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The conditions under which the Taylor-Aris dispersion phenomenon can be 
employed to generate accurate tracer diffusion data in supercritical dense fluids 
are established. The technique is used to determine the diffusivities of benzene, 
toluene, naphthalene, and phenanthrene in supercritical dense 2,3-dimethylbu- 
tane as a function of temperature and pressure. A molecular theory incorporating 
the Sung-Stell formulation of molecular dynamic correlations in smooth-hard- 
sphere fluids and the Baleiko-Davis molecular roughness for polyatomics with 
the Enskog-Thorne dense gas diffusivity relationship is found to represent our 
experimental data to within f4%. The values of the effective hard-sphere diame- 
ters involved in the present theory can be predicted fairly accurately from the 
critical volumes of the solutes and solvent considered here. 
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SCOPE 

Binary diffusivity is an important property in correlating 
and predicting the mass transfer coefficient for the design of 
separation processes. Separation using supercritical dense gas- 
es has proven to be advantageous over conventional methods 
such as liquid extraction or distillation, and yet there exist no 
consistent binary diffusion data for application under such 
conditions. This study is aimed at providing a reliable experi- 

mental method on the basis of the Taylor-Aris dispersion phe- 
nomenon. The measured values of the tracer diffusivities of a 
series of aromatic hydrocarbons in supercritical dense 2,3- 
dimethylbutane are used to furnish a fundamental under- 
standing of binary diffusion within the framework of a molec- 
ular theory. 

CONCLUSIONS AND SIGNIFICANCE 

We have analyzed the experimental conditions under which 
the Taylor-Aris dispersion phenomenon can be reliably em- 
ployed in practice to determine the tracer diffusion coeffi- 
cient in supercritical dense fluids. On the basis of the Enskog- 
Thorne dense gas theory, the Sung-Stell formulation of molec- 
ular dynamic correlations in smooth spheres, and the Baleiko- 
Davis theory of rough spheres, the present theory is shown to 
represent to within f4% the observed diffusivities of ben- 
zene, toluene, naphthalene, and phenanthrene in supercritical 

dense 2,3-dimethylbutane at temperatures from 523.2 to 548.2 
K and pressures from 5.352 X los to 1.590 X lo7 N/m2. The fact 
that the effective solute and solvent molecular diameters can 
be fairly accurately predicted from critical volumes verifies 
the practical application of the present theory. The theory is 
also used to reveal the inconsistency and probable lack of 
accuracy of the existing data for tracer diffusion in supercriti- 
cal dense carbon dioxide. 

INTRODUCTION liams, 1981; Paulaitis et al., 1983). The design of SCFE processes 
requires a knowledge of molecular diffusivity for correlating and 
predicting the mass transfer coefficient. Unfortunately, the few 
binary diffusion data available thus far appear to be inconsistent 
and probably lack accuracy, as will be discussed below. Thus it is 

Supercritical fluid extraction (SCFE) offers a number of ad- 
vantages Over conventional liquid extraction or distillation (wil- 
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crucial that a reliable experimental method be established for 
gathering accurate data before fundamental understanding of 
diffusion in supercritical dense fluids and correlation develop- 
ment can be accomplished. One of the objectives of this study is to 
present an experimental technique on the basis of the Taylor-Aris 
dispersion phenomenon (Taylor, 1953; Aris, 1956). The tech- 
nique is employed to measure the binary tracer diffusion coeffi- 
cients of benzene, toluene, naphthalene, and phenanthrene in 
supercritical dense 2,3-dimethylbutane (T ,  = 500.0 K, P ,  = 3.14 
X 106 N/m2), a solvent proven to be desirable for separation 
under supercritical conditions (Barton and Hajnik, 1980). Condi- 
tions for the present diffusion measurements fall in the range of 
practical interest: 0.9 < TR < 1.2 and P R  > 1. The other objective 
is to use the measured values of the diffusion coefficients to test 
the performance of a hard-sphere theory of diffusion which 
incorporates Enskog and Thorne’s dense-gas relationship (Chap- 
man and Cowling, 1970), Baleiko and Davis’s (1974) molecular 
roughness, and Sung and Stell’s (1984) formulation of molecular 
dynamic correlations present in the dense fluid region. The defi- 
ciency of computer simulation results on hard-sphere fluids en- 
countered in dealing with binary diffusion in supercritical dense 
carbon dioxide (Chen, 1983) is thereby removed. 

EXPERIMENTAL 

The Taylor dispersion technique employed previously to determine 
the diffusivity in liquids (Chen et al., 1983) is extended for diffusion 
measurement in the supercritical dense fluid region by including axial 
diffusion in the formulation of dispersion coefficient. In other words, the 
Aris (1956) generalization of the Taylor (1953) dispersion analysis in 
liquids, together with Levenspiel and Smith’s (1957) condition for a 
Gaussian distribution of solute concentration at tube end, provides the 
means to calculate binary diffusivity from the observed dispersion: 

where K is the dispersion coefficient, D12 the tracer diffusivity of solute 
(1) in solvent (Z), u the mean fluid velocity, and Q the tube radius. 
According to Levenspiel and Smith (1957), the concentration distribution 
at the tube end is Gaussian if 

K - < 0.01 
U L  

where L is the tube length. According to Giddings and Seager (1962), D12 
can be calculated from the following expression: 

(3) 

in which H ,  the plate height, can be found from the tube length L, half- 
height width W ~ / Z ,  and retention time t as follows (Cloete et a]., 1976), 

(4) 

Shown in Figure 1 is a schematic diagram of the apparatus constructed 
for the present research. To get rid of the dissolved air, helium is constant- 
ly bubbled through the solvent. The solvent is delivered at room tempera- 
ture at a low and steady flow rate (typically 6 X 10+ m3/h) with a high- 
performance liquid chromatography metering pump (Constametric 111, 
Milton Roy Co.). A Reodyne valve is used to inject 2 X lo+ m3 dilute 
solution (typically 0.5 wt.%) into the flowing solvent prior to entering the 
dispersion column. The column is made of 57.79 m long, 1.59 X 10-3 m 
O.D. and 7.88 X m I.D. stainless steel capillary tube coiled in 0.2 m 
radius. It is submerged in a constant-temperature oil bath that can be 
heated to 573 K and maintained to within k0.2 K. The initial dispersion 
plus volume expansion in the tube length over which the liquid is heated 
to within 0.1 K of the bath temperature accounts for only 0.3% of the total 
dispersion length. Using the results of Gill and Sankarasubramanian 
(1971) as well as those of Evans and Kenney (1965), one finds that such an 
extent of initial dispersion has a negligible effect on the diffusivity 
calculated from the observed solute dispersion. After about 3-4 h of 
dispersion, the fluid is cooled back to room temperature and passes 
through a section which is constricted to provide a pressure up to 2 X lo7 
N/m2 by viscous friction. It is noticed that fluid flow through the con- 
stricted section is accompanied by cooling upon volume expansion, which 
tends to further increase the system pressure by reducing the passage in 
this section. By maintaining a constant temperature around this section 
the pressure can be kept constant to within &0.2% of the value deter- 
mined by a Heise gauge. The tube length for temperature and pressure 
reduction is about 0.1% of that of the dispersion column. A UV absor- 
bance detector (Milton Roy Co.) monitors the solute concentration pro- 
file. Questions may arise as to the feasibility of coiling the tube and of 
reducing both temperature and pressure prior to the detector. In fact, the 
perturbations on the measured diffusivity due to secondary flow can be 
estimated from the second term of the righthand side of the following 
equation (Nunge eta]., 1972), 

H=-- LWI, 
5.54t2 
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Figure 1. Schematic diagram of the diffusion apparatus. 
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($ K' = K + (7.54 X 10-')D,,Pe2Re4 

X [-0.162Sc? + 2.52 X (5) 

where K' is the dispersion coefficient in coiled tube, K is that in a straight 
tube given by Eq. 1, R is the coil radius, and Pe, Re, Sc are the Peclet, 
Reynolds, and Schmidt numbers defined to be 

Pe = Re.  Sc 

Re = 2apu/p 

sc = PIPD,, 

in which p is the fluid density and @ the viscosity. The perturbations due 
to temperature/pressure reduction occurring within a short length be- 
tween the dispersion column and detector are negligible if the following 
condition is satisfied (van der Laan, 1958), 

uL/K 2 1,OOO (7) 

For dense fluids for which the viscosity is on the order of 10-5-10-3 
N.s/m2, diffusivity 10-9-10-7 mz/s, density 102-103 kg/m3, sample cai- 
culations show that with the present experimental apparatus the diffusi- 
vity can be obtained from Eq. 3 while neglecting the effects of tube 
curvature and temperatnre/pressure reduction prior to detection. 

For a typical diffusion measurement, the pump is started to build up 
pressure before the oil bath is heated. Once both temperature and pres- 
sure have reached the desired readings, the flow system is allowed to 
equilibrate for 3-4 h. Injection of sample solutions then follows at inter- 
vals of 15 m. The reproducibility of measured diffusivities is f 2 %  or 
better for a total of three to four injections. The retention time of the 
injected solution pulse is about 3 h. Over a 12 h period the pressure 
reading is stable to within f0.5%, while theoil bath temperature is always 
controlled to within f0 .2  K. Thus, it is believed that our experimental 
apparatus and procedures are capable of generating accurate diffusion 
data. 

Materials. The solute benzene (99%+), toluene (99%+), naphthalene 
(99%+) and phenanthrene (98%+), all purchased from Aldrich Chemical 
Co., and solvent 2,3-dimethylbutane (99%, Alfa) were all used as re- 
ceived, without further purification. 

THEORETICAL BACKGROUND 

In the treatment of the present diffusion data in the supercriti- 
cal dense fluid region, the factor D12SHS/D12E in the rough-hard- 
sphere equation of molecular diffusion (Chandler, 1974a,b; Ba- 
leiko and Davis, 1974), namely, 

is derived from Sung and Stell's (1984) theory of tracer diffusion 
(i.e., binary diffusion at infinite dilution): 

\ '  0 1  

In Eq. 8, DlzE, the Enskog-Thorne tracer diffusivity in the dense 
gas region, is given by (Chapman and Cowling, 1970): 

where n2 is the solvent number density, 612  is (ul + a2)/2, and m12 
is mlmz/(ml + mz). In the case of tracer diffusion, the Mansoori- 
Carnahan-Starling-Leland formula for pair correlation function 
at contact reduces to (Sung and Stell, 1984): 

Y,, = (1 - t J - 3  ( 1 - '$2 + - l:Jl-Ez+$) 

(11) 

in which the packing efficiency (2 = ~ n ~ u , ~ / 6 .  For self-diffusion 
a1 = UZ, and Eq. 11 further reduces to 

1 - 2  E 
I 

0 

Y,, = ---L 
(1 - 

For molecular roughness hlz = 0.714 is adopted on the basis of 
uniform mass distribution within the effective hard-sphere vol- 
ume (Baleiko and Davis, 1974). The effects of collective molecu- 
lar motion appear in Eq. 9 as DlzH, the diffusivity in the hydrody- 
namic limit, and 7, the low-density limit of which is YE. The 
value of y is found numerically for given (2 and az/u1 from the 
following relationship: 

in which the apparent packing efficiency t,* is defined as y3E2. 
The value of YE is also found from Eq. 13 at  l 2  successively 
reduced from until the converging value is obtained. The 
other feature of Eq. 9 is that both hydrodynamic (D1zH) and 
Enskog-Thorne limits (DlzE) are considered, and the ratio 
D12H/D12E turns out to be 

(14) 

in which pzSHS/p$, the ratio of smooth-hard-sphere viscosity to 
the Enskog-Thorne prediction, is formulated as follows using 
Alder et al's. (1970) computer results in the thermodynamic limit, 

EZYlZY,, 

(p iHS/&)(1  + 3.20f;,Yz2 + 12.18[iYi2) 

(15) -- r'HS - 1 + 1.27 exp[23.78(& - 0.5)] 
Pz" 

In essence, the rough-hard-sphere model carries two parame- 
ters, i.e., the effective hard-sphere diameters for solute and sol- 
vent molecules. Instead of treating them both as adjustable pa- 
rameters, we reduce Eqs. 8-14 for self-diffusion by imposing a, 
= a2 and ml = m2. Among the solutes and solvent under present 
investigation, the self-diffusion data as a function of temperature 
are available only for benzene from 288.2 to 328.2 K (McCool et 
a1.,1972). The values of U'S fitted from observed values of self- 
diffusivity using Eqs. 8-14 reduced for self-diffusion are then 
cast in the following form proposed for liquid metals by Protopa- 
pas et al. (1973): 

a,[ 1 - B( T/T,)1'2] 
1 - B  

a(T) = (16) 

where the subscript m designates the melting point, and B is a 
numerical constant related to the curvature at the minimum of 
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TABLE 1. TRACER DIFFUSIVITY OF FOUR SOLUTES IN SUPERCRITICAL DENSE  DIM DIM ETHYL BUTANE, AND COMPARISON BETWEEN THEORY 
AND EXPERIMENT 

~ ~~~~~~ 

Parameter 
T P V 
K lo6 N/m2 m3/kmol Benzene Toluene Napthalene Phenanthrene 

Diffusivity D (109D~zeVpf, m2/s) and Comparison C (D1zRHs/D1zeVt) 

D 25.0 23.0 19.9 17.2 
523.2 15.32 0.1876* C 0.97 0.98 0.98 0.95 

D 28.9 26.4 23.0 19.7 
523.2 10.23 0.2000** c 0.96 0.97 0.97 0.95 

D 33.9 30.8 26.5 22.4 
523.2 6.897 0.2222** c 1.00 1.02 1.03 1.02 

D 38.9 - 31.0 25.9 
523.2 5.352 0.2500** C 1.07 - 1.08 1.08 

D 26.6 24.4 21.6 18.3 
535.2 15.90 0.1911* c 0.96 0.97 0.95 0.94 

D 29.0 27.0 - 20.0 
535.2 12.44 0.2000** c 0.96 0.96 - 0.94 

535.2 
D 35.0 

8.145 0.2222*" c 0.98 
31.3 27.8 23.2 

1.02 0.99 1.00 
~~~~ ~ ~~ ~~ ~ 

D 40.1 36.8 - 26.6 
535.2 6.276 0.2500** C 1.05 1.07 - 1.06 

D 29.8 28.1 24.0 20.5 
548.2 14.37 02000** c 0.95 0.94 0.95 0.93 

D 35.3 32.7 28.1 23.7 
548.2 9.938 0.2222** c 0.98 0.99 0.99 0.99 

D 40.4 
548.2 7.614 0.2500** C 1.06 

38.7 32.1 26.7 
1.02 1.06 1.07 

* Molar volume estimated with Elenedict-WebbRubin-Friend equation of state using coefficients reported for 2.3-dimethylbutane by Griskey and Beyer (1963). 
** Molar volume of 2,Sdimethylbutane experimentally determined by Kelso and Felsing (1942). 

intermolecular potential. The justification for using Eq. 16 is 
further discussed below. However, it should be noted that the 
temperature variation of the effective hard-sphere diameter, as 
stated by Eq. 16, is accounted for by the balance between the 
relative kinetic energy and repulsive potential energy of a pair of 
colliding molecules of a real fluid (Protopapas et al., 1973). The 
effective hard-sphere diameter of benzene molecule predicted 
from Eq. 16 at a given temperature is then used to obtain the 
effective hard-sphere diameter of 2,s-dimethylbutane molecule 
by fitting the experimental tracer diffusivity to Eqs. 8-15. We 
also treat the effective hard-sphere diameters of the molecules of 
the rest of the solutes as adjustable parameters simply because of 
the lack of self-diffusion data as a function of temperature. For 
the rather limited temperature range involved in our diffusion 
measurements, it seems reasonable to neglect the temperature 
variation of the effective hard-sphere diameters of all substances 
concerned. 

RESULTS AND DISCUSSION 

The tracer diffusivities of benzene, toluene, naphthalene, and 
phenanthrene in supercritical dense 2,3-dimethylbutane deter- 
mined with the Taylor-Aris dispersion method are presented in 
Table 1 as a function of temperature and pressure. Each reported 
diffusivity is the mean of three to four measurements, and the 
standard deviation is f 2 %  or better. Also given in Table 1 are the 

molar volumes of 2,3-dimethylbutane either reported by Kelso 
and Felsing (1942) or estimated with the Benedict-Webb-Rubin- 
Friend equation of state using the coefficients reported by Gris- 
key and Beyer (1963). In order to verify the consistency of our 
data, we plot ln(1O9DI2) against lnVR in Figure 2 for the diffusion 
of four solutes at 523.2 K. It is clear that as the ideal gas limit is 
approached, the slopes all tend to unity, which is expected of the 
Chapman-Enskog relationship, i.e., Eq. 10 with Y12 = 1, and the 
intercepts reflect the masses and effective sizes of the solute 
molecules. As the solvent molar volume decreases, both collision 
transfer (as opposed to molecular transfer) and collective molecu- 
lar motion become more important, which leads to a sharper 
decline in the molecular diffusivity. This qualitative behavior is 
also exhibited by the self-diffusion in methane at a comparable 
TR (Dawson et al., 1970) across a wider range of VR, as plotted in 
Figure 3. Figure 4 is intended to reveal the inconsistency and 
probable lack of accuracy of the tracer diffusion data in supercri- 
tical dense carbon dioxide reported in the past (Tsekhanskaya, 
1971; Swaid and Schneider, 1979; Feist and Schneider, 1982). 
However, the self-diffusivities of supercritical dense carbon diox- 
ide, (O'hern and Martin, 1955) appear to be reasonable in the 
sense that the slope approaches 1 as the molar volume increases 
(see also Figure 4). 

To test the performance of the theory presented in the preced- 
ing section, we first fit the self-diffusion data for benzene at 
atmospheric pressure and temperature from 288.2 to 328.2 K 
(McCool et al., 1972) to Eqs. 8-15 reduced for self-diffusion to 
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Flgure 2. Molecular dlffuslvlty (lO'D12) vs. molar volume 
( V,) for tracer dlffuslon In supercrltlcal dense 2,3-dlmethyl- 

butane at 523.2 K. 
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Figure 3. Molecular dlffuslvlty ( lo9&) vs. molar volume 
( V,) for the self-diffusion In supercrltlcal dense methane at 

197.7 K data from Dawson et al. (1970). 
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Figure 4. Molecular diffusivitles ( 1091J12, vs. molar 
volume (V,) for tracer diffusion and self-diffusion in supercrl- 

tical dense carbon dioxide. 

0 Carbon-14 dloxlde, 308 K (Ohern and Martln, 1955) 
0 Benzene, 313 K (Felst and Schnelder, 1982) 
0 Benzene, 313 K (Swald and Schnelder, 1979) 
A 1,3,5-Trlmethylbenzene, Old K (Swald and Schnelder, 1979) 
V Naphthalene, 308 K (Fast and Schnelder, 1982) 
V Naphthalene, 308 K (Tsekhanskaya, 1971) 

obtain the effective hard-sphere diameters at four temperatures: 
288.2 K, 5.19 X m; 298.2 K, 5.16 X 313.2 K ,  5.13 X 
10-10; and 328.2 K, 5.08 X This set of diameters fitted to 
the form of Eq. 16 yields B = 0.223 and urn = 5.21 X m, the 
latter being fairly close to the van der Waals radius of 5.36 X 

m (Bondi, 1964). Furthermore, the packing efficiency of  
liquid benzene at the melting point of 278.7 K, where the liquid 
density is 894 kg/m3 (Raznjevic, 1976), is found to be lrn = 
7rnrnurn3/6 = 0.511, which falls in the freezing range of 0.48 I Ern 
5 0.54 predicted for hard-sphere model fluids by Monte Carlo 
simulations (Hoover and Ree, 1968) and is in excellent agreement 
with Haymet's (1983) theoretical value of 0.511 for a hard-sphere 
liquid to freeze under equilibrium conditions. It is also interesting 
to note that the value of B found here for benzene, 0.223, is 
reasonably close to that estimated for liquid metals, 0.112, by 
Protopapas et al. (1973). Hence, one is inclined to claim that the 
procedure followed here to estimate the effective hard-sphere 
diameter for a real fluid (such as benzene) is physically sound. 
Across the temperature range from 523.2 to 548.2 K encountered 
in our diffusion measurements, the effective hard-sphere diame- 
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TABLE 2. EFFECXIVE HARDSPHERE DIAMETERS AND CRITICAL 
VOLUMES FOR SUBSTANCES INVESTIGATED 

Hard-Sphere Critical 
Dia., 10lOa Vol., v, 

Substance m m3/kmol 

2,3-Dimethylbutane 5.49 0.358** 
Benzene 4.64* 0.359** 
Toluene 4.98 0.316** 
Naphthalene 5.78 0.410** 
Penanthrene 7.00 0.554f 

Predicted with Q. 16. 
** Reid eta]. (1977). 
t Predicted with Lydersen's group contribution method (Reid et al., 1977). 

ter for benzene decreases from 4.66 to 4.61 X 10-lo m. The 
variation is so significant that the mean value, 4.64 X m, is 
quite adequate for the present interpretation. 

We then proceed to calculate the effective hard-sphere diame- 
ter of 2,3-dimethylbutane by fitting the observed tracer diffusivi- 
ties of benzene (reported in Table 1) to Eqs. 8-15. It turns out that 
a single value of u2,5.49 X m, is capable of representing the 
experimental data to within f4% on the average; DlzAHs predict- 
ed with Eq. 8 is compared to D1gevt also in Table 1. With the 
effective hard-sphere diameters for solutes other than benzene as 
listed in Table 2, the present theory predicts tracer diffusivities 
again to within f 4 %  on the average, the maximum deviation 
being 8%. In addition, it is noted that although the effective hard- 
sphere diameters are all treated as adjustable parameters except 
for benzene, their values follow the trend of critical volumes, as 
also demonstrated in Table 2. The values of V,'s are all taken 
from Reid et al. (1977) except for phenanthrene for which V, is 
estimated to be 0.554 m3/kmol with Lydersen's group contribu- 
tion method, which has proven to be the most accurate of the 
several methods surveyed by Klincewicz and Reid (1984) for the 
series of aromatic hydrocarbons considered here. It is thus legiti- 
mate to conclude that the present theory is quite adequate for 
describing the tracer diffusion in supercritical dense fluids. To 
facilitate practical applications of the theory we represent the 
linear correlation between Q and V,1/3 (shown in Figure 5 )  as: 

(17) 

for the five substances of interest here. The effective hard-sphere 
diameters obtained with Eq. 17 predict diffusivities that deviate 
from observed values to within f 4 %  on the average. We note in 
passing that the intercept in Eq. 17 reflects the void space be- 
tween molecules of real fluids at the critical point. 

IO"u(m) = 13.03 Va/3 (m3/kmol) - 3.78 
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NOTATION 

a = tube radius, m 
B 
D = molecular diffusivity, mz/s 
H = plate height, m 
h = roughness factor, 0.714 
K = dispersion coefficient, mz/s 
k = Boltzmann's constant 1.38 X J/K. 
L = tube length, m 

= a parameter in Eq. 16, dimensionless 

BENZENE 

$3 
1 

5 0.7 0.8 (25 

i LUENE 

Figure 5. Correlations between effective hard-sphere diame- 
ter u and critical volume V, 

m 

P 
Pe 
R 
Re 
sc 
T 
t 
u 
V 

Y 

Tl  

W l / Z  

= molecular mass, kg 
= number density, m-3 
= pressure, N/m2 
= Peclet number ReSc 
= coil radius, m 
= Reynolds number = %pu/p 
= Schmidt number p / p D l ~  
= absolute temperature, K 
= retention time, h 
= mean fluid velocity, m / s  
= moIar volume, m3/kmol 
= half-height, width, h 
= pair correlation function at contact, dimensionless 

Greek Letters 

P = fluid density, kg/m3 
P = fluid viscosity, N-s/m2 
U 

Y 
= effective hard-sphere diameter, m 
= size factor accounting for the collective motion of sol- 

= y in the low-density limit 
c; = packing efficiency, dimensionless 
I* = defined as y3& dimensionless 

vent molecules 

Superscripts 

E = Enskog-Thorne limit 
H = hydrodynamic limit 
RHS = rough-hard-sphere value 
SHS = smooth-hard-sphere value 
expt = experimental value 

Subscripts 

1 = solute 
2 = solvent 
12 
22 = self-diffusion in solvent 

= tracer diffusion of 1 in 2 
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C = critical property 
m = melting point 
R = reduced property 
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