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Abstract

At near-critical temperatures and pressures, experimental results for elution of methane with neat carbon dioxide on:a 280nnm
I.D. column packed with ium porous silica with a bonded octylsilica stationary phase show much greater efficiency losses than predicted by
theory if isothermal conditions are assumed. Experiments with insulated, air- and water-thermostatted columns demonstrate that significar
axial and radial temperature gradients are produced by Joule—Thomson cooling of the mobile phase, and that radial temperature gradier
can be a major cause of band spreading at low temperatures and pressures. The use of thermal insulation on the column can greatly imprc
efficiency under these conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction least a few reports, however, that deal with the development
of temperature gradients at large pressure drops due to ex-
This is the second of two papers in which we address pansion of the mobile phase in the column. Schoenmakers
some unresolved questions about efficiency losses associet al.[2] calculated pressure, density and temperature pro-
ated with large pressure drops in packed-column supercriticalfiles in pSFC with modest pressure drops and concluded that
fluid chromatography (pSFC). The first papg} presented  temperature gradients are not a major source of concern. In
the theory and a model for elution of unretained solutes underother reports, significant temperature drops were observed
isothermal conditions, and concluded that efficiency losseswhen using low column outlet pressures (<100 bar) and pres-
should not exceed 20% even under extreme conditions. Othersure drops up to 20 b§3,4]. These latter reports suggest that
theoretical treatments cited in that paper also assume isotherthe assumption of isothermal conditions when large pressure
mal conditions either explicitly or implicitly. There are at drops are used may not be valid.
In this study we compare the experimental results obtained
* Corresponding author. Tel.: +1 218 726 7212; fax: +1 218 726 7394.  for elution of methane under large pressure drops and differ-
E-mail addressdpoe@d.umn.edu (D.P. Poe). ent thermal conditions to the predicted behavior for isother-
1 present address: P&G Pharmaceuticals, Norwich, NY 13815, USA. mal conditions. Based on these observations, we evaluate the
2 Present address: Department of Chemistry, College of Saint Scholastica, a|ative contributions of mobile phase expansion and temper-
Duluth, MN 55812, USA. : L X
ature gradients to efficiency loss, and make recommendations

3 Present address: The CNA Corporation, Alexandria, VA 22311-1850, o . el o
USA. for avoiding excessive efficiency loss under these conditions.
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2. Experimental sulation was extended over the ends to include the thermocou-
ple probes and connector nuts. The temperature-measuring
2.1. Apparatus units were calibrated against a third calibrated mercury ther-

mometer. The accuracy, readability and repeatability of the
The SFC system was constructed in our laboratory and wastemperature measurements wet@. 1°C.
described earlier in detdB]. Briefly, it consisted of an ISCO
model 260D syringe pump, a helium-actuated Valco CI4W 2.2, Chemicals
injector with a 60 nL or 500 nL internal sample loop, and a
Varian model 2740 gas chromatograph with flame ionization  Carbon dioxide was SFC grade with no helium. Methane
detection (FID) system. The injector was placed in the col- was 99 mol% pure. Both were obtained from Scott Specialty
umn oven and a thermal conditioning coil was placed within Gases, Troy, MI, USA. Solutions of methane in £®ere
the oven upstream from the injector to preheat the mobile prepared by introducing gaseous methane atambient pressure
phase to the column oven temperature. Pressure transducinto an open 150 chstainless steel vessel, displacing most
ers were connected to tees placed before the injector andof the air. The vessel was then sealed with a threaded plug
at the column outlet, and the column outlet pressure wason one end, and liquid COwas introduced through a valve
adjusted with nitrogen. A 40cm 30pm I.D. fused silica  with an integral pressure relief port on the opposite end to
restrictor connected the column outlet tee to the FID sys- a pressure of 80 bar at ambient temperature. The vessel was
tem, and a secondary restrictor, a heated length of small-then sealed by closing the valve and disconnected from the
bore stainless steel tubing, was provided to accommodateCO, supply, and a connection was made between the valve
mobile phase flows exceeding the capacity of the primary and the sample port of the injector with a length of 1/16in.
restrictor. O.D. stainless steel tubing as described eaflgrLoading
In early experiments, including all of those using a water- sample into the injector was accomplished by temporarily
jacketed column, data were acquired using the most sensitiveopening a valve connected to the waste port and allowing
detector setting in conjunction with a strip chart recorder the pressurized sample to vent through a restrictor fabricated
that was actuated with a contact switch at injection. This from a short length of 1/16in. O.D. stainless steel tubing
setup, which resulted in significant peak distortion due to which was crimped on the end.
slow response of the detection system, will be referred to as
the analog system. In later experiments data were acquired2.3. Chromatography
using a computerized data system and a less sensitive detector
setting, which yielded a much shorter system time constant Methane in C@was introduced into the injector from the
and peaks with minimal distortion. This configuration willbe pressurized vessel as described above. Isopycnic (constant
referred to as the digital system. Results from experiments density) plate height curves were generated by adjusting the
using both configurations are included in this paper. inlet and outlet pressures independently to achieve the de-
The column was 150mm 2.0 mm 1.D. stainless steel sired flow rate so that the temporal average mobile phase
packed with Jum Spherisorb C8 (Waters, Milford, MA,  density remained constant for all combinations of inlet and
USA). The same column (A) was used for all of the ex- outlet pressure, assuming isothermal conditions. The mobile
periments using the analog system. A second identical col-phase in the syringe pump was maintained-at0°C, and
umn (B) from Waters was used with the digital system. For the detector temperature was 280 Injections for each set
studies on the effects of thermal conditions, the column was of conditions were done in triplicate, and an equilibration
configured in one of three ways. For the uninsulated (air- time of 10-15 min was allowed after changes in the inlet and
thermostatted) case, the steel walls of the column were ex-outlet pressures. A constant flow rate at the pump and a con-
posed to the oven air in typical fashion. For the insulated case,stant temperature at the column outlet were taken to indicate
the column was covered with fiberglass and foam pipe insu- steady-state flow and thermal conditions.
lation as described earli¢4]. For the water-thermostatted
case, the column was enclosed within a water jacket fash-2.4. Data treatment
ioned from PVC pipe and fittings, and water thermostatted at
the column oven temperatute).1°C was circulated through As noted above, chromatographic data were obtained us-
the jacket. ing either a strip chart recorder (analog system) or a comput-
The column inlet and outlet temperatures were monitored erized data system (digital system). In either case the basic
with small button-style surface-probe thermocouples. The approach to calculating fundamental chromatographic vari-
probes were attached to the nuts which secure the connecables was the same, except in terms of accounting for extra-
tor tubing pieces to the column end fittings by wrapping the column band spreading. No attempt was made to correct for
probe and nut with adhesive tape so that the probe was in di-extra-column sources of band spreading and peak distortion
rect contact with the connector nut. Several wrappings of tapein the analog data. For experiments with the digital system,
provided a modest amount of insulation of the probe and nut extra-column contributions to band spreading were measured
from the column oven. For the insulated case, the column in- and corrections were applied.
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The peak width at half heighiy, for three successive chro-  reduced plate height, which is determined experimentally at
matograms was measured and the apparent plate height waa high mobile phase density, can be expressed by a simplified
calculated as form of the Knox equation

2

. wi B 1/3
=L 1 ==+ Y
55457 (1) h=—+Aav+Cv (5)
and the reduced velocity was calculated as where the Knox constan#s B, andC are independent of the
Ld mobile phase conditions, amds the reduced velocity, which
V= Dp ) is approximately constant under conditions of constant mass
IrDm

flow rate and temperature.
wheret; is the retention timd., is the column lengttdp is the
particle size, an®y, is the diffusion coefficient of methane
in carbon dioxide. The diffusion coefficient was evaluated at
the temporal average density of the mobile phase using the The model described in the previous pafigrwas used
equation of Wilke and Chang as modified by Sassiat ¢bhl.  to generate predicted plate height curves and the correspond-
for supercritical CQ. ing values off; for elution of methane on a column packed
with microporous spherical silica particles using neat carbon
dioxide as the mobile phase under the experimental condi-
tions used in this investigation. The local retention factor for
methane was set equal to zero under all conditions. The model
employs reduced densitigs = p/pc Wherepe = 0.468 g/cr
is the critical density of carbon dioxide. Isothermal conditions
The theoretical treatment given in the previous pdper  are assumed. Isopycnic plate height curves, in which the tem-
concluded that under isothermal conditions the apparent plateporal average mobile phase density remains constant over the
height for an unretained solute is adequately represented byentire range of flow rates, are generated in order to facilitate
the approximate relation comparison of the data under different conditions.
o~ fh 3) _ The inlet and qutlet pressures _required fo_r all of the pre-
dicted and experimental isopycnic plate height curves re-
ported in this study are shown Fig. 1 The corresponding
values off; are shown irFigs. 2 and 3As long as the tempo-
ral average reduced density is greater than 1.5, the data for
fi=— 4) show that the predicted efficiency loss for pressure drops up
(p)2 to 50 bar should be less than 1% (ife.< 1.01). Taking 1%
wherep is the local mobile phase density, and the brackets as an acceptable level of efficiency loss, a column operated
with subscripts t and z represent the temporal and spatialat (or)t > 1.5 can be regarded as a uniform column, and the
averages of the enclosed quantities, respectively. The localexperimentally observed plate height measured at the outlet

3.2. Model calculations for elution of methane

3. Results and discussion

3.1. Principal equations

wheref; is the compressibility correction factor ahds the
local plate height. The correction factor is given by
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Fig. 1. Inlet and outlet pressures required to achieve constant temporal average density a0/9riD(B) 40-80C. The temporal average reduced density,
and for B the temperature, is given at the left of each pair of curves.
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) o . Fig. 4. Predicted plate height curves for elution of methane as an unretained
Fig. 2. Effect of pressure drop dnfor carbon dioxide at 50C at different solute with carbon dioxide at 5@ and various temporal average reduced
reduced densities. Reference lines are showiy fod.00 and 1.01. densities. Parameters for Knox equatiBm: 1.2,A=0.6,C=0.0286; inter-

particle porosity =0.4. Seleig. 1 for inlet and outlet pressures at indicated
of the column can be taken as a measure of the local platepressure drops.
heighth.

Fig. 4 shows a set of predicted isopycnic plate height be no more than a few percent, and even under the most ex-
curves generated by the model for elution of methane ontreme conditions should not exceed 20%. Although the ob-
a well-packed column at 5@ and different densities. The  served efficiency under all conditions is rather poor due in
column pressure drop for each curve is also shown on thepart to the slow response of the analog data system, this ef-
axis at the right. The curves show a small but significant fectshould have roughly the same impact on each curve, and
increase in apparent plate height with decreasing temporalwe can attribute the relative magnitudes of the plate height to

average density at high velocities, consistent with the trends mobile phase effects.
in fy. In order to validate these observations, the plate height

studies were repeated at reduced densities 1.0 and 1.5 us-
ing the digital system and column B. The results are shown
in Fig. 6. The data atpr); =1.5 are consistent with a well-
packed column with no indications of excessive band broad-
ening. At the lower density we again see very large increases
in apparent plate height at the higher reduced velocities and
pressure drops. Taking the curvéat); = 1.5to representthe
uniform column case, we applied E&) to calculate the pre-
dicted plate height aior)t = 1.0. The predicted curve, shown

3.3. Experimental results for methane

The experimental plate height curves obtained for methane
at 50°C and reduced densities 1.0-1.8 using the analog sys-
tem and column A are shown iRig. 5 The curves show
significant losses of efficiency at lower densities, a trend that
is consistent with theoretical predictions, but the losses are
much greater than predicted. Our mofiglpredicts that for
most conditions the increase in apparent plate height should
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Pressure drop, bar with carbon dioxide at 50C and different reduced densities on a
2.0 mmx 150 mm I.D. column packed withjsm Spherisorb C8 (column A)
Fig. 3. Effect of pressure drop da for carbon dioxide at 40-8@C and with analog data collection. Apparent plate height and pressure drop curves
reduced densities 1.0 and 1.5. Reference lines are showin=<dr.00 and at the same reduced density use the same symboF-i§eé for inlet and

1.01. outlet pressures at indicated pressure drops.
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Fig. 7. Experimental isopycnic plate height curves for elution of methane at
various temperatures and two reduced densities using column AiGee
for other conditions.

Fig. 6. Experimental and predicted isopycnic plate height curves for elution
of methane at 50C and reduced densities 1.0 and 1.5 on a 2.0xntB0 mm

1.D. column packed with sm Spherisorb C8 (column B) with digital data
collection. Data are corrected for extracolumn effects. Dashed line is the pre-

dicted plate height ajor); = 1.0 based on observed efficiency(a); = 1.5 greater than the maximum predicted increase of about 6%
as the uniform column case. S&. 1 for inlet and outlet pressures at ~based on the computed valuesfpf
indicated pressure drops. We conclude from the foregoing discussion that our model

for apparent plate heiglii] does not fully explain the ob-
as a dashed line ffig. 6, is nearly indistinguishable fromthe ~ served efficiency losses. We note that the model assumes

experimental curve dpr)t = 1.5. However, atpr); = 1.0 the isothermal conditions. In the following discussion we show
observed loss in efficiency is clearly much greater than pre- that isothermal conditions were not achieved in our experi-
dicted by theory. ments, and that the generation of radial temperature gradients

The effect of temperature on efﬁciency loss is shown in in the column is the principal cause of excessive efﬁCiency
Fig. 7. Since the data were obtained using the analog systeml0ss at large pressure drops.
and column A, we will again focus only on the relative mag-
nitudes of the curves. The curves (@R);=1.5 essentially = 3.4. Evidence of a temperature drop in the column
overlap and may be taken to represent the uniform column

case. The curves gbr): = 1.0, however, show an increasing For the plate height studies presenteé&igs. 5 and 7the
loss of efficiency with decreasing temperature, a trend that istemperature at the column outlet was monitored as described
consistent with the data fdy shown inFig. 3, but the mag- in Section2. Because we used a surface probe attached to the

nitude of the increase in apparent plate height is again muchconnector nut and did not directly probe the mobile phase,
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the recorded temperature should be taken only as an ap-
proximation of the temperature of the mobile phase at that § ,|
point.

Plots of column outlet temperature versus reduced veloc-
ity are shown inFig. 8 The inlet temperature was not mon-
itored and is taken to be equal to the oven temperature. In § 30
all cases the outlet temperature decreases with increasing reg
duced velocity, with the largest decreases occurring at the = 20
lowest densities. For an oven temperature ofG0temper- s )
ature drops of up to 3C are observed at the lower densities. <% 10 Magg s ] P
Even at the highest reduced density of 1.8 (average column [ . . s s
pressure = 260 bar) the temperature drop reache€0 Sig- 0.0 0.5 1.0 1.5
nificant temperature drops are seen at both densities for all®) Reduced velocity
temperatures studied.

The temperature drop must be a result of the Joule— .
Thomson effect, and the trends in the temperature data are2 8
consistent with the increased compressibility of a fluid near
its critical density. The magnitude of the temperature drop,
however, is much greater than has generally been recognize
[2]. The existence of temperature gradients in HPLC has been
identified as a source of band spread®d], where frictional
heating at high velocities can generate a positive axial tem- T
perature gradient along the column. If the column wall is | —~ e
maintained at constant temperature, this axial gradient will st 1o
generate a radial temperature gradient with the fluid at the : - ; . -
center of the column being warmer than that near the wall. ®) 0.0 03 Reduggd velocit 15
This leads in turn to radial gradients in viscosity and mobile y
phase velocity, resulting in a parabolic band profile with the
leading edge of the band at the center of the column. The - o5l
net result is an extended solute band, and the phenomenor-2
may be referred to as gradient-induced band spreadingg
[8].

In pSFC we have both frictional heating and Joule—
Thomson cooling, and the relative magnitudes of these will 3 45|
result in a net increase or decrease in temperature along®
the column axis, depending on the operating conditions
[2]. Under our experimental conditions we have a net de- - ]
crease in temperature. By analogy to HPLC, this would < | g 0
lead to a parabolic band profile with the leading edge at 5 . L . L . L

the column wall, and the resultant gradient induced band __ °° 0.5 10 15
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Fig. 9. Effect of thermal condition on efficiency for elution of methane using
3.5. Effect of thermal conditions on efficiency awater-thermostatted (W), air-thermostatted (A), and insulated column (1) at
two reduced densities and oven temperatures of (A)4D,(B) 50.0°C, and
In order to test the hypothesis presented in the preced-(c) 60.0°C, using column A and analog datacollection.Watt'arthermostatted
ing section, we conducted a series of experiments in which at same temperature as column oven. Sge5 for other conditions.
the thermal environment of the column would have a sig-
nificant impact on the magnitude of any temperature gra-  Plate height curves obtained under these three thermal en-
dients within the column. We did this by controlling the vironments were obtained at oven temperatures of 40, 50, and
heat transfer across the column walls. As described in Sec-60°C and reduced densities of 1.0 and 1.5. The results are
tion 2, we generated isopycnic plate height curves with shown inFig. 9. At the higher reduced density of 1.5 the ef-
the column in three different thermal environments within ficiency is independent of the thermal environment and oven
the column oven: water-thermostatted, air-thermostatted, andtemperature, and is in all cases better than at the lower den-
insulated. The analog system with column A was used, sity. However, significant efficiency losses occur at the lower
and temperatures at both the column inlet and outlet were density, and the efficiency is dependent on the thermal envi-
monitored. ronment, with the water-thermostatted column showing the
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up to 1.0°C were observed. At the higher density the temper-
ature drops are smaller but still significant, reaching 2=-3
forthe insulated case, and abotfor the air-thermostatted
case. Even the water-thermostatted column &CiShowed

a temperature drop of 1°C at the highest velocity.

Of the three thermal modes employed, the insulated col-
umn shows the largesixial temperature gradients because
the presence of thermal insulation effectively prevents heat
flow across the column wall into the cooling fluid. As aresult,
there should be little or ncadial temperature gradient pro-
duced in this case, and the efficiency curveBigs. 9 and 10
show that at por)t = 1.0 the insulated column shows the best
efficiency. At the opposite extreme, the water-thermostatted
column shows the smalleakial temperature gradients be-
cause heat is more effectively transported across the column
wall into the cooling fluid, but this necessarily generates a
largeradial temperature gradient. The cooler fluid at the cen-
ter of the column is more dense and more viscous than fluid

greatest losses. These effects are most apparent at the lowe{e 4y the walls, and its velocity is therefore lower than that of
temperatures. The presence of thermal insulation providesy,o warmer, less viscous fluid near the column wall, generat-

the best efficiency at the lower density.

The experiments for the air-thermostatted and insulated

ing a parabolic band profile with the leading edge at the col-
umn wall as described earlier. As a result, gradient-induced

cases were repeated using the digital system at an oven teMpanq spreading is maximized for the water-thermostatted col-

perature of 50C and appear ifrig. 10 This system should

umn. Air is not as good a heat transfer agent as water, and

provide a better measure of the true column efficiency under is case falls between the two extremes.
these conditions. The results confirm the trends observed with From these results we conclude that significant axial

the slower analog system. A comparison of the low-density 4nq radial temperature gradients are generated when packed
curves shows that most of the efficiency loss is eliminated by ~qjumns are operated at large pressure drops under near-

employing thermal insulation.

Column inlet and outlet temperatures for the studies con-

ducted with the analog system appedFig. 11 At the lower

critical conditions, and that radial temperature gradients are
responsible for much of the efficiency loss observed under
these conditions. The radial temperature gradient can be sup-

density the temperature drops were quite large, especiallypressed by the use of thermal insulation, eliminating most of
for the air-thermostatted and insulated cases. Temperaturgpe efficiency loss.

drops of almost 8C were observed for the insulated column,
and drops greater thar?€ for the air-thermostatted column.

Because this study has examined the efficiency of unre-
tained solutes only, the interpretation of the results is not com-

Even for the water-thermostatted case temperature drops ofyjicated by the effects of pressure and temperature gradients
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Fig. 11. Effect of thermal condition on temperature drop at three tempera-
tures and two reduced densities. The thermal condition (A, |, W) is given
in the top bar of each panel. SE&g. 9for explanatory notes and operating
conditions.

on retention factors. Two previous reports have examined the
effects of thermal conditions on separations of retained so-
lutes. Thermal insulation has been used to achieve significant
improvements in both speed and efficiefd}/for elution of
normal alkanes at 5@C and{pRr);=1.0. The improved effi-
ciency was attributed to the elimination of radial temperature
gradients, while the decreased retention times were attributed
to the axial temperature drop and the resulting increased mo-
bile phase density. Bouigeon et@l] imposed a temperature
gradient with a series of water jackets to maintain the column
outlet at a lower temperature than the inlet. The lower out-
let temperature decreased the magnitude of the density drop
along the column, thereby minimizing changes in the reten-
tion factor, and significant improvements in efficiency were
achieved. The present study on unretained solute indicates
that the use of a water jacket can have a negative impact on
efficiency due to the generation of radial temperature gradi-
ents. The use of thermal insulation on the column has the
advantage of promoting an axial temperature gradient with-
out the formation of significant radial temperature gradients.
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3.6. Pressure drop and reduced velocity 3.7. Methane as an unretained solute

Because the pressure drop can have a directimpact on ap- The predicted efficiency &pr): = 1.0 represented ifig. 6
parent plate height, we have included pressure drop data inassumes that methane is unretained. Elution of methane,
the relevant figures. In general, the pressure drop required toethane and propane under similar conditions on a Spherisorb
achieve a given reduced velocity is roughly independent of C8 column does show some resolution of the three solutes
the temperature or reduced densityHigs. 5 and 7in ac- [3], suggesting that methane may be slightly retained. For
cordance with the predicted behavior depicteim 4. The our interpretation of the data to be valid, it is important to
pressure drop required to achieve a given reduced velocity indemonstrate that methane is not significantly retained under
Figs. 9 and 1phowever, increases as one goes from water to our experimental conditions.
air to insulation as the surrounding medium. The temperature  If there is any significant retention of methane, we would
data inFig. 12show that the magnitude of the temperature expect some increase in its elution volume with decreasing
drop increases, or the average column temperature decreasedgnsity. We therefore computed tgparentelution volumes
in the same order. A lower temperature results in higher mo- for methane from the relation
bile density and viscosity, requiring a larger pressure drop
to achieve the same velocity. The pressure drop data are thudr =
consistent with the observed temperature data. The foregoing
argument is not rigorous, since Darcy’s law predicts a linear wheretr is the retention timeV,, and pp are the volumetric
relationship between pressure drop and velocity, not reducedflow rate at the pump and the density of the mobile phase atthe
velocity. We generated plots of pressure drop versus velocity pump, respectively, anek andpc are the reduced density and
(not shown) and found the same trends. critical density of carbon dioxide as defined earlier. This rela-

The column temperature drop does result in some errorstion assumes that the mobile phase is at constant temperature
in the reported values of reduced velocity. We have used re-and is at the target temporal average density, neither of which
duced velocities in order to compensate for the effects of s strictly true. The apparent values\t for the experiments
density on the diffusion coefficient and thus to directly com- on thermal conditions are shown fig. 12 plotted against
pare plate height curves obtained at different mobile phasereduced velocity to facilitate comparison to other figures in
densities. Because we assumed isothermal conditions, thehis paper. The apparent valuesffvary significantly, espe-
computed values of the diffusion coefficient, and therefore cially at(pr)t = 1.0, but are roughly constantin the mid-range
the reduced velocity, are not entirely accurate. For the casevelocities at(pr); = 1.5. The combined effects of incomplete
with the largest temperature drop we estimated the magnitudethermal equilibrium in the syringe pump and leakage of mo-
of the error in the reduced velocity due to this assumption to bile phase past the pump seal are likely causes for deviations
be approximately 11%. While not insignificant, the error is at the lowest velocities, where these effects have the great-
not so great as to affect the qualitative interpretation of the est impact due to the low pumping rates and long elution
data. times. At the higher velocities, a negative axial temperature
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gradient would result in an average column density that is ity, pressure drop and column radius. The same relationships
greater than assumed in ), with the result that Eq(6) should apply in SFC. This suggests that the use of smaller
predicts a value folWR that is too large. This is especially diameter columns should decrease the magnitude of the ra-
evident at{pRr); = 1.0 for the insulated and air-thermostatted dial temperature gradient and result in improved efficiency.
columns, where the temperature drop is greatest. ExcludingThe effects of thermal conditions, particle size and column
the data at very low and high velocities, the apparent valuesdiameter for both retained and unretained solutes will be the
of VR at {pr)t = 1.5 are reasonably constant at 0.32 mL, re- subject of future communications on this topic.
gardless of the thermal environment, and we take this as the
best measure of the elution volume for methane.

In order to determine the effect of density @p, we use 5. Nomenclature
the data for the water-thermostatted column, where the axial
temperature drop is quite small. At 40 the values olVR
are consistently about 0.32 mL at both densities, but at 50 andA, B, C coefficients in the Knox equation for reduced plate

60°C, with a few exceptions, the values\dt at (pr); =1.0 height
are consistently higher than gir)t =1.5 by a few percent. Dpy, solute diffusion coefficient in the mobile phase
While this suggests some small degree of retention, the over-d, particle diameter
all magnitude and changes in retention should be quite smallf; compressibility correction factor
and unlikely to have any significant impact on apparent plate A apparent plate height
height, and we conclude that methane is a suitable test soluter, i local reduced plate height, apparent reduced plate
for this investigation. height
tr retention time
T temperature
4. Conclusions VR, Vp retention volume, volumetric flow rate of mobile
phase at the pump
In this study we have examined the effects of pressure wpy peak width at half height

drop on efficiency for the unretained solute methane. This hasL length of column
allowed us to examine mobile phase effects without compli- v reduced velocity of mobile phase
cations from variations in retention. Our major conclusions p, pc, pr density of the mobile phase, critical density,
are: reduced densitydr = o/ oc)
(1) The efficiencylosswhen using large pressure drops under”P density of mobile p.ha.se atthe pump ) .

near-critical conditions is much greater than predicted by {Jt, ()2 for enclosed quantity: temporal average; spatial

S " average

theory assuming isothermal conditions.
(2) Significant axial and radial temperature gradients are
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