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Magnitude of the diffusion coefficient anomaly in the critical
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ABSTRACT

Literature measurements of diffusion in a supercritical fluid, especially those of naphthalene in
supercritical fluid carbon dioxide, are discussed. These show that at very high dilution there is no mea-
surable anomaly, but that large reductions in the apparent diffusion coefficient are observed at higher,
though still low, concentrations. Three effects contribuiing to the anomaly are described: those of chemical
potential, augmented density and fluid motion. Measurements were made of the effect of on-column
naphthalene solute concentration on column efficiency in supercritical fluid chromatography using carbon
dioxide as the mobile phase. The experiments were performed at 35°C (308 K)) at a variety of mobile phase
densities and a constant linear flow-rate. The resuits are interpreted in terms of the above-mentioned
phenemena and their implications for the Van Deemter and Golay equations. Calculations of quantities
related to chemical potential, augmented density and fluid motion were performed for the same system
(naphthalene in carbon dioxide) in order to estimate their importance. The significance of the diffusion
coefficient anomaly for analytical and preparative supetcritical fluid chromatography is discussed.

INTRODUCTION

Since supercritical fluid chromatography (SFC) is usually carried out at flow-
rates above the optimum for the minimum theoretical plate height, %, as a compro-
mise between satisfactory resolution and workable analysis time, the C,, term in the
Van Deemter equation for £ in terms of the mean mobile phase velocity w,

h=A+ Blu+ Cuu + Cuu ()

makes an important contribution. Cy, is inversely proportional to the diffusion coeffi-
cient of the solute in the mobile phase, D, as it arises from the variation of velocity in
the mobile phase and is reduced by the effect of diffusion across the velocity profile.
The principal advantage of SFC over liquid chromatography is that Dy, is higher in
supercritical fluids, allowing greater efficiency of separation or shorter analysis times.

Transport properties, such as diffusion, in supercritical fluids can exhibit so-
called anomalous behaviour in the critical region [1], meaning that their values under-
go a variation, which is sometimes dramatic, at temperatures just above the critical
temperature and around the critical density. The diffusion coeflicient tends to zero at
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the critical point and along an isotherm above the critical temperature exhibits a
drop, which is a maximum close to the critical density. In the limit of infinite dilution,
this “anomaly™ becomes vanishingly small.

Thus, chromatographic peak widths in SFC should be greater in the region
around the critical point than away from it, and some of its advantage over liquid
chromatography may be lost, There are two reasons why this is often inconsequen-
tial. First, chromatography is usually carried out at low concentrations which are
close enough to the infinite-dilution limit for the diffusion coefficient anomaly to be
negligible. However, mecasurements of diffusion coefficients using the chromato-
graphic peak-broadening effect have sometimes been found to be affected by the
amount of solute injected [2]. (It should be noted that preparative-scale SFC uses
moderate solute concentrations, so the diffusion coefficient anomaly may then be
important.) Second, the maximum in the anomaly is associated with the critical densi-
ty. SFC is carried out at pressures above the critical pressure: increasing the temper-
ature above the critical temperature will shift the maximum to higher pressures, The
purpose of this study was to investigate the extent of the anomaly in the diffusion
coefficient for a solute in high dilution, both experimentally and by thermodynamic
argument, using the system of naphthalene in carbon dioxide, and to discuss its
significance for SFC.

LITERATURE MEASUREMENTS OF DIFFUSION COEFFICIENTS IN SUPERCRITICAL
FLUIDS

The large number of experimental measurements of diffusion coefficients in
supercritical fluids fall into two classes. First, there are those made by chromato-
graphic peak broadening (also known as Taylor dispersion), under conditions which
approximate infinite dilution and mostly show no measurable anomaly in the critical
region. The latter include measurements made by a variety of measurements at higher
concentrations, which can show large anomalies.

The results of measurements of the former type for naphthalene in carbon
dioxide at 313 K, made by a number of workers [3-5], are shown in Fig. | as a graph
of pDy, vs. density, p. Also shown is a value of pD,, close to zero density calculated
from the value measured in air [6] using rigorous kinetic theory [7]. The continous line
in Fig. 1 gives the predictions of Thorne-Enskog theory [7], which is expected to be
valid, at least qualitatively, at lower densities. Hence, the quantity pD,, does not
change dramatically over the whole density range and its general form is given by the
dashed line. The curve falls initially with density, in accordance with Thorne-Enskog
theory, and then rises to a fairly level region. We suggest that the rising portion of the
curve is due to the fall in the rate of rotational diffusion with density, whereas edge-
wise motion of the naphthalene molecules persists longer.

Measurements of the diffusion coefficient of naphthalene in carbon dioxide at
higher concentrations have been made by Tsekhanskaya {8] at 308 K.. These show a
dramatic drop from a value of 4.8 - 10"°m? s~ at a density of 250 kg m 3 10 0.006 -
10~ ° m? s~ * near the critical density and then a rise to a value 0f 6.9 - 10"*m? s~ ! at
a density of 592 kg m ™3, Asis explained in the next section, this fall is not all due to a
decrease in the diffusion coefficient itself.
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Fig. 1. Plot of the product of the diffusion coefficient, D, and density p, for naphthalene in dilute solution
in carbon dioxide at 313 K: B = calculated from D_ in air [6]; @ = Feist and Schneider [3]; & = Lauer et
al. [4), ¥ = Funazukuri er al. [5]. The arrow shows the critical density.

EXPERIMENTAL

The effects on peak width of solute concentration and mobile phase density in
the critical region were studied using a Lee Scientific 301 supercritical flnid chroma-
tograph (Dionex). Solutions of naphthalene (Gold Label, scintallation grade, 99+ %;
Aldrich) in dichloromethane (DCM) (high-performance liquid chromatographic
grade, 99.8 + %, May and Baker) were injected onto a phenyl-substituted polysilox-
ane capillary column, 15 m x 100 pm [.D. (Lee Scientific). The column dimensions
were selected to maximize the residence time and facilitate the measurement of any
anomalous effects.

The temperature of the system was maintained at 35.0°C by immersing the
complete column in a water-bath. The temperature was monitored by a chromel
thermocouple connected to a digital voltmeter (Keithly) with an accuracy of +0.001
mV. Mcasurements werc made within a temperature range expressed as (35.000
+0.085)°C. The flow-rate of carbon dioxide (SFC grade; Air Products) was regulated
by means of different lengths of linear restrictor tubing (12 pm LD.) (Polymicro
Technologies), butt-connected to the main capillary column, The lengths of linear
restrictors were in the range 58.5-75.0 cm. The apparatus is shown schematically in
Fig, 2. The pressure was programmed to give a retention time of the unretained peak
{the injection solvent) of 19.67 min at each linear restrictor length, so that mean linear
flow-rate, 1, of the Golay equation was constant throughout the experiments. Densi-
ties corresponding to the experimental temperature and pressure were calculated us-
ing a principle of corresponding states method.

The pneumatic injection valve (A90; Valco) was fitted with a 60-nl sample loop.
The long injection time of 6 s ensured that the entire contents of this loop were
delivered onto the column. At the residence times used, this was assumed not to
distort the peak shape appreciably from Gaussian.

Flame ionization at 400°C detection was applied. The flow-rate of hydrogen
was 30 cm® min~ ! and of air 300 cm?® min ™!, The make-up gas was helium at 28 cm?®
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Fig. 2. Schematic diagram of the apparatus in which the experiments were performed. P.C. = personal
computer; D.V.M. = digital voltmeter; F.1.DD. = flame ionization detector.

min~'. Qutput was relayed to a potentiometric chart recorder (Smiths) operating at
speed of 120 mm min ~*. The baseline width of the solute peak was measured from the
recorder trace. This, with a knowledge of the column dimensions and mean mobile
phase flow-rate, permitted the calculation of the peak volume at elution.

The peak volume at detection was assumed to be representative of the solute
peak volume travelling down the column, especially as peak broadening is a function
of the square root of residence time, i.e., half the broadening occurs after one quarter
of the passage along the column. At a known density, and given a desired mole
fraction of naphthalene in carbon dioxide on the column, the appropriate concentra-
tton of naphthalene in DCM to be injected can be determined.

At each density studied, at least five replicate runs were made for solutions of
naphthalene in DCM equivalent to on-column mole fraction concentrations of
1-107%,2-107%, 3-10* and 4- 10~ *. The differences in the retention times of the
unretained injection solvent, DCM, and the solute, denoted ¢, — 1,,,, and the width at
half-height, w,, .. were measured from the chart recorder traces to an accuracy of
+0.05 cm, and used to determine the efficiency of the column as a function of solute
concentration at a variety of densities.

RESULTS AND DISCUSSION

The expanded Golay equation for capillary columns is

2D, d?, 1+ 6k + 11k2 2k
p=2n el Bk 1D 2kdiy @)
u 96(1 + k*}D,,, {t + k)°D,

where u is the average mobile phase velocity along the column J, is the column inside
diameter, k is the capacity ratio, d; is the stationary phase film thickness and D, and
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TABLE 1

EXPERIMENTAL DATA, AT 35.0°C, FOR DIFFERENCES OF RETENTION OF THE SOLUTE PEAK AND
UNRETAINED SOLVENT PEAK AT ¢ —¢ AND THE WIDTH AT HALF-HEIGHT, w,, ,, OF THE NAPH-
THALENE SOLUTE PEAK

350°C Concentration {mole fraction of naphthalene)
? p 1.107* 2.10°* 31074 4.10°%
(bar) (kg m™?)
L=ty Wap.s Ly Wiao.s i Yaa 5 e Ly Wan.s
em)  m)  em) m)  em) (om)  fem)  (om)
78.0 407.1 17.02 345 17.12 3.55 17.05 3.65 16.89 373
798 458.5 16.17 3.54 16.15 3.69 16.18 3.87 16.16 4.08
80.4 474.6 16.13 3.55 16.12 3.71 16.19 398 16.22 4.16
81.7 5(r7.3 16.11 3147 16.15 3.56 16.22 373 16.22 385
83.0 547.6 1570 3.29 15.63 3.37 15.71 3.52 15.76 3.72
85.5 602.9 £5.53 3.21 15.60 3.27 15.64 334 15,72 3.37
90.0 671.0 14.74 291 14.86 2.98 14.91 293 14.99 3.02

D, are the diffusion coefficients in the mobile and stationary phase, respectively.
Under SFC conditions, which normally operate at flow-rates above the optimum for
maximum efficiency (typically by a factor of ten), the term in C,, of the Van Deemter
equation (eqn. 1) increases the significance of its contribution relative to the term in
B.

In order to obtain results which could be compared in terms of diffusional
effects on the Golay equation for column efficiency, it was essential to perform chro-
matographic separations at the same mean linear flow-rate of the mobile phase and
with the same on-column concentration of naphthalene. The manner in which this
was done is outlined under Experimental, The flow-rate used in this study was 1.277
cm s,

Table I gives the retention differences of the solute peak and the unretained
solvent peak (DCM) as #, — 1, and the width at half-height of the naphthalene solute
peak. The former value was found to be in the region of 16 min. However, at densities
above 474.6 kg m ™3 the peaks of solute at high concentration were generally retained
longer than those at low concentrations, whereas below this density the reverse ap-
plied. The effect was not marked under the conditions used. At all densities, the width
at half-height, wyo_s, was found to increase with increasing concentration. This phe-
nomenon increased in magnitude with increasing density to a density close to 474.6 kg
m™? (note that the critical density, i.e., the density at the critical temperature and
pressure, of carbon dioxide is 470.1 kg m™?). Any further increase in density to the
limit of the study (671.0 kg m ™) was observed to reduce the magnitude of the effect.
At densities higher than 671.0 kg m 3, any effects were of the same order of magni-
tude as the experimental uncertainties.

Fig. 3 shows a plot of &, derived from the experimental values, versus the density
of the mobile phase, p. The number of plates in the column, and the corresponding
plate heights, determined from the experimental data are given in Table II. The
heights evaluated under these experimental conditions are slightly larger than those
generally used in SFC (typically of the order of 0.2 mm at ten times the optimum
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Fig. 3. Plot of the experimentally derived k versus density, p. Lines join data of the same on-column
concentrations of naphthalene, x,: W, x, = 1. 107* mole fraction; &, x, = 2. 107* mole fraction; ¥,
x; = 3-107* mole fraction; ®, x, = 4. 107% mole fraction.

mean lincar flow-rate, 10u,,, on the preferred 50 pm 1.D. column and 0.4 mm at
10w, on a 100 pm I.D. column). The effect of concentration on £ is depicted in Fig, 4
over the range of densities studied.

Peak broadening arises from a reduction in the diffusive transport, behaviour
typified by a heavier solute in a supercritical fluid in the critical region. Three factors
contribute to this effect. The first is a reduction in the diffusion coeflicient itself.
According to non-equilibriom themodynamics [9,10], the diffusive flux is driven by
the gradient of chemical potential rather than concentration, although it is defined in
terms of the latter. The theoretical expression for D,, therefore contains the important
factor

{ = (/R bua/dInx2), 1 (3)

TABLE It

NUMBER OF PLATES IN THE COLUMN, », DERIVED FROM THE EXPERIMENTAL DATA, AT 35.0°C,
AND THE CORRESPONDING PLATE HEIGHTS, A

35.0°C Concentration (mole fraction of naphthalene)}
p p 1.107% o 2.1074 3.107% 4.107*
(bar) kgm™
" h n h n h " h

(mm} (mm) (mrm) {mm})
78.0 407.1 29 798 0.503 28 165 0.533 26 629 0.563 25534 0.587
79.8 458.5 28 112 0.534 25869 0.580 22243 0.638 21 161 0.709
80.4 474.6 27945 0.537 25 584 0.586 22243 0.674 20 463 0.733
81.7 507.3 29244 0.513 27 793 0.540 25 331 0.592 23776 0.63¢
83.3 547.6 32425 0.463 30 887 0.487 28 329 0.529 25374 0.591
85.5 602.9 34016 0.441 32797 0.457 31 447 0.477 30 909 0.485

90.0 671.0 41134 0.365 39259 0.382 40 627 0.369 38 266 0.392
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Fig. 4. Plot of the experimentally determined 4 as a function of on-column mole fraction concentration, x,,
of-naphthalene. The data are shown for a variety of densities: W, 407.1; A, 458.5; ¥, 474.5; »_307.3; &,
547.6; %, 602.9; @, 67L.0 kg m™3,

where u- is the chemical potential of the solute and x, its mole fraction. At the critical
peint { tends to zero, except at the limit of infinite dilution. The physical explanation
of this is that, towards the critical point, a situation is approached in which the fluid
will split into two phases in which the solute will have the same chemical potential but
different concentrations (except in the limit of zero concentration where both concen-
tration are tending to zero).

The second factor is a smaller one, but it does reinforce the above effect. Arising
because of the attraction of the heavier solute molecule for the solvent molecules, it
results in a solvent density in the region of the solute peak which is higher than thatin
the column as a whole. This augmentation of local solvent density is largest in the
critical region. As shown in Fig, 5, the quantity pD,, usually does not change greatly
with density, and the diffusion coefficient will be lower in the region of the solute peak
by a factor of around p,/p, where p is the density in the presence of solute and p, is
the density of the pure solvent.

Finally, a more serious effect, which is difficult to quantify, concerns fluid mo-
tion during the diffusion process. The diffusion coefficient and the fluxes of solute to
which it relates are defined barycentrically, i.e., with respect to the mass of the fluid at
any point, and therefore the frame of reference will be in motion. In chromatography,
there will be the motion of the fluid along the column, with velocity increasing to-
wards the centre of an open capillary or passage through a packed column, which is
taken intoe account in the theory of chromatography. There will be additionally,
however, a motion of the fluid towards any region in which the concentration is
increased by the diffusion process, in order to achieve the higher density correspond-
ing to the higher concentration, This motion will mean that the flux of solute with
respect to space-fixed coordinates is different to that with respect to the barycentre. In
accurate liquid diffusion studies in static cells, this effect is taken into account: a
one-dimensional solution to the problem is sufficient [1 1]. In SFC in the critical region
this is potentially a more serious effect, and a three-dimensional solution is required.
It can be shown [12] that the fluid velocity, v arising from this effect is related to the
flux of the solute, J,, by

divy = _‘p(Vz/MZ - Vl/M])diVJg (4)
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Fig. 5. Plots of { versus density, p, for solutions of naphihalene in carbon dioxide at temperature 1, 3 and 9
K above the critical temperature of the pure solvent, caloulated from the Van der Waals equation. Mole
fractions of naphthaiene are 1. 107%, 2. 107%, 3. 1074, and 4 . 10™*, with deviations of { from unity
increasing with increasing concentration. The scale factor on the { axis is the same at all three temperatures.
Note that the critical density according to the Van der Waals equation, with the parameters used, is 343 kg
m™3,

where V; and V', are partial molar volumes and M, and M, are the molar masses of
the solvent and solute, respectively. In the critical region, the partial molar volumes of
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typical solutes are large and negative, as will be discussed in more detail in the next
section. The effect is therefore potentially a large one, but is also proportional to the
rate of change of solute flux with distance, and thus will also become negligible in the
limit of infinite dilution.

Two examples of this third effect are now discussed. First, when a solid is being
dissolved into a supercritical fluid, the flux of solute falls off with increasing distance
from the solid surface and so, according to eqn. 4, there is fluid motion towards this
surface, reducing the solute transport away from the solid with respect to space-fixed
coordinates. This contributes to the reduction in the diffusive flux observed in the
Tsekhanskaya diffosion experiment [8], for example. As a second example, in the case
of a one-dimensional Gaussian distribution of solute concentration, application of
eqn. 4 shows that the fluid moves away from the centre of the distribution, with the
velocity rising from zero at the centre to a maximum and then falling towards zero at
the edges. These, therefore, are two contrasting examples. In the first, new solute is
being introduced, which attracts solvent towards it, reducing the diffusive flux. In the
second, the solute already in solution transports its associated solvent molecules with
it as it moves, increasing the diffusive Aux with respect to space-fixed coordinates.

The incorporation of this effect into the theory of chromatography is a daunt-
ing prospect, as the dependence of Dy, p and v on concentration make the diffusion
equation, solved for example in the Golay treatment [13], non-linear. The situation is
further complicated by the fact that, because of the fluid motion associated with
diffusion, a full hydrodynamic analysis may be necessary, which takes into account
viscous and inertial effects in addition to solving the diffusion equation. In the ab-
sence of a proper analysis, the following qualitative argument and conclusion seem
likely to be valid. The solute peak, averaged over the cross-section of the tube, travels
along an open chromatographic column in an approximately Gaussian form with
respect to the longitudinal coordinate. As it travels it is spread by various effects
corresponding to the terms in ¢qn. 1 and when this happens it is further spread by
fluid motion away from the centre of the peak, as in the Gaussian example above.
Thus, fluid motion will cause increased spreading in SFC, especially in the critical
region. This effect is difficult to quantify, but will be less important for very dilute
solutions,

Thermodynamic arguments for a diffusion coefficient anomaly

In this section estimates are made of the guantities illustrating the importance
of the genuine reduction in mutual diffusion coefficient itself (via chemical potential),
augmented density and fluid motion. The Van der Waals equation of state is used,
and although this is less successful than later equations in predicting thermodynamic
quantities which agree with experiment; it is adequate for the purpose of estimating
the importance of the effects. The simpler form of the Van der Waals equation,

p = RTj(V=b) — a/V? ()

is used, where p is the pressure, V' the molar volume and the constants g and b are
given by
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a = [(a1)'?x, + (@22)%x;)?

@12 = (a11a22)1f2
b = b1x1 + bzxz (6)

The Van der Waals parameters used for carbon dioxide were a,; = 0.364675 J m?
mol ™! and b; = 42.7514 - 10”¢ m*> mol ™!, calculated from a critical temperature of
304 K and a critical pressure of 7.39 MPa [14] (the large number of significant figures
used ensures that the predicted critical temperature of the pure solvent is close to 304
K). The corresponding values for naphthalene used were @22 = 3.97 T m® mol ™! and
by = 189 - 107 ¢ m* mol ! obtained from a critical temperature of 758 K and a
critical pressure of 4.11 MPa [14].

Quantities related to these three effects are now made. For the first of these, the
diffusion coefficient itself, the relevant parameter is {, defined by eqn. 3. This can be
shown, by using standard thermodynamic procedures and the Van der Waals equa-
tion, to be given by

{ =1 — 2x1%/ RTV(V = by oli(ar1 + a22—2a:12)V + a(bi—b:)/V
— 2 [(@11 —a12)xy — (@22 —a12)x;] (b1 — b2)} N

where
¢ = W(V—b¥? ~ 2a/RTV? (8)

Sample calculations were made and are shown in Figs. 5 and 6. Fig. 5 shows {
falling below unity around the critical density to an extent increasing with concentra-
tion and proximity to the critical temperature. The curves are only shown for condi-
tion where correlations of experimental solubilities [15] using the Peng-Robinson
equation of state [16] indicate that saturation has not occured. Fig. 5 shows that a
decrease in { by about half can occur 1 K above the critical temperature of the pure
solvent, but that the decrease is only a few percent ¢ K above the critical temperature.
These plots compare with Fig. 3, the variation of # with density at the same four
concentrations, almost as inversions. Note, however, that resulis of calculations are
not shown for the precise experimental temperature. Fig. 6 shows the values for the
highest concentration plotted as a function of pressure. Here the effect is sharper and
maoves to higher temperature, both these features reflecting the p—V-T behaviour of
the fluid.

For the second effect, that of increased density, calculations of po/p were made
and are shown in Fig. 7 as a function of pressure. This is seen to be a smaller effect,
which does, however, reinforce the first.

The third effect, arising from fluid motion, is a function of the differences in the
partial molar volumes of the solute and solvent, Calculations of this quantity for the
golvent, Iy, show that it is not markedly different from the molar volume of pure
carbon dioxide at the same temperature and pressure. V5, for the solute, is given by

Vo = [(V=0) + ba/(V—b) — 2aiaxs +azx2)/ RTV? /¢ 9

according to the Van der Waals equation.
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Fig. 6. Plots of { versus pressure, p, for solutions of naphthalene (mole fraction 4 . 10~ %} in carbon dioxide
at temperatures 1, 3 and 9 K above the critical temperature of the pure solvent, calculated from the Van der
Waals equation. The scale factor on the { axis is the same at all three temperatures.

Calculations show that F; is not sensitive to concentration below the solubility
limit for naphthalene. Values are plotted for x, = 4 - 10™* in Fig. 8. These demon-
strate large negative values even at the highest temperature considered, and a value of
—60 dm® mol ™! at 1 K above the critical temperature of carbon dioxide (this com-
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Fig. 7. Plots of p,/p versus pressure, p, for solutions of naphthalene in carbon dioxide at temperatures |, 3
and 9 K above the critical temperature of the pure solvent, calculated from the Van der Waals equation. p
is the density of the mixture and p, that of the pure solvent at the same temperature and pressure, For the
upper curves at each temperature x, = 1. 10~ % and for the lower curves x, = 4. 107 %, The scale factor on

the p,/p axis is the same at all three temperatures.
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Fig. 8. Plots of the partial molar volume, V, of naphthalene of mole fraction 4 - 10~* in carben dioxide at
temperatures 1, 3 and 9 K above the critical temperature of the pure solvent, calculated from the Van der
Waals equation. The scale factor on the V, axis is the same at all three temperatures.

pares with the molar volume of naphthalene of about + 0.2 dm* mol '), Addition of
naphthalene to carbon dioxide at its critical density and 1 K above the critical temper-
ature, to form a solution of 4 - 10~ * mole fraction (close to saturation), is predicted by
the Van der Waals equation to reduce the volume to around half of its orginal value

at the same pressure.
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The results of calculations given above were obtained for naphthalene. For
heavier solutes, the values of a2, and to a lesser extent a5, which describe the attrac-
tive forces of solute—solute and solute-solvent interactions, respectively, will be grea-
ter. The consequence is, via eqns. 8 and 9, that the effects described above increase in
magnitude.

CONCLUSIONS

From the calculations and experimental evidence above, it has been demon-
strated that the effect of the anomaly in the diffusion coefficient on column efficiency
in SFC can be avoided by starting a pressure programme some way above the critical
pressure to avoid the region of critical density. The pressure yielding maximum peak
broadening will increase from the critical pressure as the temperature is increased
from the critical temperature, but the phenomenon diminishes in magnitude with this
rise.

Even at 35°C, which is 4°C from the critical temperature, peak broadening was
observed to be significant, particularly at a high mole fraction of injected solute, over
part of the pressure range employed in the experimental study. Normally this effect
should not be important in analytical SFC because of the low concentrations used;
the calculations in the previous section show that the diffusion coefficient itself is not
much affected with concentrations below mole fractions of 10~ * for naphthalene, If
the mole fraction is below 10~ 3 the effect is negligible for naphthalene, and probably
also for heavier solutes. The concentration limit above which solvent motion affects
diffusion has not been quantified. If it is close to or more than that for the diffusion
coefficient itself, then the arguments given in the next paragraph are valid. If not, then
the limits given should be revised downwards.

In capillary SFC the solute is typically injected in a volume of ca. 0.1 pl to give a
peak volume at the detector of ca. 1 pl. An approximate calculation shows that an
injection of 10 ng or less of solute would, therefore, not bring about significant peak
broadening in the critical region. For packed-column SFC the corresponding vol-
umes are roughly an order of magnitude larger, and the injection limit would be ca.
100 ng. For preparative-scale SFC milligram amounts or higher are used, so the
effects would be very significant, in spite of larger peak volumes.

ACKNOWLEDGEMENTS

The authors thank Mr. G. F. Shilstone for carrying out the calculations of
naphthalene solubilities and Mr. D. G. Mills for drawing the figures. One of us
(S.E.C.) thanks the Science and Engineering Rescarch Council for a research student-
ship.

REFERENCES

I J. V. Sengers, Critical Phenomena: Varenna Lecture Courses L.1., Academic Press, New York, 1971.
2 P. R. Sassiat, P. Mourier and R. H. Rosset, Anal. Chem., 59 (1987) 1164.

3 R. Feist and G. M. Schneider, Sep. Sci. Technol,, 17 (1982} 261.

4 H. H. Lauer, D. McManigill and R. D. Board, Aral. Chem., 55 (1983} 1370.

5 T. Funazukuri, S. Hachisu and N. Wakao, Anal. Chem., 61 (1989) 118,



DIFFUSION COEFFICIENT ANOMALY AND ITS EFFECT ON SFC 83

6 E. Mack, J. Am. Chem. Soc., 47 (1925) 2468.

7 8.Chapman and T. G. Cowling, The Mathematical Theory of Nonuniform Gases, Cambridge University
Press, Cambridge, 3rd ed., 1979,

8 Yu. V. Tsekhanskaya, Russ. J. Phys. Chem., 45 (1971) 744.

9 8. R. De Groot and P. Mazur, Non-equilibrium Thermodynramics, North-Holland, Amsterdam, 1962,

0 H. 1. V. Tyrrell and K. R. Harris, Diffusion in Liguids, Butterworths, London, 1984.

1 J. G. Kitkwood, R. L. Baldwin, P. J. Dunlop, L. J. Gosting and G. Kegeles, J. Chem, Phys., 33 (1960)
1505.

12 A. A, Clifford and S. E. Coleby, Proc. R. Soc. London, A433 (1991) 63.

13 M. J. E. Golay, in D.H. Desty (Editor), Gas Chromatography, Butterworths, London, 1958, pp. 36-55.

14 J. O. Hirshfelder, C. F. Curtiss and R. B. Bird, The Molecular Theory of Liquids and Gases, Wiley, New
York, 1964,

15 K. . Bartle, A. A. Clifford and G. F. Shilstone, J. Superceir. Fluids, 2 (1988) 20.

16 D. Y. Peng and D. Y. Robinson, Ind. Eng. Chem. Fundam., 15 (1955) 59.

1
1



