence by Battaglia et al.'? It is
thus fair to conclude that our understanding of the complex
electrostatic interactions in gas mixtures is rather reasonable
despite all the complexities.
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A new method for the measurement of solid solubilities in supercritical fluids is described in detail.
The method is based on the measurement of the dielectric constant of the saturated supercritical
solution solvent—solute and that of the supercritical solvent as a function of pressure along different
isotherms. Our method is simple, absolute, easy to use, and permits precise measurement of the
solubility of solids in supercritical fluids. Solubilities of naphthalene in supercritical CO, in the
pressure range 12-30 MPa are reported along the isotherms 313.15, 318.15, and 323.15 K.
© 1998 American Institute of Physics. [S0034-6748(98)01407-5]

I. INTRODUCTION

The ability of a supercritical fluid to dissolve solids was
first reported about 100 years ago by Hannay and Hogart,'
who studied the solubility of inorganic salts in supercritical
ethanol. Buckner? subsequently showed that the solubility of
organic solutes in supercritical carbon dioxide was orders of
magnitude higher than what is expected from vapor pressure
consideration alone. Since then, there has been increased ex-
perimental work on solubility of organic solids in supercriti-
cal fluids. Most of this research activity has been reviewed
recently.3‘4 Industrial supercritical extraction processes are
now used on a large scale, e.g., for coffee decaffeination and
hop extraction, and on a smaller scale, for the extraction of
value-added components in the food industry such as flavor
or fragrance and perfumes in the cosmetic induery.S‘6 The
knowledge of the solubility of a substance in a supercritical
fluid is essential for the feasibility study or the design effi-
ciency of any supercritical fluid extraction process.

The choice of an adequate experimental method for the
determination of the solubility of organic compounds in su-
percritical fluids is important from the point of view of
speed, simplicity, and precision of the measurements. Essen-
tially, one finds the use of three different methods in the
literature: the gravimetric methods, the chromatographic
methods, and the spectroscopic methods.

The gravimetric methods, the most widely used tech-
nique, basically involves the production of the saturated so-
lution by passing the supercritical fluid at constant flow rate
throughout an extraction cell packed with the solute. Then
the saturated solution is expanded to atmospheric pressure
across a heated metering valve. Therefore, the solute falls out
of solution and it is collected in a cold trap. The amount of
the solute collected in the trap for a given period of time is
determined gravimetrically and the corresponding volume of
the pure solvent is measured. Since the pioneering work of
Eckert,’ Paulailis,8 Reid,9 and their co-workers, many im-
provements have taken place in the development of the flow
apparatus for the gravimetric determinations of solubilities.
The experimental error is quoted as 3%-5% for all solubili-

0034-6748/98/69(7)/2732/6/$15.00 2732

ties. But, the major drawback for this method is to ensure
that the collected solute corresponds exactly to the total in-
tegrated volume of the flowing gas. The precipitation of the
solute between the extraction cell and the inlet to the trap,
which is not collected, can lead to significant error.'?

Most chromatographic methods used are modifications
of the gravimetric methods,® where the chromatograph is
coupled to the flow type apparatus for supercritical solution
sample analysis. This technique has many variants which are
briefly described by Bruno® and Bartles ez al.> The real ad-
vantage of this method is for studies related to mixed solute
solubilities. However, the key experimental challenge in
some cases is to avoid pressure drop while sampling a sys-
tem so heavily dependent on pressure.!® Accuracy compa-
rable to the gravimetric method has been obtained with this
technique.'! However, the major source of error may be at-
tributed to chromatographic analysis,'® which relies on cali-
bration factors.

The spectroscopic method is more convenient for in situ
analysis, by making absorption measurements in the ultra-
violet or infrared directly in a high pressure cell.®> Spectro-
scopic analysis can also be used following a flow system and
precipitation by dissolving the solute in a suitable solvent
and making photometric measurements on the solution after
calibration with standard solutions. This method would seem
to be reliable although no tabulated data on pure compounds
have been published.?

The purpose of this article is to describe a new method
for the determination of solid solubilities in supercritical flu-
ids based on the static dielectric constant measurements. Be-
cause of the simplicity of the electrical measurements and
our previous experience in the field of dielectrics—which
covers areas such as the detection of parts per million (ppm)
waler contaminant in natural gas,I2 precise measurements of
the gas density and compressibility factor,'*'* and determi-
nation of higher multipole moments of molecules from the
second dielectric virial coefficient'>'®*—we find it particu-
larly suitable to extend the dielectric technique to solid solu-
bility measurements in supercritical fluids. From the mea-

© 1998 American Institute of Physics
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FIG. 1. Schematic diagram of the experimental setup for supercritical solid solubility measurements: C—compressor; SFES—supercritical fluid supply vessel:
V, V), V,—valves; PG—pressure gauge; F—Filter; SC—solute cell; DC—dielectric cell; CB—capacitance bridge; QPT-—quartz pressure transducer; T—

thermometer; VP—vacuum pump; CTB—controlled temperature bath.

surement of the dielectric constant of the saturated
supercritical solution (solvent—solute) and that of the pure
solvent at the same pressure along an isotherm, the solubility
of the solute is determined in the supercritical fluid in molar
concentration. This technique is precise, absolute, and gives
a direct, in situ determination of the solubility.

In this study, the solubility of naphthalene in supercriti-
cal CO, is measured in the pressure range 12—-30 MPa along
the isotherms 313.15, 318.15, and 323.15 K. The naphtha-
lene is chosen as the model solute in order to test the reli-
ability of the static dielectric constant method.

il. THEORETICAL APPROACH

The Clausius—Mossotti function ((e~—1)/(e+2))1/p for
the static dielectric constant € in powers of the molar density
p is given by

CM e~ 11

= — = 24...
=) AABp+Cpi+--, (N

where CM=(e—1)/(e+2) and, A,, B,, and C, are, re-
spectively, the first, second, and third dielectric virial coeffi-
cients.

In order to obtain the amount of solute dissolved in the
supercritical fluid, the quantities of practical interest are the
dielectric constant €’ of the saturated supercritical solution
and that of the supercritical solvent €” at the same pressures
along an isotherm. Using the expression for CM in Eq. (1)
for €’ and €”, respectively, and subtracting CM" from CM’,
we obtain

CM!_CMﬂzA;p/_AIEIpn_’_ﬂ, (2)

where the primed quantities pertain to the saturated super-
critical solution, the double primed ones belong to the super-
critical solvent, and S represents the difference between the
second and higher order terms in p’ and the ones associated
with p” following the development of the quantity CM in
powers of the molar density in accordance with Eq. (1).

Moreover, for a binary mixture solvent and solute where x is
the mole fraction of the dissolved solute, the first dielectric
virial coefficient is given by'®

AL=AY(1-x)+AL, 3)

where Al is the first dielectric virial coefficient of the solute
vapor and the molar fraction x=p*/p’, p* being the molar
density of the dissolved solute in the supercritical solvent.
By using Eq. (3) in Eq. (2), and knowing that p' =p"+p°, it
can easily be shown that

CM'-CM"=Ap’+ B. 4)
For nondipolar solute, the first dielectric vinal coeffi-

cient is given by'®
i 47N,

Ay 3 a, (5)

where N, is Avogadro’s number and « is the molecular po-
larizability. Equation (4) then gives us the working relation
for the solubility determination which is

CM'-CM" B
prE=—— (6)
AE AE

where (B/A%) is the correction to the solubility p° arising
from the difference (CM’'—CM") and relative to the differ-
ence of the higher order terms in p’ and p”. This correction

will be evaluated properly in Sec. III.

lll. EXPERIMENT

The schematic diagram of the experimental setup for the
measurement of the dielectric constant of the supercntical
CO,—naphthalene as a function of pressure along an iso-
therm is presented in Fig. 1. It consists mainly of the dielec-
tric cell and two solute cells connected in series. The dielec-
tric cell, i.e., Fig. 2, is of the three terminal type. It has two
parallel plates capacitor of 3.18 cm in diameter. The separa-
tion between the plates was adjusted to have, under vacuum,
a geometrical capacitance of about 10 pF. The plates are
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FIG. 2. Schematic diagram of the dielectric cell.

made of stainless steel and gold plated in order to reduce
adsorption. Details of the construction may be found
elsewhere.!” The dielectric measurements were carried out at
1 kHz with a capacitance bridge (Andeen Hagerling, model
2500A) having a resolution of 1078 pF. The cylindrical
sample cells are constructed using 316 stainless steel, with
an outcr diameter of ~7.32 cm, a wall thickness of .90 cm,
and a height of 7.62 cm. To ensure thermal stability, the
measurement system (dielectric cell, sample cells, valves,
and connection tubes) was immersed in a constant tempera-
ture bath. The temperature was controlled by a circulating
fluid and was measured within * 10 mK with a platinum
resistance thermometer (Guildline model 9540) having a
resolution of 1 mK. The absolute pressure measurement is
carried out by a quartz pressure transducer (Paroscientific
model 740) having a precision of 0.01% and calibrated
against a pressure standard manufactured by Desgranges and
Huot (model 5213). The precision of the standard is 0.005%.

For all the dielectric constant measurements reported
here, a correction for the effect of pressure on the geometric
capacitance Cs is accounted for. The relation between
Cs(P), the geometric capacitance at pressure P, and
Cs(0), the vacuum geometric capacitance, is Cg(P)
=Cs(0)(1 —«P), where « 1s the compressibility and x=2
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FIG. 3. Plots of the measured dielectric constant of pure CO, as a function
of pressure.

X 1078 MPa™! for stainless steel. The CO, was supplied by
Linde Company. It is a supercritical fluid (SCF) grade with
guaranteed minimum purity of 99.995%. The naphthalene
supplied by Sigma Chemical Company was 99+ % pure.

A typical procedure for the solubility experiment along a
given isotherm was the following: First, measurements of the
static dielectric constant of pure CO, as a function of pres-
sure are carried out up to 30 MPa. Then, the two solute cells
are packed with finely ground solid naphthalene. Enough
solid solute was also placed at the bottom of the dielectric
cell, see Fig. 2, so that an excess solid naphthalene would be
present after solvent saturation at each given pressure. The
solute cells are connected in series with the dielectric cell
and the complete set is mounted into the constant tempera-
ture bath. The system is then purged with dry nitrogen to
remove any moisture and evacuated, and the capacitance un-
der vacuum is measured. The supercritical fluid supply ves-
sel [(SFS), see Fig. 1], which is heated to the temperature of
the experiment, is filled with carbon dioxide to a pressure
higher than the desired experimental pressures. Then, the
valves V| and V, are opened slowly allowing the supercriti-
cal CO, to flow through the layers of solid naphthalene in the
two solute cells and the dielectric cell. Glass wool was
placed at beth ends of the cells in order to prevent the soiid
solute from clogging the tubing. Once the desired pressure is
reached in the system, the valves V, and V, are closed and
the values of the pressure and the capacitance, at constant
temperature, are monitored periodically, by a personal com-
puter, until saturation at equilibrium is achieved. It is worth
mentioning that during the saturation stage the capacitance
increases while the pressure decreases, and the time required
to achieve saturation at equilibrium for the determination of
the solubility of naphthalene in supercritical CO, varied from
2 to 6 h with longer times required for higher solubilities.

IV. RESULTS AND DISCUSSION

The experimental values of the dielectric constant of su-
percritical CO, are plotted in Figs. 3 and 4, respectively, as a
function of pressure and CO, densities along the isotherms
313.15, 318.15, and 323.15 K. The CO, density values p”



Rev. Sci. Instrum., Vol. 69, No. 7, July 1998
1.60
=
155 | o'
™ w
g 150 c .d'cf
[ C
g d
S 145l -
o L
g L wof Opdﬁ, e T=313.45K
3 ’ u P o T=318.15K
a C L = T=32315K
1.35 -
S
C a
1.30
t'l TN N T T Y YO T N T (N O T T Y U T Y O A A O A
12 14 16 18 20 22

p".10* (mol/cm®)

FIG. 4. Plots of the measured dielectric constant as a function of density for
pure COs.

were from the equation of state of Span and Wagner.'® The
critical parameters along with the polarizabilities of both
CQO, and naphthalene are shown in Table 1. One can see from
Fig. 4 that the investigated region in this study lies above the
critical density p of pure CO,. For the sake of comparison,
Fig. 5 displays the experimental values of the dielectric con-
stant of CO,—naphthalene at saturation and that of supercriti-
cal CO, as a function of pressure at T=318.15 K.

For the calculation of the solubility p*, Eq. (6) was used
where A=41.6X 10" dm*/mol. A% is computed via Eq. (5)
using the molecular polarizability value of naphthalene?!
shown in Table 1. The correction to the solubility was taken
into account by estimating the quantity 8 in Eq. (2). Hence,
at each given pressure and temperature, the expression
(CM—Ap) which is, according to Eq. (1), equal to the sec-
ond and higher order contributions in molar density to CM,
was evaluated for the solvent and for the saturated supercriti-
cal solution. For pure CO,, we used the measured values of
the dielectric constant, the density p” values from the equa-
tion of state of Span and Wagner,'® and the literature? value
A7=7.350 cm?/mol for CO,. It was found that, in the range
of our experimental pressures, the quantity (CM”"—A7p")
fluctuates around an average value of 3.77% of CM" at
313.15 K, 3.68% of CM” at 318.15 K, and 3.50% of CM" at
323.15 K. However, it does not exceed 4.25% of CM” nor
does it go below 3.27% of CM" for all the given pressures
along the three isotherms as shown in Fig. 6. For the satu-
rated supercritical solution, as the solubilities are low, we
approximate the average deviation of the second and higher

TABLE 1. Critical parameters and polarizabilities of CO, and napthalene.

CO, Naphthalene
P_.(MPa) 73777 4.05°
7. (K) 304.128° 748.4°
p(1073 mol/iem?) 10.625° 2.42b
a(107% cm®) 2913 16.5¢

2Reference 18.
bReference 19.
‘Reference 20.
dReference 21.
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FIG. 5. Plots of the measured dielectric constant of pure CO, and that of
CO,-naphthalene at saturation at 7=318.15 K.

order contributions (CM’—A_/p’) to the supercritical solu-
tion quantity CM’ as being equal to that for the pure CO,,
relative at the same given pressures and temperatures. It is
easily shown that

B (CM’—CM")( ) @

—=n|———|(%),

Ae A
where n takes the values 3.77, 3.68, and 3.50, respectively, at
313.15, 318.15, and 323.15 K.

The solubility values in molar concentrations are listed
in Table I and plotted in Fig. 7. These results clearly show
that the solute solubility increases with increasing pressure
along the isotherms studied. Figure 7 shows that the solubil-
ity isotherms intersect around P =13.5 MPa. This pressure,
known as the upper crossover pressure, bounds a region
where the retrograde solubility occurs (decrease in solute
solubility with an isobaric increase in temperature). This
phenomenon of retrograde solubility has been discussed in
detail by many workers.”?2™% As Foster et al.” pointed out,
at pressures below the crossover pressure, the solubility de-
creases with increasing temperature as a consequence of the
rapid decrease in solvent density. However, above the cross-
over pressure, the solubility increases with temperature as

5
[ e T=313.15K
o T=318.15K
_ i s T=323.15K
£ . e
< 41 e &
:>{ :_ . {,._._.:,;?LI._D_.___._ S S —
Q. — - . — — — —
= W B o
<. B - [ | [ | .. .
-2 3 -
9 I
2—J|Il|41_llI|lJ;IJlllll
10 15 20 25 30

P(MPa)

FIG. 6. Contribution (%) of (CM”"—A"p") 10 CM" for pure CO, as a func-
tion of pressure. The horizontal features (---), (---), and (---) represent, re-
spectively, the median at 7=313.15, 318.15, and 323.15 K.
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TABLE II. Values of the solubility of naphthalene in supercritical CO,.

Rev. Sci. Instrum., Vol. 69, No. 7, July 1998

P Molarity p*
(MPa) (mol/L) X
T=313.15K 12.419 0.2410 0.0146
13.557 0.2758 0.0160
14.487 0.2873 0.0164
16.276 0.3232 0.0178
18.760 0.3582 0.0190
20.761 0.3828 0.0199
23.205 0.4104 0.0208
26.127 04115 0.0204
T=31815K
12.254 0.2295 0.0151
13.534 0.2863 0.0178
14.752 0.3268 0.0195
16.822 0.3799 0.0216
18.125 0.4076 0.0226
20.297 0.4415 0.0238
22.342 0.4648 0.0244
24.513 0.4880 0.0252
28.057 0.5161 0.0259
T=323.15K
12.014 0.1608 0.0121
13.915 0.2893 0.0190
14.904 0.3425 0.0216
16.522 0.4145 0.0248
18.540 0.4859 0.0280
20.562 0.5421 0.0301
22.203 0.5801 0.0316
24.446 0.6230 0.0330
26.542 0.6557 0.0340
28.664 0.6837 0.0349
30.472 0.7032 0.0354

does the solid solute vapor pressure. Using a semiempirical
model, these authors calculated the crossover pressure value
P=(1392%£6.9%) MPa, for the binary CO,—naphthalene
system.

From Egs. (6) and (7), we see that the uncertainty in the
solubility values is due to the uncertainties in CM’, CM”,
and A} . The experimental error in the function CM is com-
puted from

0,700
0,600 [
%‘ [
2 o.soo:
> f
iE 0,400 -
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|
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[ T=313.15 K
N o  T=318.15K
0,200 s T=323.15K
AN PO S VR N VR SUN T SR S SRt
10 15 20 25 30
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FIG. 7. Plots of the solubilities of solid naphthalene in supercritical carbon
dioxide vs the pressure at 7=313.15, 318.15, and 323.15 K. The arrow
indicates the estimated upper crossover pressure.
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FIG. 8. Comparison of our solubility data results to previous works at T
=318.15 K.

ACM 3e Ae
CM ’ ®)

(e=1)(et+2) €
where the relative error on the dielectric constant € does not
exceed 0.005% and that on the first dielectric virial coeffi-
cient A7 is better than 0.5%. Therefore, the relative error on
the solubility values, a decreasing function with pressure,
varies in the present case from 0.9% at 12 MPa to 0.6% at 30
MPa.

The solubilities x in molar fraction of naphthalene are
also listed in Table II in order to make a direct comparison
with previous studies. They are computed using the molar
concentration solubilities from this work and the density val-
ues of pure CO, from the Span and Wagner equation of
state.'® The supercritical solution density data differ from
that of the pure solvent densities*® by at most 5%. This ap-
proximation has been used before in models for the predic-
tion of the solubility of solids in supercritical solvents.>?”?®
Figure 8 compares our solubilities values with those reported
in the literature at T=318.15 K. Our results agree to better
than 4% with those of Tsekhanskaya et al.? and the data of
Chang and Morrell*® at T=318.15 K. Our data are within the
experimental uncertainties of the previous studies.

The results indicate that the static dielectric constant
method is capable of accurately determining the solubility of
solids in supercritical solvents. Our method has many advan-
tages: it is absolute, simple, and precise. The only disadvan-
tage is certainly the long period of time required to achieve
the saturation at equilibrium. This drawback may be over-
come by designing a closed circuit circulating procedure,
where the supercritical solvent is circulated at constant flow
rate through the solute cell and the dielectric cell in order to
achieve solvent saturation at a very short period of time.
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