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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 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 paramete
the dynamics of the chromatographic column have been modeled. Darcy’s law was used to describe the pressure drop. The efficiency was
modeled by considering the contributions from axial dispersion, resistance to mass transfer from the fluid film, and to diffusion in the pores.
Good description of the pressure drop, retention time and mass transfer characteristics under normal operating conditions was obtained. The
parameters extracted were used to predict the elution profile by numerical simulations. Considerable loss in column efficiency was observed
when operating the column at lower values of the back pressure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction SFC possesess characteristics different from HPLC that
make its study challenging. In SFC the retention of a solute
Supercritical fluids are tunable solvents, since their sol- is influenced by the density of the mobile phase. The solute
vent power can be altered easily by changing the operatingis more strongly retained at lower than at higher pressures.
pressure. At conditions close to the critical point, they ex- This stems from the fact that the solvent power of the super-
hibit properties intermediate to those of liquids and gases, critical fluid is weaker at lower than at higher pressure levels.
e.g., lower viscosity and higher diffusivity as comparedtolig- Hence, at a given temperature, the effect of the operating
uids. This and the fact that G@s non-toxic, non-flammable,  pressure has to be studied to design an effective separation.
and benign, with mild critical temperature and pressure, has The variation of the retention factor with the mobile phase
made it attractive for supercritical G@b be used as solventin  pressure can be used to advantage in the SF-SMB process.
chromatography. Supercritical fluid chromatography (SFC), Traditional SMB units have four sections, namely 1, 2, 3
which offers faster and more efficient separation as comparedand 4. Sections 2 and 3 are used for the separation of the
to high performance liquid chromatography (HPLC), has solutes, while Sections 1 and 4 are used to regenerate the
beenincreasingly used as a preparative tool for the separatiorstationary phase and the solvent, respectively. The objective,
of enantiomers for pharmaceutical applicatighk More- hence, is to enforce conditions so that the solute is weakly
over, supercritical fluid-simulated moving bed (SF-SMB) retained in Section 1 and strongly retained in Section 4. This
processes have been developed and enantioseparations hagan be achieved by applying a pressure gradient, namely de-
been successfully perform¢2i 3]. creasing pressure levels going from Sections 1 to 4. It has
been shown, both theoretically and experimentally, that op-
* Corresponding author. Tel.: +41 44 632 2456; fax: +41 44 632 1141 €rating a SF-SMB unit in the pressure gradient mode offers
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch (M. Mazzotti). higher productivity as compared to the isocratic operation
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[2,4]. In the reported experimental SF-SMB separation, the Overall solute material balance

|mp!ementat|on of a pressure grgdlent was ach|e\_/ed by posi- dei 9 ac; dew) 1—ep o
tioning a back pressure regulator in between Sections 2 and 3. —=— <Dax,'(p)) _—
Hence in the unit Sections 1 and 2 were at a higher pressure, o oz 9 e €o Ot
whereas Sections 3 and 4 were at a lower pressure. Other 3)
possibilities of implementing the gradient are by introduc-

ing capillaries in between the columns, or by operating the Stationary phase material balance

SMB unit at a high flow rate so that the flow causes a natural n,;

pressure drop. Operating the chromatographic system at high o = ki(n} — n;) 4)
enough flow rates, i.e., where pressure drop is large, will also

be desired in single column preparative SFC systems where Adsorption isotherm

the emphasis would be on increasing throughput. However, .

close to the critical point, since the density of a supercritical n; = F(ci, p) (5)

fluid is a strong function of the pressure, operating the SFC
under these conditions causes a density gradient across the EQg. (1), the well known Darcy’s equation, describes the
column, hence corresponding variations of velocity, viscos- pressure drop in a packed column under laminar flow con-
ity, diffusivity, and retention factor of the solute. Under these ditions, in terms of the viscosity;, density, p, interstitial
conditions, the response of an injected pulse is influenced byvelocity of the mobile phase;, while g is a system depen-
the variation of all these parameters and this has to be prop-dent constant. Eqg1) and (2)are closed with a suitable
erly described to optimize the operation of preparative SFC Equation of State (EOS) and a constitutive equation that re-
and SF-SMB processes. lates the fluid viscosity to the pressure and temperature. Eq.
The effect of pressure drop on SFC performance has (3) describes the transport of a compongalong the chro-
been studied in the past, while only a few studies have dealtmatographic column witk; andn; being its concentrations
with the modelling of these effects in packed column SFC in the fluid and solid phase, respectively, whilgis the bed
[5-8]. In the current study, experimental data have been void fraction. Eq.(4) represents a linear driving force mass
obtained over a range of operating conditions, which extendstransfer model withk; being the lumped mass transfer co-
from low pressure dropA P < 1 bar) to high pressure-drop  efficient, ands; being the concentration in the solid phase
(AP ~ 30bar) at two temperatures, 55 and°€5 using at equilibrium with the fluid phase concentration Eq. (5)
pure CQ as a mobile phase. These experiments involved specifies the general form of the adsorption isotherm. In this
the injection of a pulse of phenanthrene on a LiChrospher study the injected solute is rather dilute, so as its adsorp-
RP-18 column. Parameters to describe the hydrodynamicstion/desorption can be assumed not to affect the density and
(AP), equilibrium (retention time,:R), mass transfer the related properties of the mobile phase. Owing to this as-
(height equivalent to a theoretical plate, HETP) have been sumption, the equations describing the hydrodynamics, i.e.,
extracted from these experiments and were used to predictEgs. (1) and (2)can be decoupled from those describing
the performance of SFC systems at large pressure dropthe adsorption column dynamics, i.e., E¢®)—(5) Hence,
conditions. Egs.(1) and (2) along with suitable boundary conditions,
can be solved to yield the profiles of pressure, density, ve-
locity and viscosity along the column. In addition, by using
2. Modeling approach an appropriate correlation, the diffusivity of the solute in the
solvent can be calculated as a function of temperature and
The ultimate goal of the study is to adapt the conven- density. These can then be used to solve the equations de-
tional model used to describe the dynamics of an adsorptionscribing the solute propagation, by taking into account the
column to SFC systems under non-negligible pressure droplocal variations of the above mentioned properties along the
conditions. The equations describing the hydrodynamics andcolumn.
the column dynamics are given below:

Hydrodynamics 3. Experimental
Pressure drop relationship
3.1. Materials
P _ (e O
dz P Phenanthrene (purity>97% ) and Toluene (purity
Continuity equation >99.7%) were obtained from Fluka Chemie, Buchs, Switzer-
d(ov) land. Carbon dioxide (99.995% pure) was obtained from
=0 2 PanGas AG, Luzern, Switzerland. A 125 mm long, 4 mm di-
dz ameter LiChrospher RP-18 column (Merck Darmstadt, Ger-

Solute Propagation many) with 5um particles was used for all the experiments.
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3.2. Experimental set-up were also performed, thus estimating the dead time and the
axial dispersion in the tubing that were later used to ana-
A scheme of the experimental set-up is showifrig. 1 lyze the retention time and the HETP in the chromatographic

The CQ from the cylinder is cooled and pumped to a de- column. The experimental pressure drop in the piping and
sired pressure by an air-driven pump (Maximator, Amman- the fittings present in the section of the equipment where the
Technik AG, Kollikon, Switzerland). A constant flow of GO pressure drop was measured, was described using the Blasius
is provided by a syringe pump (ISCO 260D, ISCO, Nebraska, equation written in terms of mass flow rate,

USA), whose head is cooled to 16. A motor driven injec-

tion valve (Valco C14W, Valco Instuments, Houston, TX, ‘LP - G'Apt/4 ©6)

USA) with a 60 nL internal sample loop is used to inject dz Y

a pulse into the column. Thin capillaries of 0.12mm in-

ternal diameter, and of 5 and 8 cm length were introduced ... . "
. ditions, was obtained by fitting E¢6) to the pressure drop
upstream and downstream of the column, respectively. The . !
values obtained from the runs with the zero-dead volume

pulse response was measured using a UV detector (Jascq o oo ot 65C, and a value of 211 x 108 cm1¥4 was
UV-1570, Omnilab AG, Mettmenstetten, Switzerland). The . ;

obtained. In this study the EOS proposed by Span and Wag-
system pressure was controlled by a back pressure regulator . : .

. - ner[9], and the correlation to calculate the viscosity of pure
(Jasco BP-1580-81, Omnilab AG, Mettmenstetten, Switzer-
: - CO, proposed by Fenghour et §L0] were used.
land), with a control precision of 2% of the set value, and .
. For the study of the effect of pressure drop in the chro-

situated downstream of the UV detector. The column and the . :
s . matographic column, the pressure at the column inlet and
injection valve were housed in a temperature controlled wa- . .

autlet had to be obtained. This means that the pressure drop
ter bath. Upstream and downstream pressures were measure

. contribution of the capillaries must be subtracted from the
using pressure transducers (Trafag-8891, Trafag AG, Maen- L
: i ! : total pressure drop measured across the capillaries and the
nendorf, Switzerland) at the locations shown in the figure.

) column. To obtain the pressure at the inlet of the column, Eq.
At the start of an experiment, the back pressure regula- . . o
) . (6) along with the EOS and the correlation for estimating the
tor was set to the desired level and the syringe pump was . . . .
. . viscosity was solved usinffy, as pressure value at the inlet
programmed to provide a constant volumetric flow rate. The : .
. of the capillary. In order to obtain the pressure at the column
system was then allowed to reach steady state, i.e., the es

tablishment of a time-invariant pressure profile. Once these outlet, the same equations were solved backwards, but with

- . P, he pr re val h | f th wnstream
conditions were reached, a pulse of a mixture of phenanthrene_ °" as the pressure value at the outlet of the downstrea

in toluene (2%, w/w) was fed using the injection valve; the capillary. These calculations yieldatiPys and A Pys from

N : .~ _which the pressure drop in the columA Py, was calcu-
data acquisition was started simultaneously. For each setting ; : .

X ; lated. From this estimated value afP.q, 8 in Eq. (1) was
the experiment was repeated at least three times to ensure

reproducibility. The total porosity of the column was deter- Calculated by fitting the data of all the experiments performed
P DILY. P Y . at 65°C thus obtainingg = 2.54 x 10'%cm. Since the pa-
mined by injecting a sample of toluene at the highest pressure

i . rametersy andg are independent of temperature, the values
allowed ¢ 250 bar), assuming that toluene was not retained ; :
. : " obtained at 65C were used to estimate pressure drops across
under the prevailing operating conditions. A value of 0.65

; . the capillary at 55C. The estimated contributions of the in-
was obtained for the total porosity of the colunan, s S .
dividual capillaries and the column are summarizetahles
1 and 2 The value of the back pressure reported in the table
corresponds to the set point to the back pressure regulator,
while Py, is the pressure value measured downstream of the

Since the pressure profile in the column determines the .UV detector. The difference between the set point &pg

profile of all physical parameters characterizing the column is due to the precision of the back pressure regulator.

dynamics, care should be taken in characterizing pressure In the oper_at|on of pr.ep—SFth and SF'SMhB units und_efr
drop. In the SEC set-up shown Fig. 1. pressure drop was pressure gradient conditions, the parameters that are specified

e N are the back-pressure and the mass flow rate. From these
measured across the injection valve, the capillaries, the col- .
umn and the UV detector, where the contributions due to the parqme_ters the model should be _able o estimate the pressure
injection value and the UV detector were negligible. Hence, profile in the sygtem. Hence, with the value .B‘f“t’ as a
the overall pressure dropy P, was considered to arise from boundary condition, the tqtal pressure drop in th? system
the column.A Poy and the capillaries, i.6A Pus and A Py, was calculated by appropriately using Ef9.and (6) i.e.,:

the contribution of the capillarigs located upstream 3r_1d down- A Pored = A Paslpred + A Pelpred+ A Puslpred @)
stream of the column respectively. The later quantities were

estimated by performing experiments where the columnwas  The predicted values of the pressure drops are given along-
replaced by a zero dead-volume connector giving negligible side the experimentally measured value$ables 1 and At
pressure drop. Under these conditions, in addition to measur-can be seen that the average difference between the predicted
ing the pressure drop along the capillaries, pulse injectionsand experimental values was within 2.0 bar. This indicataes

The parametex, which is independent of the operating con-

4. Pressure drop
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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 UNé detector a
capillaries with an internal diameter of 0.12 mm.

Table 1
Calculated values of pressure drops at65

Back pressure (bar) Py pressure (bar)  Flowrat& Pys at CQ, pump (cn¥/min) A Pys(bar) A Pe (bar) APy (bar) A Peypt (bar) A Ppreq (bar)

130 132.7 0.30 a 11 0.1 13 18
132.8 0.50 ® 20 0.4 26 32
132.7 0.75 ® 3.0 0.7 4.2 51
132.4 1.00 ¢3] 42 12 6.2 7.2
132.7 2.00 5 9.3 4.2 160 17.3
132.8 3.00 D 155 8.6 291 300
133.0 4.00 8 227 144 454 451
1334 5.00 12 310 214 64.6 626
150 152.9 0.30 a 12 0.1 14 19
152.9 0.50 @® 21 0.3 26 33
152.9 0.75 o 32 0.7 43 53
152.8 1.00 or 44 12 6.3 7.4
152.9 2.00 5 9.6 4.0 161 177
152.9 3.00 D 159 83 292 304
153.1 4.00 134 232 139 453 456
153.3 5.00 12 316 207 645 631
180 182.4 0.30 a 13 0.1 15 20
182.6 0.50 @ 22 0.3 27 35
182.6 0.75 o 34 0.7 45 55
182.6 1.00 or 46 12 6.5 7.8
182.6 2.00 2 101 4.0 165 184
182.8 3.00 D 166 81 297 314
182.8 4.00 & 241 136 459 467
183.3 5.00 12 326 203 651 644
210 212.8 0.30 a 14 0.1 16 21
212.8 0.50 ® 23 0.3 28 37
212.8 0.75 o 36 0.7 47 5.8
212.4 1.00 or 49 11 6.7 81
212.4 2.00 2 106 39 169 190
212.7 3.00 D 17.2 81 303 323
213.0 4.00 8 249 135 467 480

A Pys: pressure drop in the capillaries located upstream of the coldnfgg: pressure drop across the chromatographic colulys: pressure drop across
capillary located downstream of the column.
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Table 2
Calculated values of pressure drops at65

Back pressure (bar) Pyt pressure (bar)  Flowrai& Pys at CQ; pump (cni/min) A Pys(bar) A Pgo (bar) A Pys (bar) A Pexpt (bar) A Ppreq (bar)

130 131.9 0.30 a 11 0.2 14 18
131.9 0.50 03] 19 04 26 32
131.9 0.75 ® 3.0 0.9 44 5.2
131.0 1.00 ® 42 15 6.6 74
131.2 2.00 3B 9.4 5.0 17.2 180
132.9 3.00 [5) 157 100 312 312
133.3 4.00 8 229 165 482 468
133.4 5.00 1D 313 243 685 648
150 152.3 0.30 a 12 0.2 14 18
152.8 0.50 @ 20 0.4 26 32
152.8 0.75 ® 31 0.8 44 5.2
151.8 1.00 ¢3] 42 13 6.3 74
151.8 2.00 z 9.5 45 167 17.8
152.0 3.00 3B 158 9.1 302 308
152.4 4.00 & 231 152 470 462
153.0 5.00 17 315 225 667 640
180 182.6 0.30 a 12 0.2 15 19
182.7 0.50 ® 21 0.4 2.7 34
182.7 0.75 ® 33 0.7 44 5.4
182.6 1.00 ¢3] 45 12 6.5 7.6
182.6 2.00 o) 9.9 4.2 167 187
182.5 3.00 P 163 8.6 301 312
182.8 4.00 9] 237 144 467 466
182.9 5.00 15 321 215 662 644
210 212.6 0.30 a 13 0.1 15 20
2125 0.50 ® 22 0.4 28 35
212.6 0.75 o 34 0.7 45 5.6
2125 1.00 or 4.7 12 6.6 7.9
2123 2.00 5 103 41 169 187
2125 3.00 8 168 84 303 319
212.6 3.50 67 205 111 383 394

A Pys: pressure drop in the capillaries located upstream of the colwniyg: pressure drop across the chromatographic colutiys: pressure drop across
capillary located downstream of the column.

that the Blasius equation and the Darcy’s law are suited for The former effect leads to larger retention times, whereas the

the prediction of pressure drop in SFC systems. The pres-latter in fact to smaller ones. Frofig. 2 it can be noted

sure profile in the chromatographic column calculated in this that at both temperatures levels, for a given mass flow rate

fashion was used for the predictions of the retention time and the retention time decreases as the value of the back pressure

the efficiency. increases. This shows that under the conditions studied, the
retention time is controlled by retention (through the Henry
constantH;; see below) more than by the fluid velocity.

5. Retention time For systems where the solute is present in rather dilute

o ) conditions, the adsorption behaviour can be described by the
The retention time of phenanthrene inthe SFC columnwas |inear isotherm:

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, i = Hici (8)
as opposed to HPLC where the volumetric flow rate and the
velocity are also constant. The measured values of the retenwhereH, represents the Henry constant. In SFC systems with
tion time at the two different temperature levels considered significant pressure drop along the column, the fluid density
in this study are plotted in terms of mass flow ratd-ig. 2 varies, thus making the interstitial fluid velocity, and the
Closed and open symbols correspond to experiments whereHenry constant be functions of the axial position, i.e.,
the calculated density drop across the column was less and
more than 3%, respectively. - o

For a given mass flow rate, a higher value of the back pres- Hi = Hi(p(2)) = Hi(z) (%)
sure corresponds to a smaller fluid velocity due to the higher
density, which in turn causes a weaker retention of the solute.v = v(0(z)) = v(z) (9b)
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3 v(z) >~ v(p) (11b)
® BP =130bar
oS P m BP =150bar H;(z) ~ Hi(p) (11c)
A BP =180bar
¥ BP =210bar wherep is the average density in the column. Incorporat-
1000-: ing these assumptions into H40) yields:
71
[ L 1-— €p
o R=—_ [1 + Hi(ﬁ):| (12)
v(p) €b

retention time [s]
hd

mass flow rate [g/s]

BP =130bar
BP =150bar
BP =180bar
BP =210bar

4rmeo

(100

-
[=1
o
'l

2
0.01 0.1

mass flow rate [g/s]

and allows the Henry constant of the solute corresponding
to the average density, 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:

H; = rip" (13)

This expression can be derived theoretically for dilute sys-
tems[11,12]and has been shown to represent accurately SFC
system$2,13]. A plotof In(H;) versus Inp) yielded a straight

line and the values of the constantsandb; obtained from

the intercept and the slope, respectively, are showrabie

3. The results obtained in this way are illustrated-ig. 3,
where it can be observed that, under the experimental con-
ditions studied and for a given density, the Henry constant
values at 55C are larger than the ones at®5, as expected
since adsorption is typically an exothermic process.

The information about the density profile, hence about
the variation of the Henry constant along the column can be
used to predict the retention time at conditions where the
density drop is non-negligible. The integral of E0) can
be solved numerically by using the local density value and

30

© 55°C

25—

Fig. 2. Experimental (symbols) and calculated (lines) retention times at dif-
ferent back pressures (BP) at (a)°85and (b) 65C. 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 was
more than 3%. A zoom of the high flow rate region is shown in the inset.

Therefore, the retention time of a solu@@, is given by

L1 1—ep
R _ .
f _/0 Q) (1+ o H,(z)) dz (20)

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

Fig. 3. Experimental (points) and fitted (lines) values of the Henry constant

3

15

Henry constant,H
[:*]

400

500

I |
600 700
Density, p [g/L]

900

p(z) = /f7 (11a) of phenanthrene as a function of fluid phase density at 55 af@.65
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Table 3 theoretical plates. The latter parameter is obtained from an
Values ofr; andb; extracted from experimental runs with negligible pressure experimental chromatogram as:
drop

2

Inr b tR
_ i
55°C 32.9 —4.67 Nexpt= 5.545 ( w; ) (15)
65°C 32.6 ~4.62

wherew; is the peak width at half peak height. Under linear
the corresponding Henry constant given by B@). The re- conditions, it is customary to plot the HETP against the fluid
sults of such a prediction along with the experimental results phase velocity to obtain the Van Deemter curve, which is
are shown irFig. 2 At low flow rates the predictions match  described by the Van Deemter equation:
very well with the experimental retention times. At higher
flow rates, the predicted retention times are always smallerHETP= A + B +Cv (16)
than the experimental values. Moreover, at both temperatures v

the prediction of retention times is better at higher than at \ynere the first term represents the contribution of eddy dif-
lower back pressure levels. This behaviour can be interpretedgysjon: the second that of molecular diffusidy, ;; and the
by considering a possible temperature drop along the col-thjrd that of mass transfer resistance.
umn due to the expansion of the supercritical mobile phase. | the case of HPLC, for a given flow rate, the fluid phase
Though not investigated in the present study, such an effect iSveIocity is constant throughout the column. Operating the
plausible and has beenreported elsewfietel 5] Thiseffect  gsystem with different flow rate causes changes in the fluid
has been demonstrated experimentally wherein temperaturg e|ocity alone, while all other retention and kinetic proper-
drops upto 5C were observed for pressure drops of about tjes remain unchanged. Thus, the Van Deemter curve clearly
20 bar. Inthe present study, the pressure drops measured wergnows the effect of changing the fluid phase velocity alone.
much larger and hence could lead to higher temperature dif- However, in SFC systems under conditions of non-negligible
ferences. It is to be noted that the effect of expansion of the pressure drop, all properties including the fluid phase velocity
mobile phase would be significant under conditions where vary along the length of the column. Thus, under these condi-
the CQ is compressible, and therefore the effects of the tem- tjons, plotting the Van Deemter curve in the conventional way
perature drop across the column are expected to be morgjpes not truly represent the effect of the fluid phase velocity
significant at lower pressures than at higher pressures. If thisgjone. However, for the want of a convenient method to visu-
were the case, density in the last portion of the column would gjize the data, the HETP curves can be grouped according to
be larger than that predicted by the isothermal model adoptedine pack pressure levels and plotted as a function of the mass
in this study. A larger value of density leads to a lower value fow rate, the only invariant parameter along the column. It is
of the fluid velocity which will cause an increase in the re- \yorth noting that for a given back pressure setting, varying
tention time. As discussed before since the retention is also ashe mass flow rates will produce a different pressure profile in
function of the fluid phase density, the Henry constant is also the column, thus leading to different inlet conditions. Hence,
bound to change. However, depending on the degree of teM+he van Deemter plot used in this fashion should be treated
perature change and the corresponding change in the densi%my in a qualitative sense.
the two effects that affect the retention times, i.e., the change Fig. 4(a) and (b) show the Van Deemter plots for the exper-
in velocity and the change in the Henry constant, could act jmental runs at 150, 180, and 210 bar for the temperatures 55
in a fashion so as either to increase the retention time or togng 65°C, respectively. The curves Fig. 4a) and (b) have
decrease it. This could be determined by studying and characthe familiar shape of a typical Van Deemter curve, which at
terizing variations along the column, which was beyond the |\ velocities decrease with increase in velocity, reaches a
scope of this work. However, for practical reasons, the pre- minimum: and rises again. FroRig. 4(a) and (b), it can be
dictions are rather good and this model can be successfullygpserved that the influence of pressure level on the HETP val-
employed to model retention times in preparative systems. es js minor. Hence, for convenience, the HETP dependence

on the mass flow rate can be averaged as shown by the dotted

line. This averaged HETP curve is compared with the HETP
6. Efficiency curve at 130 bar in the inset of tRég. 4a) and (b). At55C,

the difference between the two curves is minimal and for a

Mass transfer in chromatographic columns can be charac-giyen mass flow rate, the curve corresponding to a back pres-

terized by the height equivalent to a theoretical plate, HETP, gyre |evel of 130 bar has a higher value compared to the other

defined as curve. However, at 65C, at flow rates above 0.02 g/s, the
UZZ L HETP increases sharply with the increase in mass flow rate

HETP= L (R)2 =N (14) and shows a substantial difference with the averaged HETP
L

curve. In order to ascertain that the observations at 130 bar
whereoi2 is the second moment of the chromatographic pulse are not experimental artifacts, a set of runs at a back pressure
responsel is the column length and’ is the number of level of 135 bar was performed. The HETP values at a back
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80 small lengths within which the physicochemical properties
g0 | Averagefor 150, 180210 ar can be assumed to be constant. Then, an expression to de-
scribe the HETP over this element is written in terms of the
1004 second moment. Finally the additivity of the second moment
60— is invoked to calculate the second moment of the entire col-
50 o umn and hence the overall HETP. This is described below.
- ‘%_?,m.-ﬁ—' Consider a sufficiently small length of the colump at an
E i 0 —————— axial positiorz from the inlet of the column, within which the
= 40+ 000 002 004 006 008 0.1d A ) )
£ physicochemical properties can be assumed to be constant.
e A For this small length the expression to calculate HETP, as in
Eqg.(14) can be written as:
20— HETP Ac?
6 _ _aof() an
O BP =150 bar Az [Aff ()12
A BP =180 bar
B i e AT, which can be rearranged to give
0 T I T \
0.00 0.02 0.04 0.06 0.08 0.10 AU-Z(Z) — @[(AIR(@)]Z (18)
(a) Mass flow rate [g/s] ! Az '
The retention timeArR(z), is given by
80 © BP=130bar o A
150’i B\l:e?aﬁfoba’ z
65°C 1‘20.21%&;1150' & AtzR(Z) = m (19)
dh b ° wherew(z) is the wave velocity of the concentration front at
° ° the locatiory, i.e.,
v(2)
= w(z) = (20)
g_ 0.10 (1 + ((1 - 6b)/fb)I_Ii(Z))
= 40
E Combining Eqs(18) and (19)with Az — 0 one obtains:
I
HETPE)
do? = — " dz (21)
b (@(2))?
20
Sincecri2 is additive, the above equation can be integrated to
R obtain p?]col, the second moment of the pulse response of
v BP =210 bar the chromatographic column:
N = Average of 150, 180, 210 bar
"0.00 0.02 0.04 0.06 0.08 0.10 [0?] = L HETPE) 22)
(b) Mass flow rate [g/s] T (0(2)2 <

Fig. 4. Experimental HETP curves at different back pressures at (&} 55 Cpmbmmg Eqs(lO), (14) and (22))ne 'obtalns the gxpres-
and (b) 65C. The solid line represents the average of HETP values at back Sionto calculate the HETP representative of the entire column

pressure levels 150, 180, and 210 bar. A comparison of this averaged valuegiven by
with runs at lower back pressure levels is shown in the inset.

2
p ol _ L /L HETPC) (23)
0

pressure level of 135 bar, nicely fall between those at 130 bar R2 (R (0(2))?

and the averaged HETP curve thus confirming the correctnessyy . HETP value obtained by using E@3)can then be com-
of the results at a back pressure of 130 bar. The possibility Of,apared to the experimentally measured value given ir{E4).
temperature drop along the column can be invoked to explain Eq. (23) gives the general relation to calculate the HETP

f[h|s beha_vmr. A d_rop in the temperature leads in fact T[O_ an for the entire chromatographic column. In order to calculate
increase in retention time and to lower values of diffusivity, the HETP, a suitable mass transfer model has to be adopted
bOtIh cgl\:/vglch tend to mcreaze thg HETP. ligibl which takes into account the contributions of axial dispersion

n systems operated under non-negligible pressure, 4 o< transfer resistance to the HETP. As discussed before

drop conditions, the megsured HETP represents the COMhe van Deemter equation can be used to calculate the value
bined effect of the physical properties that vary along the ¢ o LETP:

column. Under such a situation, the following strategy has
been adopted to account for the local variations of the physic- HETPE) = A + B(2) + C()v(z) (24)
ochemical properties. First the column is divided into several v(z)
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The term A corresponds to the contribution of eddy diffusion Table 4

and is a function of the particle diamete, Fitted values ofy andy by different methods
55°C 65°C

A = 2y2dp (25) 71 2 iz 2
wherey, is an empirical constant. The second term in the Method A 0.93 127 0.93 127

. I . Method B 0.85 1.12 0.81 157
equation corresponds to the contribution of molecular diffu-
sion to axial dispersion and is given by Method A corresponds to determining the values by fitting them over both

the temperatures, while Method B refers to fitting them independently at 55

B(z) = 2y1Dm.i(z) (26) and 65°C.

wherey is an empirical constant. The terms involving Aand wheree, is the particle porosity, which was assumed to be

B are combined and expressed as the axial dispersion coeffi0.46, thus yieldingy = 0.35. It is worth noting that for this

cient, Day i(z) = (y1Dm,i(z) + y2dpv(z)). Unlike liquids and type of bi-disperse particles the Henry constant is defined as

gas systems, there are fewer studies on the axial dispersion irf; = ¢p + (1 — €p) K; whereKk; is an adsorption equilibrium

supercritical fluid$16,17] In mostinstances, a better method constant. The value @ ; was estimated using an empirical

would be to obtain information from the HETP curves of the correlation[19]

system under investigation as adopted in this work. The third

termin E i ibuti _ dpkti(2) wa) N\ dpr(x)p(z) |
g.(24), describes the contribution of the mass trans- “p*f, —20+11 < > ( p >

fer resistance to the HETP. The transfer of the solute from Dm,i(z) 0(z) Dm.i(2) w(z)

the mobile phase to the solid phase occurs through several (31)

resistances, namely the resistance of the fluid film around the

particle, the diffusional resistance in the pores filled with the The pore diffusion coefficient was calculated by the expres-

mobile phase and the resistance arising due to the kinetics ofsion

adsorption. In this study, it was assumed that the mass trans- Dm,i€p

fer resistance arises chiefly from two factors, namely the fluid Pp =

film, which is characterized by the film mass transfer coeffi-

cient, ks ;, and the diffusion in the pore, characterized by the

pore diffusion coefficientDp, ;. Under these assumptions the

F(L) (32)

wherer is the particle tortuosity, which was assumed to be
3.0,andF (1) = (1 — A)* accounts for the restricted diffusion
in the pores, with. being the ratio of the molecular diameter

factor:
5 to the pore diametg20]. The value of for the phenanthrene
Clo)=2 l1-ep 1 1 €b B 27) — LiChrospher RP-18 system was 0.115. It is worth noting
o en /) ki(z)Hi(z) (1—ep)H;(2) 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.uh.
Integrating Eq(23) after inserting Eq(28) yields the ex-

Combining Eqgs.(25)—(27)the expression to calculate the
HETP is given by

HETPE) = 2y1Dm,i(z) pression for the HETP which can be compared to the ex-
v(z) perimentally measured one. It can be seen that in(Eg).
- 1 there are two system dependent empirical parameteand
+2y2dp + 2v(z) ( ) y2. Two methods were adopted to determine these empirical
1-ev/ ki(2)Hi(2) constants. In the first method called “Method A’ these pa-
b -2 rameters were evaluated by considering them to be invariant
X <1 + (l—eb)H,-(z)> (28) with pressure and temperature, and in “Method B”, they were

considered to be dependent on temperature. In both the cases,

In the above equation the molecular diffusion coefficient, the parameters were obtained by minimizing the sum of the
Dm,, is calculated by using a correlation proposed by Akger- residuals of the calculated and experimental HETP values at
man et al[18] for phenanthrene-COsystem: 150, 180, and 210 bar. The valuesyafandy; are given in

N 5 =/ 10.2126 0.212 Table 4and comparison of the experimental and calculated
Dimi(2) = 1.2525x 107°VT(V(2) -V @9 HETP valuesis shown iig. 5(a) and (b).lt can be seen that at
whereV is the molar volume of the solvent and the close low flow rates both the methods predict the HETP behaviour
packed molar volumeyy = 18.83 cnt/mol. The lumped well. However, at larger flow rates there is a difference in
mass transfer coefficient;(z) can be calculated by adding their predictions.
the resistance to mass transfer from the fluid film surrounding ~ From the experiments and calculations, it can be seen that
the particle and the diffusional resistance in the pores filled in the region where the mobile phase is less compressible,

with the solvent: significant loss of efficiency due to pressure drop has not been
1 d 42 observed. However, as demonstrated in the case of the runs
P P (30) at 130 bar, significant losses can be seen in the region where

= +
ki(z)Hi(z) ~ 6ks,i(z) = 60epDp(2) the mobile phase is more compressible. Evidence from the
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80 of this study. With the parameters estimated from the exper-
iments, it is possible to solve numerically E¢E)—(5)along
55°C with suitable initial and boundary conditions to yield the pulse
response of the column. Under dilute conditions of the pulse,
60 as explained before, the equation describing the hydrodynam-

ics, namely Eqq1) and (2) can be solved independent of the
solute material balance equations with; as the boundary
condition. The Blasius and the Darcy equations, along with
the EOS and the correlation for calculating the viscosity of
COg, were used to calculate the pressure drop in the capil-
lary and in the columns. The ordinary differential equations
Egs.(1) and (2)were solved using the method of orthogonal
collocation with 120 internal collocation poinf21] along
with the equation of state and the viscosity correlation. The

HETP [um]

= Eﬂ’;’:::j;“g“‘ solution yielded the profile of the physicochemical properties
------ Method B along the column.

m o .- " - . Using the information obtained by solving Eq4) and

(@) Mass flow rate [g/s] (2), it is possible to solve Eq3)—(5) which describe the
transport of the pulse of solute along the column. In addition
80 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 coefficiént,

were used for the simulation. The set of algebraic and partial
60— differential equations were combined with suitable initial and
boundary conditions. The orthogonal collocation method was
used to discretize the partial differential equations in space,
while the Gear’s method was used to integrate the discretized
equation in time. The equations were solved and the response
to a pulse input of the solute was simulated.

Two operating conditions were considered to compare the
experimental and simulated chromatograms. The first condi-
tion corresponded to a situation where the predicted retention
times and the HETP values were in good agreement with the

HETP [um]

= Experiment experimental values. The experimental run chosen for the
— Method A .
- Method B comparison was the one at 5, back pressure of 150 bar,
o | I T [ and a CQ flow rate of 2.0 crd/min at the pump, i.e., a mass
0.00 0.02 0.04 0.06 0.08 0.10

flow rate of 0.031 g/s. The comparison of the pulse responses,
normalized to the area, is shownhig. 6(@). It can be seen
Fig. 5. Experimental and calculated HETP curves at different back pressurest.hat under these. Con.dltlons’ the predlct|on of both retention
at (a) 55°C and (b) 65C. time and peak width is excellent.

In the second comparison, an experimental run with a
retention time predictions and the modeling of the efficiency high mass flow rate is chosen, namely at a temperature of
suggest that a drop in temperature due to the expansion ob5°C, a back pressure level of 150 bar, and a@low rate
the fluid phase can explain the observed differences. In orderof 5.0 cn¥/min, which corresponds to a mass flow rate of
to account for this, an essential step would be to measure0.081 g/s. The comparison of the normalized pulse is shown
and properly account for possible temperature variations in in Fig. 6(b). As expected by considerifgg. 2the simulation
the column due to the expansion of the mobile phase. Thesepredicts a shorter retention time for the peak as compared to
effects may not be significant in systems that use a modifiedthe experimental one. It can also be seen that the peak in the
mobile phases, since the addition of a modifier reduces thecase of the simulation is spread less, which is an indication
compressibility substantially. of a lower value of HETP.

From these simulations it can be seen that by properly

accounting for the pressure drops and the variation of the

7. Numerical simulation of chromatograms physicochemical properties along the column operated under
non-negligible pressure drop conditions, the standard column

The simulation of the response of a SFC column under dynamics model can be adopted to qualitatively and quanti-
non-negligible pressure drop conditions is the ultimate aim tatively predict pulse dynamics in SFC systems. At higher

(b) Mass flow rate [g/s]
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16 carried out on a LiChrospher RP-18 column witiafa parti-
T gfnﬁﬁ?af:z:t cles, using phenanthrene as a solute and puregS@ mobile
14— phase. The main parameters whose characterization are vital
are the pressure drop, retention time an the efficiency. Exper-
12+ iments were performed at conditions where the solute was in
a a rather diluted state permitting the use of a linear adsorp-
10+ tion isotherm. Four different back pressure levels, 130, 150,

180, and 210 bar at two different temperatures 55 arfd65
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.

0 - .. The dependence of the Henry constant on the fluid phase
2.0 2{5 3!0 35 density was obtained from experiments which offered neg-

(a) Time [min] ligible pressure drops. By combining the density profile and
the dependence of the Henry constant on the fluid phase den-
50 sity, it was possible to calculate the retention time. Good
- - = Experiment predictions of the retention times were obtained at low and
—— Simulation 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
by the HETP yielded interesting results. At the back pressure
F levels of 150, 180, and 210 bar, running the system at high
flow rates did not produce a considerable drop in efficiency.
However at 65C and a back pressure level of 130 bar, sub-
stantial loss in efficiency was observed at high flow rates. Ex-
periments at lower back pressure levels, showed further loss
in efficiency. The mass transfer was modeled by using the pa-
rameters extracted from the experiments along with standard
J |/ . correlations and empirical constants fitted to the experimen-
°0.0 05 10 15 tal data. From the model, the HETP values were predicted
(b) Time [min] and were found to be in good agreement with the experi-
mental ones at low flow rates while at larger flow rates, the
Fig. 6. Comparison of experimentally measured (dotted lines) and simu- predictions were satisfactory. The column model was solved
lated (solid line) chromatograms of phgnanthrene. The experimentally mea-numerically and the elution profiles were compared to the
sured chromatogram _ha_s be_en normalized to the area of_the t_:alculated C_hro'experimental chromatograms. The observed differences be-
matogram, thereby eliminating the need for detector calibration. Operating . . .
conditions: (a) temperature, 5&; back pressure, 150 bar; mass flow rate, tween the experimental and predicted values of the retention
0.031g/s; (b) temperature, 56; back pressure, 150 bar; mass flow rate, time and HETP were conjectured to arise from the drop of
0.081g/s. temperature due to the expansion of the fluids.
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flow rates, it is suspected that temperature effects might play

a role. In order to account for this effect, a non-isothermal 9. Nomenclature
model including heat-effects due to the expansion of the mo-

bile phase must be considered.

A parameter in Van Deemter equation (1/s)
b Constantinthe van Wasen type relationship between
8. Concluding remarks Henry constant and density
B parameter in Van Deemter equatiqrng)
The effect of pressure drop on the performance of SFC ¢ concentration of a solute in the fluid phase
was studied with the aim of developing models for the sim- (moles/cnd)

ulation of preparative-SFC systems. The investigations were C parameter in Van Deemter equation (s)
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particle diameter (cm)

axial Dispersion coefficient (cffs)
molecular diffusion coefficient (cffs)

pore diffusion coefficient (cAis)

mass flow rate (g/s)

Henry constant

Height Equivalent to a Theoretical Plagar()
lumped mass transfer coefficient (1/s)
adsorption equilibrium constant

length of chromatographic column (cm)
number of plates

pressure (bar)

solid phase concentration (moles@m
equilibrium solid phase concentration (molesfgm
Constantinthe van Wasen type relationship between
Henry constant and density

time (s)

temperature (K)

interstitial velocity (cm/s)

molar volume (cri/mol)

close packed volume (ctimol)

width of a chromatographic peak (s)

axial coordinate (cm)

Dax
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Greek letters
parameter in Eq(6) (cm~194)

o

B parameter in Eq(1) (cm~%)

Y1 parameter in Eq.25)

V2 parameter in E((26)

€ bed porosity

€p particle porosity

A ratio of molecular diameter of the solute to the pore
diameter

" viscosity (g/(cm s))

o density (g/L)

o? standard deviation £

T particle tortuosity

Subscripts and superscripts

0 non-retained component
col column

ds downstream

expt experimental

| component
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in inlet

out outlet
pred predicted
R retention
us upstream
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