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b Institute for Chemical and Bioengineering, ICB, ETH Hönggerberg/HCI, CH-8093 Zurich, Switzerland
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Abstract

The effect of pressure drop on the performance of supercritical fluid chromatographic systems is studied. Experiments have been conducted
at different pressures and at 55 and 65◦C. Experiments at conditions leading to large and small pressure drops have been performed.
Parameters to describe the pressure drop, retention time and efficiency have been extracted from these experiments. Using these parameters
the dynamics of the chromatographic column have been modeled. Darcy’s law was used to describe the pressure drop. The efficiency was
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odeled by considering the contributions from axial dispersion, resistance to mass transfer from the fluid film, and to diffusion in
ood description of the pressure drop, retention time and mass transfer characteristics under normal operating conditions was o
arameters extracted were used to predict the elution profile by numerical simulations. Considerable loss in column efficiency wa
hen operating the column at lower values of the back pressure.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Supercritical fluids are tunable solvents, since their sol-
ent power can be altered easily by changing the operating
ressure. At conditions close to the critical point, they ex-
ibit properties intermediate to those of liquids and gases,
.g., lower viscosity and higher diffusivity as compared to liq-
ids. This and the fact that CO2 is non-toxic, non-flammable,
nd benign, with mild critical temperature and pressure, has
ade it attractive for supercritical CO2 to be used as solvent in

hromatography. Supercritical fluid chromatography (SFC),
hich offers faster and more efficient separation as compared

o high performance liquid chromatography (HPLC), has
een increasingly used as a preparative tool for the separation
f enantiomers for pharmaceutical applications[1]. More-
ver, supercritical fluid-simulated moving bed (SF-SMB)
rocesses have been developed and enantioseparations have
een successfully performed[2,3].

∗ Corresponding author. Tel.: +41 44 632 2456; fax: +41 44 632 1141
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch (M. Mazzotti).

SFC possesess characteristics different from HPLC
make its study challenging. In SFC the retention of a so
is influenced by the density of the mobile phase. The s
is more strongly retained at lower than at higher press
This stems from the fact that the solvent power of the su
critical fluid is weaker at lower than at higher pressure lev
Hence, at a given temperature, the effect of the oper
pressure has to be studied to design an effective separ
The variation of the retention factor with the mobile ph
pressure can be used to advantage in the SF-SMB pro
Traditional SMB units have four sections, namely 1, 2
and 4. Sections 2 and 3 are used for the separation o
solutes, while Sections 1 and 4 are used to regenera
stationary phase and the solvent, respectively. The obje
hence, is to enforce conditions so that the solute is we
retained in Section 1 and strongly retained in Section 4.
can be achieved by applying a pressure gradient, name
creasing pressure levels going from Sections 1 to 4. I
been shown, both theoretically and experimentally, tha
erating a SF-SMB unit in the pressure gradient mode o
higher productivity as compared to the isocratic opera
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[2,4]. In the reported experimental SF-SMB separation, the
implementation of a pressure gradient was achieved by posi-
tioning a back pressure regulator in between Sections 2 and 3.
Hence in the unit Sections 1 and 2 were at a higher pressure,
whereas Sections 3 and 4 were at a lower pressure. Other
possibilities of implementing the gradient are by introduc-
ing capillaries in between the columns, or by operating the
SMB unit at a high flow rate so that the flow causes a natural
pressure drop. Operating the chromatographic system at high
enough flow rates, i.e., where pressure drop is large, will also
be desired in single column preparative SFC systems where
the emphasis would be on increasing throughput. However,
close to the critical point, since the density of a supercritical
fluid is a strong function of the pressure, operating the SFC
under these conditions causes a density gradient across the
column, hence corresponding variations of velocity, viscos-
ity, diffusivity, and retention factor of the solute. Under these
conditions, the response of an injected pulse is influenced by
the variation of all these parameters and this has to be prop-
erly described to optimize the operation of preparative SFC
and SF-SMB processes.

The effect of pressure drop on SFC performance has
been studied in the past, while only a few studies have dealt
with the modelling of these effects in packed column SFC
[5–8]. In the current study, experimental data have been
obtained over a range of operating conditions, which extends
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Adsorption isotherm

n∗
i = F (ci, ρ) (5)

Eq. (1), the well known Darcy’s equation, describes the
pressure drop in a packed column under laminar flow con-
ditions, in terms of the viscosity,µ, density,ρ, interstitial
velocity of the mobile phase,v, while β is a system depen-
dent constant. Eqs.(1) and (2)are closed with a suitable
Equation of State (EOS) and a constitutive equation that re-
lates the fluid viscosity to the pressure and temperature. Eq.
(3) describes the transport of a componenti along the chro-
matographic column withci andni being its concentrations
in the fluid and solid phase, respectively, whileεb is the bed
void fraction. Eq.(4) represents a linear driving force mass
transfer model withki being the lumped mass transfer co-
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rom low pressure drop (�P < 1 bar) to high pressure-dro
�P � 30 bar) at two temperatures, 55 and 65◦C, using
ure CO2 as a mobile phase. These experiments invo

he injection of a pulse of phenanthrene on a LiChros
P-18 column. Parameters to describe the hydrodyna

�P), equilibrium (retention time,tRi ), mass transfe
height equivalent to a theoretical plate, HETP) have b
xtracted from these experiments and were used to p
he performance of SFC systems at large pressure
onditions.

. Modeling approach

The ultimate goal of the study is to adapt the conv
ional model used to describe the dynamics of an adsor
olumn to SFC systems under non-negligible pressure
onditions. The equations describing the hydrodynamics
he column dynamics are given below:

Hydrodynamics

Pressure drop relationship

dP

dz
= −β

(ρv)µ

ρ
(1)

Continuity equation

d(ρv)

dz
= 0 (2)

Solute Propagation
fficient, andn∗
i being the concentration in the solid pha

t equilibrium with the fluid phase concentrationci. Eq. (5)
pecifies the general form of the adsorption isotherm. In
tudy the injected solute is rather dilute, so as its ads
ion/desorption can be assumed not to affect the density
he related properties of the mobile phase. Owing to this
umption, the equations describing the hydrodynamics,
qs. (1) and (2)can be decoupled from those describi

he adsorption column dynamics, i.e., Eqs.(3)–(5). Hence,
qs. (1) and (2), along with suitable boundary condition
an be solved to yield the profiles of pressure, density,
ocity and viscosity along the column. In addition, by usi
n appropriate correlation, the diffusivity of the solute in t
olvent can be calculated as a function of temperature
ensity. These can then be used to solve the equation
cribing the solute propagation, by taking into account
ocal variations of the above mentioned properties along
olumn.

. Experimental

.1. Materials

Phenanthrene (purity>97% ) and Toluene (purity
99.7%) were obtained from Fluka Chemie, Buchs, Switz

and. Carbon dioxide (99.995% pure) was obtained fr
anGas AG, Luzern, Switzerland. A 125 mm long, 4 mm
meter LiChrospher RP-18 column (Merck Darmstadt, G
any) with 5�m particles was used for all the experimen
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3.2. Experimental set-up

A scheme of the experimental set-up is shown inFig. 1.
The CO2 from the cylinder is cooled and pumped to a de-
sired pressure by an air-driven pump (Maximator, Amman-
Technik AG, K̈ollikon, Switzerland). A constant flow of CO2
is provided by a syringe pump (ISCO 260D, ISCO, Nebraska,
USA), whose head is cooled to 15◦C. A motor driven injec-
tion valve (Valco C14W, Valco Instuments, Houston, TX,
USA) with a 60 nL internal sample loop is used to inject
a pulse into the column. Thin capillaries of 0.12 mm in-
ternal diameter, and of 5 and 8 cm length were introduced
upstream and downstream of the column, respectively. The
pulse response was measured using a UV detector (Jasco
UV-1570, Omnilab AG, Mettmenstetten, Switzerland). The
system pressure was controlled by a back pressure regulator
(Jasco BP-1580-81, Omnilab AG, Mettmenstetten, Switzer-
land), with a control precision of 2% of the set value, and
situated downstream of the UV detector. The column and the
injection valve were housed in a temperature controlled wa-
ter bath. Upstream and downstream pressures were measured
using pressure transducers (Trafag-8891, Trafag AG, Maen-
nendorf, Switzerland) at the locations shown in the figure.

At the start of an experiment, the back pressure regula-
tor was set to the desired level and the syringe pump was
programmed to provide a constant volumetric flow rate. The
s e es-
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were also performed, thus estimating the dead time and the
axial dispersion in the tubing that were later used to ana-
lyze the retention time and the HETP in the chromatographic
column. The experimental pressure drop in the piping and
the fittings present in the section of the equipment where the
pressure drop was measured, was described using the Blasius
equation written in terms of mass flow rate,G:

dP

dz
= −α

G7/4µ1/4

ρ
(6)

The parameterα, which is independent of the operating con-
ditions, was obtained by fitting Eq.(6) to the pressure drop
values obtained from the runs with the zero-dead volume
connector at 65◦C, and a value of 3.211× 108 cm−19/4 was
obtained. In this study the EOS proposed by Span and Wag-
ner[9], and the correlation to calculate the viscosity of pure
CO2 proposed by Fenghour et al.[10] were used.

For the study of the effect of pressure drop in the chro-
matographic column, the pressure at the column inlet and
outlet had to be obtained. This means that the pressure drop
contribution of the capillaries must be subtracted from the
total pressure drop measured across the capillaries and the
column. To obtain the pressure at the inlet of the column, Eq.
(6) along with the EOS and the correlation for estimating the
viscosity was solved usingPin as pressure value at the inlet
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ystem was then allowed to reach steady state, i.e., th
ablishment of a time-invariant pressure profile. Once t
onditions were reached, a pulse of a mixture of phenanth
n toluene (2%, w/w) was fed using the injection valve;
ata acquisition was started simultaneously. For each se

he experiment was repeated at least three times to e
eproducibility. The total porosity of the column was de
ined by injecting a sample of toluene at the highest pres
llowed (� 250 bar), assuming that toluene was not reta
nder the prevailing operating conditions. A value of 0
as obtained for the total porosity of the column,ε.

. Pressure drop

Since the pressure profile in the column determines
rofile of all physical parameters characterizing the col
ynamics, care should be taken in characterizing pre
rop. In the SFC set-up shown inFig. 1, pressure drop wa
easured across the injection valve, the capillaries, the
mn and the UV detector, where the contributions due t

njection value and the UV detector were negligible. He
he overall pressure drop,�P , was considered to arise fro
he column,�Pcol and the capillaries, i.e.,�Pus and�Pds,
he contribution of the capillaries located upstream and d
tream of the column respectively. The later quantities
stimated by performing experiments where the column
eplaced by a zero dead-volume connector giving neglig
ressure drop. Under these conditions, in addition to me

ng the pressure drop along the capillaries, pulse injec
f the capillary. In order to obtain the pressure at the col
utlet, the same equations were solved backwards, bu
out as the pressure value at the outlet of the downst
apillary. These calculations yielded�Pus and�Pds from
hich the pressure drop in the column,�Pcol, was calcu

ated. From this estimated value of�Pcol, β in Eq. (1) was
alculated by fitting the data of all the experiments perfor
t 65◦C thus obtainingβ = 2.54× 1010 cm−4. Since the pa
ametersα andβ are independent of temperature, the va
btained at 65◦C were used to estimate pressure drops ac

he capillary at 55◦C. The estimated contributions of the
ividual capillaries and the column are summarized inTables
and 2. The value of the back pressure reported in the t

orresponds to the set point to the back pressure regu
hilePout, is the pressure value measured downstream o
V detector. The difference between the set point andPout

s due to the precision of the back pressure regulator.
In the operation of prep-SFCs and SF-SMB units un

ressure gradient conditions, the parameters that are spe
re the back-pressure and the mass flow rate. From
arameters the model should be able to estimate the pre
rofile in the system. Hence, with the value ofPout, as a
oundary condition, the total pressure drop in the sy
as calculated by appropriately using Eqs.(1) and (6), i.e.,:

Ppred = �Pds|pred+ �Pc|pred+ �Pus|pred (7)

The predicted values of the pressure drops are given a
ide the experimentally measured values inTables 1 and 2. It
an be seen that the average difference between the pre
nd experimental values was within 2.0 bar. This indica
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Fig. 1. Schematic of the SFC plant used in the study. Thick lines between the injection valve and column inlet and between column outlet and UV detector are
capillaries with an internal diameter of 0.12 mm.

Table 1
Calculated values of pressure drops at 55◦C

Back pressure (bar) Pout pressure (bar) Flowrate�Pus at CO2 pump (cm3/min) �Pus (bar) �Pcol (bar) �Pds (bar) �Pexpt (bar) �Ppred (bar)

130 132.7 0.30 0.1 1.1 0.1 1.3 1.8
132.8 0.50 0.2 2.0 0.4 2.6 3.2
132.7 0.75 0.5 3.0 0.7 4.2 5.1
132.4 1.00 0.8 4.2 1.2 6.2 7.2
132.7 2.00 2.5 9.3 4.2 16.0 17.3
132.8 3.00 5.0 15.5 8.6 29.1 30.0
133.0 4.00 8.3 22.7 14.4 45.4 45.1
133.4 5.00 12.2 31.0 21.4 64.6 62.6

150 152.9 0.30 0.1 1.2 0.1 1.4 1.9
152.9 0.50 0.2 2.1 0.3 2.6 3.3
152.9 0.75 0.4 3.2 0.7 4.3 5.3
152.8 1.00 0.7 4.4 1.2 6.3 7.4
152.9 2.00 2.5 9.6 4.0 16.1 17.7
152.9 3.00 5.0 15.9 8.3 29.2 30.4
153.1 4.00 8.2 23.2 13.9 45.3 45.6
153.3 5.00 12.2 31.6 20.7 64.5 63.1

180 182.4 0.30 0.1 1.3 0.1 1.5 2.0
182.6 0.50 0.2 2.2 0.3 2.7 3.5
182.6 0.75 0.4 3.4 0.7 4.5 5.5
182.6 1.00 0.7 4.6 1.2 6.5 7.8
182.6 2.00 2.4 10.1 4.0 16.5 18.4
182.8 3.00 5.0 16.6 8.1 29.7 31.4
182.8 4.00 8.2 24.1 13.6 45.9 46.7
183.3 5.00 12.2 32.6 20.3 65.1 64.4

210 212.8 0.30 0.1 1.4 0.1 1.6 2.1
212.8 0.50 0.2 2.3 0.3 2.8 3.7
212.8 0.75 0.4 3.6 0.7 4.7 5.8
212.4 1.00 0.7 4.9 1.1 6.7 8.1
212.4 2.00 2.4 10.6 3.9 16.9 19.0
212.7 3.00 5.0 17.2 8.1 30.3 32.3
213.0 4.00 8.3 24.9 13.5 46.7 48.0

�Pus: pressure drop in the capillaries located upstream of the column;�Pcol: pressure drop across the chromatographic column;�Pds: pressure drop across
capillary located downstream of the column.
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Table 2
Calculated values of pressure drops at 65◦C

Back pressure (bar) Pout pressure (bar) Flowrate�Pus at CO2 pump (cm3/min) �Pus (bar) �Pcol (bar) �Pds (bar) �Pexpt (bar) �Ppred (bar)

130 131.9 0.30 0.1 1.1 0.2 1.4 1.8
131.9 0.50 0.3 1.9 0.4 2.6 3.2
131.9 0.75 0.5 3.0 0.9 4.4 5.2
131.0 1.00 0.9 4.2 1.5 6.6 7.4
131.2 2.00 2.8 9.4 5.0 17.2 18.0
132.9 3.00 5.5 15.7 10.0 31.2 31.2
133.3 4.00 8.8 22.9 16.5 48.2 46.8
133.4 5.00 12.9 31.3 24.3 68.5 64.8

150 152.3 0.30 0.1 1.2 0.2 1.4 1.8
152.8 0.50 0.2 2.0 0.4 2.6 3.2
152.8 0.75 0.5 3.1 0.8 4.4 5.2
151.8 1.00 0.8 4.2 1.3 6.3 7.4
151.8 2.00 2.7 9.5 4.5 16.7 17.8
152.0 3.00 5.3 15.8 9.1 30.2 30.8
152.4 4.00 8.7 23.1 15.2 47.0 46.2
153.0 5.00 12.7 31.5 22.5 66.7 64.0

180 182.6 0.30 0.1 1.2 0.2 1.5 1.9
182.7 0.50 0.2 2.1 0.4 2.7 3.4
182.7 0.75 0.5 3.3 0.7 4.4 5.4
182.6 1.00 0.8 4.5 1.2 6.5 7.6
182.6 2.00 2.6 9.9 4.2 16.7 18.7
182.5 3.00 5.2 16.3 8.6 30.1 31.2
182.8 4.00 8.6 23.7 14.4 46.7 46.6
182.9 5.00 12.6 32.1 21.5 66.2 64.4

210 212.6 0.30 0.1 1.3 0.1 1.5 2.0
212.5 0.50 0.2 2.2 0.4 2.8 3.5
212.6 0.75 0.4 3.4 0.7 4.5 5.6
212.5 1.00 0.7 4.7 1.2 6.6 7.9
212.3 2.00 2.5 10.3 4.1 16.9 18.7
212.5 3.00 5.1 16.8 8.4 30.3 31.9
212.6 3.50 6.7 20.5 11.1 38.3 39.4

�Pus: pressure drop in the capillaries located upstream of the column;�Pcol: pressure drop across the chromatographic column;�Pds: pressure drop across
capillary located downstream of the column.

that the Blasius equation and the Darcy’s law are suited for
the prediction of pressure drop in SFC systems. The pres-
sure profile in the chromatographic column calculated in this
fashion was used for the predictions of the retention time and
the efficiency.

5. Retention time

The retention time of phenanthrene in the SFC column was
calculated by considering the dead time in the piping. Under
conditions where the density of the fluid changes along the
column, only the mass flow rate is constant along the column,
as opposed to HPLC where the volumetric flow rate and the
velocity are also constant. The measured values of the reten-
tion time at the two different temperature levels considered
in this study are plotted in terms of mass flow rate inFig. 2.
Closed and open symbols correspond to experiments where
the calculated density drop across the column was less and
more than 3%, respectively.

For a given mass flow rate, a higher value of the back pres-
sure corresponds to a smaller fluid velocity due to the higher
density, which in turn causes a weaker retention of the solute.

The former effect leads to larger retention times, whereas the
latter in fact to smaller ones. FromFig. 2 it can be noted
that at both temperatures levels, for a given mass flow rate
the retention time decreases as the value of the back pressure
increases. This shows that under the conditions studied, the
retention time is controlled by retention (through the Henry
constant,Hi; see below) more than by the fluid velocity.

For systems where the solute is present in rather dilute
conditions, the adsorption behaviour can be described by the
linear isotherm:

n∗
i = Hici (8)

whereHi represents the Henry constant. In SFC systems with
significant pressure drop along the column, the fluid density
varies, thus making the interstitial fluid velocity,v, and the
Henry constant be functions of the axial position, i.e.,

Hi = Hi(ρ(z)) = Hi(z) (9a)

v = v(ρ(z)) = v(z) (9b)
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Fig. 2. Experimental (symbols) and calculated (lines) retention times at di
ferent back pressures (BP) at (a) 55◦C and (b) 65◦C. Closed symbols cor-
respond to runs where the density drop across the column was less than 3
whereas the open symbols correspond to those where the density drop w
more than 3%. A zoom of the high flow rate region is shown in the inset.

Therefore, the retention time of a solute,tRi , is given by

tRi =
∫ L

0

1

v(z)

(
1 + 1 − εb

εb
Hi(z)

)
dz (10)

Hence, under these conditions, the experimentally measur
retention times are due to the combined effect of the chang
of velocity and Henry constant along the column. However
in cases where the pressure drop is small, hence the dens
difference between the inlet and the outlet of the column i
negligible, the following approximations can be made:

ρ(z) � ρ̄ (11a)

v(z) � v(ρ̄) (11b)

Hi(z) � Hi(ρ̄) (11c)

whereρ̄ is the average density in the column. Incorporat-
ing these assumptions into Eq.(10)yields:

tRi = L

v(ρ̄)

[
1 + 1 − εb

εb
Hi(ρ̄)

]
(12)

and allows the Henry constant of the solute corresponding
to the average density,̄ρ, from the experimental retention
time. In this study, those experimental runs which exhibited
a density difference between the column inlet and outlet of
less than 3% were considered to satisfy the assumptions made
in Eq.(11). The Henry constants obtained from these runs are
plotted inFig. 3as a function of the mobile phase density.

The density dependence of the Henry constant can be de-
scribed by the following functional relationship:

Hi = riρ
bi (13)

This expression can be derived theoretically for dilute sys-
tems[11,12]and has been shown to represent accurately SFC
systems[2,13]. A plot of ln(Hi) versus ln(ρ) yielded a straight
line and the values of the constantsri andbi obtained from
the intercept and the slope, respectively, are shown inTable
3. The results obtained in this way are illustrated inFig. 3,
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where it can be observed that, under the experimental c
ditions studied and for a given density, the Henry consta
values at 55◦C are larger than the ones at 65◦C, as expected
since adsorption is typically an exothermic process.

The information about the density profile, hence abo
the variation of the Henry constant along the column can
used to predict the retention time at conditions where t
density drop is non-negligible. The integral of Eq.(10) can
be solved numerically by using the local density value a

Fig. 3. Experimental (points) and fitted (lines) values of the Henry consta
of phenanthrene as a function of fluid phase density at 55 and 65◦C.
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Table 3
Values ofri andbi extracted from experimental runs with negligible pressure
drop

ln r b

55◦C 32.9 −4.67
65◦C 32.6 −4.62

the corresponding Henry constant given by Eq.(13). The re-
sults of such a prediction along with the experimental results
are shown inFig. 2. At low flow rates the predictions match
very well with the experimental retention times. At higher
flow rates, the predicted retention times are always smaller
than the experimental values. Moreover, at both temperatures
the prediction of retention times is better at higher than at
lower back pressure levels. This behaviour can be interpreted
by considering a possible temperature drop along the col-
umn due to the expansion of the supercritical mobile phase.
Though not investigated in the present study, such an effect is
plausible and has been reported elsewhere[14,15]. This effect
has been demonstrated experimentally wherein temperature
drops upto 5◦C were observed for pressure drops of about
20 bar. In the present study, the pressure drops measured were
much larger and hence could lead to higher temperature dif-
ferences. It is to be noted that the effect of expansion of the
mobile phase would be significant under conditions where
the CO2 is compressible, and therefore the effects of the tem-
perature drop across the column are expected to be more
significant at lower pressures than at higher pressures. If this
were the case, density in the last portion of the column would
be larger than that predicted by the isothermal model adopted
in this study. A larger value of density leads to a lower value
of the fluid velocity which will cause an increase in the re-
tention time. As discussed before since the retention is also a
f also
b tem-
p nsity
t ange
i act
i or to
d arac-
t the
s pre-
d sfully
e s.

6

arac-
t TP,
d

H

w ulse
r f

theoretical plates. The latter parameter is obtained from an
experimental chromatogram as:

Nexpt = 5.545

(
tRi

wi

)2

(15)

wherewi is the peak width at half peak height. Under linear
conditions, it is customary to plot the HETP against the fluid
phase velocity to obtain the Van Deemter curve, which is
described by the Van Deemter equation:

HETP= A + B

v
+ Cv (16)

where the first term represents the contribution of eddy dif-
fusion; the second that of molecular diffusion,Dm,i; and the
third that of mass transfer resistance.

In the case of HPLC, for a given flow rate, the fluid phase
velocity is constant throughout the column. Operating the
system with different flow rate causes changes in the fluid
velocity alone, while all other retention and kinetic proper-
ties remain unchanged. Thus, the Van Deemter curve clearly
shows the effect of changing the fluid phase velocity alone.
However, in SFC systems under conditions of non-negligible
pressure drop, all properties including the fluid phase velocity
vary along the length of the column. Thus, under these condi-
tions, plotting the Van Deemter curve in the conventional way
d city
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unction of the fluid phase density, the Henry constant is
ound to change. However, depending on the degree of
erature change and the corresponding change in the de

he two effects that affect the retention times, i.e., the ch
n velocity and the change in the Henry constant, could
n a fashion so as either to increase the retention time
ecrease it. This could be determined by studying and ch

erizing variations along the column, which was beyond
cope of this work. However, for practical reasons, the
ictions are rather good and this model can be succes
mployed to model retention times in preparative system

. Efficiency

Mass transfer in chromatographic columns can be ch
erized by the height equivalent to a theoretical plate, HE
efined as

ETP= L
σ2

i

(tRi )2
= L

N
(14)

hereσ2
i is the second moment of the chromatographic p

esponse,L is the column length andN is the number o
,

oes not truly represent the effect of the fluid phase velo
lone. However, for the want of a convenient method to v
lize the data, the HETP curves can be grouped accord

he back pressure levels and plotted as a function of the
ow rate, the only invariant parameter along the column.
orth noting that for a given back pressure setting, var

he mass flow rates will produce a different pressure profi
he column, thus leading to different inlet conditions. He
he Van Deemter plot used in this fashion should be tre
nly in a qualitative sense.

Fig. 4(a) and (b) show the Van Deemter plots for the ex
mental runs at 150, 180, and 210 bar for the temperatur
nd 65◦C, respectively. The curves inFig. 4(a) and (b) hav

he familiar shape of a typical Van Deemter curve, whic
ow velocities decrease with increase in velocity, reach

inimum; and rises again. FromFig. 4(a) and (b), it can b
bserved that the influence of pressure level on the HETP
es is minor. Hence, for convenience, the HETP depend
n the mass flow rate can be averaged as shown by the

ine. This averaged HETP curve is compared with the H
urve at 130 bar in the inset of theFig. 4(a) and (b). At 55◦C,
he difference between the two curves is minimal and f
iven mass flow rate, the curve corresponding to a back
ure level of 130 bar has a higher value compared to the
urve. However, at 65◦C, at flow rates above 0.02 g/s,
ETP increases sharply with the increase in mass flow
nd shows a substantial difference with the averaged H
urve. In order to ascertain that the observations at 13
re not experimental artifacts, a set of runs at a back pre

evel of 135 bar was performed. The HETP values at a
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Fig. 4. Experimental HETP curves at different back pressures at (a) 55◦C
and (b) 65◦C. The solid line represents the average of HETP values at back
pressure levels 150, 180, and 210 bar. A comparison of this averaged value
with runs at lower back pressure levels is shown in the inset.

pressure level of 135 bar, nicely fall between those at 130 bar
and the averaged HETP curve thus confirming the correctness
of the results at a back pressure of 130 bar. The possibility of a
temperature drop along the column can be invoked to explain
this behavior. A drop in the temperature leads in fact to an
increase in retention time and to lower values of diffusivity,
both of which tend to increase the HETP.

In SFC systems operated under non-negligible pressure
drop conditions, the measured HETP represents the com-
bined effect of the physical properties that vary along the
column. Under such a situation, the following strategy has
been adopted to account for the local variations of the physic-
ochemical properties. First the column is divided into several

small lengths within which the physicochemical properties
can be assumed to be constant. Then, an expression to de-
scribe the HETP over this element is written in terms of the
second moment. Finally the additivity of the second moment
is invoked to calculate the second moment of the entire col-
umn and hence the overall HETP. This is described below.

Consider a sufficiently small length of the column�z at an
axial positionz from the inlet of the column, within which the
physicochemical properties can be assumed to be constant.
For this small length the expression to calculate HETP, as in
Eq.(14)can be written as:

HETP(z)

�z
= �σ2

i (z)

[�tRi (z)]2
(17)

which can be rearranged to give

�σ2
i (z) = HETP(z)

�z
[(�tRi (z))]2 (18)

The retention time,�tRi (z), is given by

�tRi (z) = �z

ω(z)
(19)

whereω(z) is the wave velocity of the concentration front at
the locationz, i.e.,

ω
v(z)
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(z) =
(1 + ((1 − εb)/εb)Hi(z))

(20)

ombining Eqs.(18) and (19), with �z → 0 one obtains:

σ2
i = HETP(z)

(ω(z))2
dz (21)

inceσ2
i is additive, the above equation can be integrate

btain [σ2
i ]col, the second moment of the pulse respons

he chromatographic column:

σ2
i ] =

∫ L

0

HETP(z)

(ω(z))2
dz (22)

ombining Eqs.(10), (14) and (22)one obtains the expre
ion to calculate the HETP representative of the entire co
iven by

ETP= L
[σ2

i ]col

(tRi )2
= L

(tRi )2

∫ L

0

HETP(z)

(ω(z))2
dz (23)

he HETP value obtained by using Eq.(23)can then be com
ared to the experimentally measured value given in Eq.(14).

Eq. (23) gives the general relation to calculate the HE
or the entire chromatographic column. In order to calcu
he HETP, a suitable mass transfer model has to be ad
hich takes into account the contributions of axial disper
nd mass transfer resistance to the HETP. As discussed

he Van Deemter equation can be used to calculate the
f the HETP:

ETP(z) = A + B(z)

v(z)
+ C(z)v(z) (24)
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The term A corresponds to the contribution of eddy diffusion
and is a function of the particle diameter,dp

A = 2γ2dp (25)

whereγ2 is an empirical constant. The second term in the
equation corresponds to the contribution of molecular diffu-
sion to axial dispersion and is given by

B(z) = 2γ1Dm,i(z) (26)

whereγ1 is an empirical constant. The terms involving A and
B are combined and expressed as the axial dispersion coeffi-
cient,Dax,i(z) = (γ1Dm,i(z) + γ2dpv(z)). Unlike liquids and
gas systems, there are fewer studies on the axial dispersion in
supercritical fluids[16,17]. In most instances, a better method
would be to obtain information from the HETP curves of the
system under investigation as adopted in this work. The third
term in Eq.(24), describes the contribution of the mass trans-
fer resistance to the HETP. The transfer of the solute from
the mobile phase to the solid phase occurs through several
resistances, namely the resistance of the fluid film around the
particle, the diffusional resistance in the pores filled with the
mobile phase and the resistance arising due to the kinetics of
adsorption. In this study, it was assumed that the mass trans-
fer resistance arises chiefly from two factors, namely the fluid
film, which is characterized by the film mass transfer coeffi-
c the
p the
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Table 4
Fitted values ofγ1 andγ2 by different methods

55◦C 65◦C
γ1 γ2 γ1 γ2

Method A 0.93 1.27 0.93 1.27
Method B 0.85 1.12 0.81 1.57

Method A corresponds to determining the values by fitting them over both
the temperatures, while Method B refers to fitting them independently at 55
and 65◦C.

whereεp is the particle porosity, which was assumed to be
0.46, thus yieldingεb = 0.35. It is worth noting that for this
type of bi-disperse particles the Henry constant is defined as
Hi = εp + (1 − εp)Ki whereKi is an adsorption equilibrium
constant. The value ofkf,i was estimated using an empirical
correlation[19]

dpkf,i(z)

Dm,i(z)
= 2.0 + 1.1

(
µ(z)

ρ(z)Dm,i(z)

)1/3 (
dpv(z)ρ(z)

µ(z)

)0.6

(31)

The pore diffusion coefficient was calculated by the expres-
sion

Dp = Dm,iεp

τ
F (λ) (32)

whereτ is the particle tortuosity, which was assumed to be
3.0, andF (λ) = (1 − λ)4 accounts for the restricted diffusion
in the pores, withλ being the ratio of the molecular diameter
to the pore diameter[20]. The value ofλ for the phenanthrene
– LiChrospher RP-18 system was 0.115. It is worth noting
that both terms in Eq.(30) are important in the case of the
system considered in this study, possibly due to the rather
small particle size selected, i.e., 5�m.

Integrating Eq.(23)after inserting Eq.(28)yields the ex-
pression for the HETP which can be compared to the ex-
p
t
γ irical
c pa-
r riant
w ere
c cases,
t f the
r es at
1
T ated
H t at
l iour
w e in
t

n that
i sible,
s been
o runs
a here
t the
ient,kf,i, and the diffusion in the pore, characterized by
ore diffusion coefficient,Dp,i. Under these assumptions

actor:

(z)=2

(
1−εb

εb

)
1
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(
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)−2

(27)

ombining Eqs.(25)–(27) the expression to calculate t
ETP is given by

ETP(z) = 2γ1Dm,i(z)

v(z)

+2γ2dp + 2v(z)

(
εb

1 − εb

)
1

ki(z)Hi(z)

×
(

1 + εb

(1 − εb)Hi(z)

)−2

(28)

n the above equation the molecular diffusion coeffici
m,i, is calculated by using a correlation proposed by Ak
an et al.[18] for phenanthrene-CO2 system:

m,i(z) = 1.2525× 10−5
√

T (V̄ (z)0.2126− V 0.2126
0 ) (29)

hereV̄ is the molar volume of the solvent and the cl
acked molar volume,V0 = 18.83 cm3/mol. The lumped
ass transfer coefficient,ki(z) can be calculated by addi

he resistance to mass transfer from the fluid film surroun
he particle and the diffusional resistance in the pores fi
ith the solvent:

1

ki(z)Hi(z)
= dp

6kf,i(z)
+ d2

p

60εpDp(z)
(30)
erimentally measured one. It can be seen that in Eq.(28)
here are two system dependent empirical parametersγ1 and
2. Two methods were adopted to determine these emp
onstants. In the first method called “Method A” these
ameters were evaluated by considering them to be inva
ith pressure and temperature, and in “Method B”, they w
onsidered to be dependent on temperature. In both the
he parameters were obtained by minimizing the sum o
esiduals of the calculated and experimental HETP valu
50, 180, and 210 bar. The values ofγ1 andγ2 are given in
able 4and comparison of the experimental and calcul
ETP values is shown inFig. 5(a) and (b).It can be seen tha

ow flow rates both the methods predict the HETP behav
ell. However, at larger flow rates there is a differenc

heir predictions.
From the experiments and calculations, it can be see

n the region where the mobile phase is less compres
ignificant loss of efficiency due to pressure drop has not
bserved. However, as demonstrated in the case of the
t 130 bar, significant losses can be seen in the region w

he mobile phase is more compressible. Evidence from
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Fig. 5. Experimental and calculated HETP curves at different back pressures
at (a) 55◦C and (b) 65◦C.

retention time predictions and the modeling of the efficiency
suggest that a drop in temperature due to the expansion of
the fluid phase can explain the observed differences. In order
to account for this, an essential step would be to measure
and properly account for possible temperature variations in
the column due to the expansion of the mobile phase. These
effects may not be significant in systems that use a modified
mobile phases, since the addition of a modifier reduces the
compressibility substantially.

7. Numerical simulation of chromatograms

The simulation of the response of a SFC column under
non-negligible pressure drop conditions is the ultimate aim

of this study. With the parameters estimated from the exper-
iments, it is possible to solve numerically Eqs.(1)–(5)along
with suitable initial and boundary conditions to yield the pulse
response of the column. Under dilute conditions of the pulse,
as explained before, the equation describing the hydrodynam-
ics, namely Eqs.(1) and (2), can be solved independent of the
solute material balance equations withPout as the boundary
condition. The Blasius and the Darcy equations, along with
the EOS and the correlation for calculating the viscosity of
CO2, were used to calculate the pressure drop in the capil-
lary and in the columns. The ordinary differential equations
Eqs.(1) and (2)were solved using the method of orthogonal
collocation with 120 internal collocation points[21] along
with the equation of state and the viscosity correlation. The
solution yielded the profile of the physicochemical properties
along the column.

Using the information obtained by solving Eqs.(1) and
(2), it is possible to solve Eqs.(3)–(5), which describe the
transport of the pulse of solute along the column. In addition
to the hydrodynamic properties, information concerning the
isotherm, in the form of Eq.(13), along with the expression
for axial dispersion and the linear driving force coefficient,ki,
were used for the simulation. The set of algebraic and partial
differential equations were combined with suitable initial and
boundary conditions. The orthogonal collocation method was
used to discretize the partial differential equations in space,
w tized
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hile the Gear’s method was used to integrate the discre
quation in time. The equations were solved and the resp

o a pulse input of the solute was simulated.
Two operating conditions were considered to compar

xperimental and simulated chromatograms. The first c
ion corresponded to a situation where the predicted rete
imes and the HETP values were in good agreement wit
xperimental values. The experimental run chosen fo
omparison was the one at 55◦C, back pressure of 150 b
nd a CO2 flow rate of 2.0 cm3/min at the pump, i.e., a ma
ow rate of 0.031 g/s. The comparison of the pulse respo
ormalized to the area, is shown inFig. 6(a). It can be see

hat under these conditions, the prediction of both reten
ime and peak width is excellent.

In the second comparison, an experimental run w
igh mass flow rate is chosen, namely at a temperatu
5◦C, a back pressure level of 150 bar, and a CO2 flow rate
f 5.0 cm3/min, which corresponds to a mass flow rate
.081 g/s. The comparison of the normalized pulse is sh

n Fig. 6(b). As expected by consideringFig. 2the simulation
redicts a shorter retention time for the peak as compar

he experimental one. It can also be seen that the peak
ase of the simulation is spread less, which is an indic
f a lower value of HETP.

From these simulations it can be seen that by prop
ccounting for the pressure drops and the variation o
hysicochemical properties along the column operated u
on-negligible pressure drop conditions, the standard co
ynamics model can be adopted to qualitatively and qu

atively predict pulse dynamics in SFC systems. At hig
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Fig. 6. Comparison of experimentally measured (dotted lines) and simu-
lated (solid line) chromatograms of phenanthrene. The experimentally mea-
sured chromatogram has been normalized to the area of the calculated chro-
matogram, thereby eliminating the need for detector calibration. Operating
conditions: (a) temperature, 55◦C; back pressure, 150 bar; mass flow rate,
0.031 g/s; (b) temperature, 55◦C; back pressure, 150 bar; mass flow rate,
0.081 g/s.

flow rates, it is suspected that temperature effects might play
a role. In order to account for this effect, a non-isothermal
model including heat-effects due to the expansion of the mo-
bile phase must be considered.

8. Concluding remarks

The effect of pressure drop on the performance of SFC
was studied with the aim of developing models for the sim-
ulation of preparative-SFC systems. The investigations were

carried out on a LiChrospher RP-18 column with 5�m parti-
cles, using phenanthrene as a solute and pure CO2 as a mobile
phase. The main parameters whose characterization are vital
are the pressure drop, retention time an the efficiency. Exper-
iments were performed at conditions where the solute was in
a rather diluted state permitting the use of a linear adsorp-
tion isotherm. Four different back pressure levels, 130, 150,
180, and 210 bar at two different temperatures 55 and 65◦C
were chosen for performing the experiments which spanned
a range of flow rates, from those which produced negligible
pressure drop to those where non-negligible pressure drops
were observed.

Darcy’s law was used to describe the pressure drop in the
column. The parameters to describe the pressure drop was
extracted from experiments over the entire flow rate range.
The dependence of the Henry constant on the fluid phase
density was obtained from experiments which offered neg-
ligible pressure drops. By combining the density profile and
the dependence of the Henry constant on the fluid phase den-
sity, it was possible to calculate the retention time. Good
predictions of the retention times were obtained at low and
moderate flow rates. At higher values of mass flow rate, the
prediction of the retention time for runs at higher back pres-
sure levels was good. At lower levels of back pressure, the
calculated retention times were slightly higher than the ex-
perimental ones. The efficiency of the column, characterized
b sure
l high
fl ncy.
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y the HETP yielded interesting results. At the back pres
evels of 150, 180, and 210 bar, running the system at
ow rates did not produce a considerable drop in efficie
owever at 65◦C and a back pressure level of 130 bar, s
tantial loss in efficiency was observed at high flow rates
eriments at lower back pressure levels, showed furthe

n efficiency. The mass transfer was modeled by using th
ameters extracted from the experiments along with stan
orrelations and empirical constants fitted to the experim
al data. From the model, the HETP values were pred
nd were found to be in good agreement with the ex
ental ones at low flow rates while at larger flow rates
redictions were satisfactory. The column model was so
umerically and the elution profiles were compared to
xperimental chromatograms. The observed difference
ween the experimental and predicted values of the rete
ime and HETP were conjectured to arise from the dro
emperature due to the expansion of the fluids.

. Nomenclature

parameter in Van Deemter equation (1/s)
Constant in the van Wasen type relationship betw
Henry constant and density
parameter in Van Deemter equation (�m)
concentration of a solute in the fluid pha
(moles/cm3)
parameter in Van Deemter equation (s)
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dp particle diameter (cm)
Dax axial Dispersion coefficient (cm2/s)
Dm,i molecular diffusion coefficient (cm2/s)
Dp pore diffusion coefficient (cm2/s)
G mass flow rate (g/s)
H Henry constant
HETP Height Equivalent to a Theoretical Plate (�m)
k lumped mass transfer coefficient (1/s)
K adsorption equilibrium constant
L length of chromatographic column (cm)
N number of plates
P pressure (bar)
n solid phase concentration (moles/cm3)
n∗ equilibrium solid phase concentration (moles/cm3)
r Constant in the van Wasen type relationship between

Henry constant and density
t time (s)
T temperature (K)
v interstitial velocity (cm/s)
V molar volume (cm3/mol)
Va close packed volume (cm3/mol)
w width of a chromatographic peak (s)
z axial coordinate (cm)

Greek letters
α parameter in Eq.(6) (cm−19/4)
β

γ

γ

ε

ε

λ ore

µ

ρ

σ

τ

S
0
c
d
e
i

in inlet
out outlet
pred predicted
R retention
us upstream
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