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Abstract

A general theory for efficiency of nonuniform columns with compressible mobile phase fluids is applied to the elution of an unretained
solute in packed-column supercritical fluid chromatography (pSFC). The theoretical apparent plate height under isothermal conditions is
given by the Knox equation multiplied by a compressibility correction fagiawhich is equal to the ratio of the temporal-to-spatial average
densities of the mobile phase. If isothermal conditions are maintained, large pressure drops in pSFC should not result in excessive efficienc
losses for elution of unretained solutes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Li et al. [9] found no significant effects from pressure drop
on the apparent efficiency of packed capillary columns.
Numerous studies have examined the effects of pressure In addition to the experimental studies cited above, sev-
drop on efficiency in pSF@1-15]. In early work Mourier eral theoretical treatments have appedfel,15—-19] Most
et al.[11] demonstrated that significant efficiency losses can are based on Giddings’ general theory for the efficiency of
occur at low average column pressures and large pressuraonuniform columns, which is based on the notion of solute
drops, and attributed the loss of efficiency to density gradi- velocity gradient$20]. Poe and Martir¢l6] developed gen-
ents. Schoenmakers and Uufiki] concluded that column  eral expressions for apparent plate height with compressible
performance is limited by a maximum allowable pressure mobile phase fluids, applicable to GC, SFC and HPLC. Pre-
drop and minimum outlet pressure, especially at low mobile dicted efficiencies agreed with general trends, but no direct
phase densities. In a series of investigations on the effects ofcomparison to experimental data was provided. Janssen and
pressure drop on apparent efficiency in pSFC, Berger et al.coworkers developed numerical methods to predict retention
[1-4]argued that under most conditions large pressure dropstimes and apparent plate heigh&15]. Predicted values
have little to do with efficiency loss, and that other factors agreed well with experimental data for open-tubular columns
such as limited solubility of the solute or the formation of [6], and for packed columns except at low outlet pressures
a thick layer of adsorbed mobile phase may be contributing [10]. Blumberg and Bergef17,18] developed a general
factors to efficiency loss at low temperatures and pressuresmodel for nonuniform chromatography and concluded that
only very sharp changes in solute velocity, not normally
* Tel.: +1 218 726 7212: fax: +1 218 726 7394. encountered in practical SFC, would lead to significant
E-mail addressdpoe@d.umn.edu. changes in efficiency. The overall impression that one gets
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from these papers is that the theory does not predict the largewhich is also described here as the phase capacity factor.

losses of efficiency reported in some studies for pSFC. For a nonuniform column, in which the local retention factor
Berger has indicated that efficiency losses associated withvaries, the observed retention factor is equal to the temporal

pressure drop can be avoided by operating above CGfr average of the local retention fac{@3]

150 bar[3]. At lower temperatures and pressures efficiency ,

losses can be quite severe in pSFC, and it is under thesd = k) )

conditions that existing theory does not predict the observed\yhen porous packings are used, that portion of the mobile

behavior. In an effort to better understand the factors that leadphase which is in the intraparticle space (inside the particles)

to efficiency loss under these conditions, the present study ex-is essentially stagnant, giving rise to a stagnant zone and a

amines the effects of pressure drop on efficiency for elution mopile zone. This leads to the definition of the zone capacity
of unretained solutes. Although of little interest in practical factor[21]

SFC, its study can offer insights into dispersion processes in . )
the mobile phase without the complicating effects of vari- 7 _ moles of solute n the stat|01.1ary Zone )
able retention in the stationary phase. In this paper explicit moles of solute in the mobile zone

mathematical relationships for the apparent plate height of  \ve use the symbd to represent the local retention factor

unretained solutes in pSFC are developed, based on the rigin contravention to the IUPAC recommendation in order to

orous application of established theories, and data for theclearly distinguish it from the observed retention fadtand

compressibility correction factor for carbon dioxide are gen- g be consistent with the terminology employed by Knox and

erated. Application of the results to experimental studies is Scott[21] for the phase and zone capacity factors.

presented in a subsequent paper. The value oA, in Eq. (1) is believed to depend weakly on
retention, but it is usually treated as an empirical constant.

The expression foB is

kK ¥sDs
Dm

2. Theory

B:2<ym+ 6)

2.1. Local plate height for an unretained solute
] ) ) ) . wherey is an obstruction factor to diffusiom is the solute
For a uniform column, that is one in which the properties it sion coefficient in the indicated phase, and the subscripts

of the mobile and stationary phases do not vary with ime 1, 4y s refer to the mobile and stationary phases, respectively.
or position in the column, the plate height observed at the g an unretained soluté & 0) the expression simplifies to
outlet is the same as the local plate height at any point in the

column. To represent the local plate height we have chosenB = 2ym (7)
to use the equation developed by Knox and Sgzi{ for

liquid chromatography using porous silica microspheres as
the packing material. 1 K" Dm

The expression fo€, is

Co=—~— 12 8

B 13 °7 30 a+ k”)2 Ds; ®
h=—+ Aovg'~ + Covo 1) . . . _ . .

v whereDg; is the solute diffusion coefficient in the stationary
whereh is reduced plate height, given by/d, whereH is ~ Zone[21]. The zone capacity factor is related to the phase
plate height and, is the particle diameter; is reduced ve- ~ capacity factor by the equation
locity, given byudy/Dy whereu is the linear velocity of the K+ ¢

mobile phase, ani, is the diffusion coefficient of the solute k" = 1 )

in the mobile phasey, is the reduced velocity of the mobile -9

zone, which includes only that mobile phase in the interpar- Where¢ is the fraction of total eluent which is stagnant. Be-
ticle space which is moving; the subscript oAg and C, cause an unretained solute spends time only in the mobile
indicates the coefficient is associated with phase,

TheB andC terms of the Knox equation depend on reten-

tion. The retention factor is defined by IUPAZ2] as Dsz = ysmDm (10)
Vi — Vi where ysm is the obstruction factor in the stagnant mobile
k = v ) phase. Setting' =0 and combining Eq$8)—(10)yields
M
whereVg andVy are elution volumes for the solute and mo- C, = ¢1—9) (11)
bile phase, respectively. For a uniform column, the retention 30ysm

factor is constant and is equal to the local retention factor ~ The reduced velocity of the mobile phase and of the mobile
zone are related by the equation

, _ moles of solute in stationary phase 3)
" moles of solute in mobile phase v =1(1— ¢) (12)
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Combining Egs(1), (11) and(12) yields a relationship for  inlet and outlet of the column are known, then the apparent
the reduced plate height for an unretained solute in terms ofplate height can be calculat¢t6,26} Eq.(15) can also be

v and column constants: written in terms of the reduced plate height, repladihgith
2 h andH with h.
_ 4¥m 1/3 ¢ . . .
h = = A 00" (13a) For an unretained soluté =0, and Eq.(15) written in
sm terms of reduced plate height becomes
whereA=Ay/(1 — ¢)Y3. Rewriting in simple form, _ hp)
B h=-t1 (16a)
h=2 4 a3 40 (13b) (0)z
%

which when applied to Egs. (13a) afti3b) and expanded
where the constan&andC do not depend on mobile phase yields
conditions. Th&€termin Egs. (13a) and 3b)is equivalent to
the expression given by Knox and Scott for an unretained so-j, — i <B<£> + A(pv™3), + C(,ov)t) (16b)
lute, and requires no assumptions regarding steric exclusion (0)2 Vit
of the solute within the stationary zone. Noting that the linear velocity: = 7o/ p, Whereni, is the
mass flow rate per unit area, the reduced velocity can be
2.2. Apparent plate height for an unretained solute written as
under isothermal conditions .
modp
V= —— a7
When a compressible fluid is used as the mobile phase and pDm
a significant pressure drop exists across the column, we have-or dilute gases the product in the denominatdr, is con-
a nonuniform column in which the density and velocity of stant, and this is approximately true for supercritical fluids
the mobile phase vary along the length of the column. Other as well[27]. Therefore, at constant mass flow rate, as long
important chromatographic properties such as viscosity, dif- as the density drop is not too large, the reduced velocity, and
fusivity, and distribution coefficients may also vary with axial consequently the local reduced plate height, is nearly invari-
position in the column. In this treatment we assume isother- ant along the column. Eq€l6a)and(16b)can therefore be
mal conditions, ignoring the potential for generation of axial written as
and radial temperature gradients, which are addressed in a (o) (B
subsequent pap§24]. The retention and efficiency param- 7= — (— + Avt3 4 Cv) (18a)
eters observed at the column outlet may differ from the lo- (p)z
cal values at any point in the column. Terminology for the where the reduced velocity is compute@at(p):. This equa-
observed and local retention factors were discussed in thetion can be rewritten as
preceding section. The plate height observed at the column}»l ~ (18b)
outlet is referred to as apparent plate height. =
The generaltreatment for apparent plate height for nonuni- where
form columns was developed by Giddinig9,25] who de-

v

rived the general relation fi= o, (19)
z
2
H=L J(H/u5) dz (14) is the compressibility correction factor ahds the local re-
[[(1/us) dz]? duced plate height.

whereH is the apparent plate height is the local plate

height,L is the column lengthys is the local velocity of the 3 Dpiscussion

solute zone, andis the axial position on the column. Casting

H anduin terms of mass flow rate and density, and introduc- 3 1 correction factor for apparent plate height
ing expressions for temporal and spatial average quantities,

Poe and Martirg¢16] showed that the above relation can be The expression for apparent reduced plate height given by

written as Eq.(18b)is equivalent to the relation reported by Giddings et
. (HQ+ k/)2p>t al.[28] for ideal gas Chromatogrgphy when only the tube\_/vi_s_e
H = (15) constant plate height terms are included. The compressibility

1+ Mg(p)z corrrection factof;, however, is defined here in general terms
wherek' is the local retention factoy is the local mobile  for real gasses. For an ideal gas it can be shid6hthat the
phase density, and the subsctipt zindicates that the tem-  expression fofy in Eq. (19) reduces to

poral or spatial average of the quantity inside the brackets 9(P* — 1)(P2 — 1)

is taken. If the quantities! andk’ can be written in terms =~ f; =~~~ ~*

(20)
of mobile phase density, and the mobile phase density at the 8 (P3- 1)2
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whereP =pj/po is the compression ratio in terms of the in- compared directly to the predicted behavior based on Eqgs.
let and outlet pressures, in agreement with the expression(18a)and(18b) This approach is used in a subsequent paper
reported by Giddings. For nonideal fluids such as carbon [24].
dioxide under SFC conditions, valuesfptan be computed The validity of Egs.(18a)and (18b) depends on the as-
numerically using the approach described\ppendix A sumption that even at large pressure drops in SFC the reduced
The correction factofy is a measure of the predicted ef- velocity is nearly constant along the column. This assump-
ficiency loss due to pressure drop for an unretained solutetion was tested using the computerized model described in
under isothermal conditions. While it is of little direct in- Appendix Ato compute the efficiency for elution of methane
terest in practical SFC, a knowledge of its value is critical with carbon dioxide mobile phase ona 150 mr2.0 mm1.D.
to our efforts to ascertain the causes of observed efficiencycolumn packed with pm porous silica particles over arange
lossesAppendix Blists the numerical values &f for carbon of mass flow rates yielding large pressure drops at the temper-
dioxide over a range of temperatures and pressures relevanatures and temporal average densities listefidpendix B
to pSFC. The data show that under most practical SFC con-The model employs reduced densitigg,= p/pc, wherepe
ditions, with outlet pressures exceeding 100 bar and pressurés the critical density and is equal to 0.468 gfcfor carbon
drops less than 30 bar, efficiency losses for unretained so-dioxide. For a given set of Knox coefficients, E¢B8a)and
lutes should not exceed a few percent. Even under the most(18b)were used to compute the predicted estimatésiofier
extreme conditions efficiency losses for an unretained solutehighly nonuniform conditions afor): = 1.0, referred to here
due to pressure drop alone should never exceed about 20%.ashes; where the reduced velocity was computeggat 1.0.
Also included inAppendix Bis the relative difference  These values were compared to the exaalues computed
between values df for real and ideal gasses computed by from Eqs(16a)and(16b) in whichthe local reduced velocity
Egs.(19)and(20). With differences typically on the order of  is a function of the local density and the local diffusion coef-
a few percent, the data indicate that E20Q) can provide a  ficient, which depends on the local viscosity (#e@endix
reasonable estimatefaffor carbon dioxide for most practical ~ A), and does not assume thdd, is constant. The accuracy

SFC conditions. of the results from Eqq16a)and(16b)is probably limited
An alternative expression fdg developed by Janssen et by the model used for computirigy,, which is assumed to
al.[15] is be a smooth function of viscosity. The agreement between
5 Egs.(16a) (16b) (18a)and(18b)was very good. The largest
fu= 4(1+1r+1717) (21) errors inheg; relative toh were 0.50% at 40C (Ap=43bar,

C3(142r+r? f1 =1.20), and 0.36% at 5@ (Ap=55 barf; =1.12), where
Ap is the column pressure drop. E¢&8a)and (18b)thus

wherel” = pi/po is the compression ratio interms of inletand - ide 4 satisfactory estimate of the apparent plate height
outletdensities. E§21)was derived based onthe assumption ¢, oo nretained solute, and the compressibility fattds

that the density gradient along the column is linear, and pro- , \5jiy measure of the theoretical loss of efficiency for elu-
vides an attrac_uve alternative t.o Ha9)for the compu}atmn tion of an unretained solute from a column operated under
of s because it does not require the use of numenpgl meth'nonuniform, isothermal conditions. While the validity has
ods. Values fof, computed from E¢(21)for the conditions o tested only for methane as a solute, there is no obvious

in Appendix Bagreed very well with those obtained from o546 why similar results should not be expected for other
Eq.(19)using numerical integration, with differences of less unretained solutes

that 1% for all pressure combinations at temperatures above

70°C. When temperatures down to4D were included, sim-

ilar agreementwas observed as long as the outlet pressure waé. Conclusions
at least 90 bar and the pressure drop did not exceed 60 bar.

For most practical SFC conditions the agreement was better The results in this paper provide a basis for further
than 0.1%. studies on the effects of pressure drop on efficiency in

SFC by providing explicit equations for predicting the ef-

ficiency for unretained solutes. We have focused on unre-
tained solutes in order to eliminate the complicating effects
of changes in retention on efficiency. Specifically, it has

Eqs.(18 d4(18b ide a basi | h bi been shown that for elution of an unretained solute under
gs.(18a)and(18b)provide a basis to evaluate the mobile ;s erma conditions in SFC using porous microparticulate
phase contributions to efficiency loss associated with pressurepackings.

drop in SFC. For a given set of operating conditions the factor
f1 can be computed as described above. The local plate height1) the local reduced plate heightcan be described by a
term h can be determined under near-uniform column con- simplified form of the Knox equation in which the coef-
ditions wheref; =1 using an incompressible mobile phase ficients are independent of the mobile phase conditions;
such as a liquid or supercritical fluid at high density. The ex- (2) the apparent reduced plate heights adequately de-
perimental results under nonuniform conditions can then be scribed by the approximate relatidre f1h, where the

3.2. Validity of the final equations for apparent plate
height
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factorfy is the ratio of temporal-to-spatial average den-
sities of the mobile phase;

(3) the predicted efficiency losses under practical SFC condi-
tions are insignificant, in agreement with earlier studies,
and do not exceed 20% even under extreme conditions.

It should be emphasized that these conclusions apply specif-

ically to pSFC performed undéasothermalconditions. In

a subsequent papf24] evidence is presented to show that

isothermal conditions may not be routinely achieved in pSFC,
and that excessive efficiency losses associated with larg
pressure drops are due primarily to the generation of radial
temperature gradients.

5. Nomenclature

A, B, C Knox coefficients for terms using reduced velocity
of mobile phase

Ao, Bo Knox coefficients for terms using reduced velocity
of mobile zone

dp particle diameter

Dm, Ds, Ds; solute diffusion coefficient: in the mobile phase;
in the stationary phase; in the stationary zone

f1 _ compressibility correction factor

h, h local reduced plate height, apparent reduced plate
height

H, H local plate height, apparent plate height

k K,K’ retention factor, phase capacity factor, zone capacity
factor

Mo mass flow rate per unit area

Pi, Po, Ap, P columninlet pressure, outlet pressure, pressure
drop, ratio ofp; to po

u, Us linear velocity of the mobile phase and the solute

VR, Vm elution volume for the solute and the mobile phase

(1, ()z for enclosed quantity: temporal average and spatial
average

Greek letters
¢ fraction of the total eluent that is stagnant
¥m, ¥sm» ¥Ys Obstruction factor to diffusion in the mobile

€,
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Appendix A. Model for apparent plate height in SFC
A.l. Overview

The retention and efficiency of unretained and retained
solutes in SFC with C@mobile phase on packed and open-
tubular columns is modeled for isothermal, constant mass
flow conditions. The model is based on the treatment for
apparent plate height with compressible mobile phase flu-
ids reported by Poe and Martifé6]. The retention factor,
apparent plate height, and related temporal and spatial av-
erage quantities are calculated at user-specified temperature,
mobile-phase density and mass flow rate. The model is imple-
mented in a program written in Microsoft QuickBASIC 4.5.
Data are generated for the construction of isopycnic (constant
density) plate height curves for any combination of column
length, diameter, and particle size or film thickness, using neat
CO, based on user-provided input of solute and column prop-
erties, including appropriate relations for the dependence of
solute retention on density and temperature and coefficients
forthe Knox equation. The two principle quantities of interest
are the apparent reduced plate height

~ (h(L+K)?

P (h(1+ 2) PR (A1)
L+ K (oR)2

and the observed retention factor

k= (k') (A2)

whereh, pr, andk’ are the local values of reduced plate
height, reduced density and retention factor, respectively, and
the subscripts tand z indicate the temporal and spatial average
quantities of the enclosed terms.

A.2. Equations for local and average mobile phase and
solute properties

phase, the stagnant mobile phase and the stationary Calculation of local and average mobile phase and solute

phase
vo reduced velocity of mobile phase and the mobile
zone
0, pc; pr density of the mobile phase, critical density, re-
duced density

v!

pi, pPo inlet density, outlet density
r ratio of inlet density to outlet density
Acknowledgments

This work was supported by grants from the American

Chemical Society Petroleum Research Fund (ACS PRF No.

parameters is based on the treatment by Martire 2&R26].
The principle equations from those references are presented
here.

A.2.1. Mobile phase properties

The Jacobsen-Stewart modification of the Benedict—
Webb—Rubin (BWR) equation of state for carbon dioxide
[29,30]is used to calculate density and the isotherm deriva-

tive (0PR/pR)r

32
P = pRT + Z NiX;
i=1

(A3)
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(@P/3p)r = RT + Y _ NiX;
i=1

(A4)

whereN; are constants ang are functions of andT. Vis-
cosity is calculated from a fit to tabulated d§24] using the
expression

4 4
nr=)_Y ciTark

i=0 j=0

(A5)

The values ofN; and expressions fof; in Eqs.(A3) and
(A4) and the coefficients j in Eq.(A5) are tabulated in refer-
encd26]. Ingeneral, reduced parameters are uBgd: P/Pg,
PR = plpe, TR=T/T;, andnr =n/ne whereP¢, pc andT; are
the critical pressure (73.84 bar), density (0.468 g);rand
temperature (304.2 K), and is the viscosity of carbon diox-
ide at 1 bar for the specified temperature.

A.2.2. Spatial and temporal average quantities
Spatial and temporal average densities are given by

PR,in
PrDz(pR) dor
(pR)z = s (A6)
oo Pz(PR) dor
PR,in
" prDt(oR) dor
(PR} = ~Lrat (A7)
oo Pt(oR) dor

wherepr in andpr outare the inlet and outlet reduced densi-
ties. The spatial and temporal distribution functions are eval-
uated at constant temperature using reduced gquantities:

JPR

Da(pR) = 1 pR< apR)T (A8)
Do) = it rh(5e ) #9)

The details of calculation are given by Martire et[2B],
although in that paper the core of the distribution function
ngl(aPR/apR)T is expressed as a polynomial fit to the data
at a specified temperature, whereas in this program the vis-

cosity and isotherm derivative are evaluated separately in the

157
A.3. Calculation routines and equations

The computational approach can be viewed as occurring
in several major processes which are described below with
the principal equations used in each. Modeling for a packed
column is assumed in the following discussion.

A.3.1. Provide column and solute information

Pertinent data on column geometry are provided by the
user, including column length and diameter, and packing pa-
rameters including particle sizh, interparticle porositye
and total porosity;. Solute properties including the molar
mass and molar volume at the boiling point for the purpose
of estimating the diffusion coefficient, and expressions relat-
ing the capacity factor to temperature and reduced density
are also provided by the user.

A.3.2. Specify mass flow rate, temperature and density

A set of mass flow ratesy, is defined at a specified com-
bination of temperature an@r); for each plate height curve
to be generated. For each temperature and density combina-
tion, the mass flow rate is incrementally increased to a preset
maximum value or until the Reynolds number at the outlet
exceeds 20 to avoid conditions with excessive turbulent flow.

A.3.3. Calculate flow-related quantities
For each value ofn, the corresponding inlet and outlet
pressures, linear velocity and other flow-related quantities
are determined. Isothermal conditions are assumed.
The linear velocity is
Mo

op
wherem, is the mass flow rate per unit area. The observed
linear velocity is the temporal averaffe3], which is given
by

(A12)

Mo

(U= — (A13)

Darcy’s law relates linear velocity to pressure drop
B° AP

U = — ——

Al4
o L (A14)

numerical integration process, wherein the isotherm deriva- where B® is the specific permeabilitye the interparticle

tive is evaluated numerically using Newton’s method.

porosity,n the viscosity of the mobile phasapP the pressure

Other average quantities are calculated in a similar mannerdrop, andL the column length. The specific permeability is

from the general expressions

JPRIN 0 Dy(pR) dor

PR,out

A10
(Q)z = n Dy (pR) dpR (AL0)
PR,in
Q (pr) dp
(= e ODOR) (AL1)
Di(pr) dpr

PR,out

whereQ is a function of density.

given by the Kozeny—Carman equation
d?e3
o_ Lz (A15)
180(1— ¢¢)

whered, is the particle diameter ar@ has units of cr.
Combining Egs(A13) and(A14) yields

B° AP
ey L

(A16)
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Eqg.(A16)is solved at the specified valuesmf and(p)t in cm®/mol, andDy, has units of rA/s. The KnoxC term is
to yield the required values of inlet and outlet density and the given by

corresponding pressure drop. )
, 1 o+ K
- Ck) = R (A22)
A.3.4. Evaluatdr and k 30ysmp \ 1+ k

With inlet and outlet densities determined above, we pro- \herey is the fraction of total eluent that is stagnant and is
ceed to compute the principle quantities of interest given by giyen by
Egs.(Al) and(A2). The terms in Eq(Al) for the apparent
reduced plate height are defined in the same manner as abovg — L %€ gpq  — L %€ (A23)
and evaluated by numerical integration: et 1-ee

whereee, ¢, ande; are the interparticle, intraparticle, and

Jyrn h(1+K)prDi(pr) dor

N2 . total porosities. Default values af ande; are specified in the
(h(L+ k) pr) = lfRRJ"t Di(pR) dor (AL7) program as 0.4 and 0.7, respectivetym, is the obstructive
o factor to diffusion in the stationary zone, and is set equal
) p”;gzt(l + k") Di(pR) dor to the intraparticle porosity. This corresponds to an implicit
1+ = —m (A18) assumption that we have a fully permeating so[@t§. The
JIR™ Di(pr) dpr : N
PR.out local retention factor is given by
Expressions for local values of the quantitiesk’ and / 0 2
. . . =k - A24
dependent terms are written in termsg, p andT. k + exp@or — bpR) (A24)
~ Thelocalplate heigfitis given by the Knox equatidia1] wherek? is the retention factor for ideal gas chromatogra-
in terms of reduced velocity phy and the parameteasandb depend on temperatufa3].
B At low densities theb term is negligible, and® is deter-
h = - + A3 4 ek (A19) mined by extrapolation of a plot of ki versuspr. Em-
ploying the preceding equations to evaluate the dependent
where terms, the apparent reduced plate hefgistcalculated using
udy  rinody Eq. (AL6). _ _
=——=—— (A20) The observed retention factor is
D PDm
PRN 7,/
whereD is the diffusion coefficient of the solute which is ¢ — /), = pR.ou_tk Di(pr) dor (A25)
estimated by the equation of Sassiat efa2] ,fRFf;)'Et Di(pr) dor
8.6 x 1071 TMm which is evaluated by substituting the expression for the loca
( 15 a2 hich is evaluated by substituting th ion for the local

(A21)

m 0.6 retention factor given by EqA24).
NVep

whereT is the temperature in Kelvirlg is the molar mass
of the solvent (44.0 g/mol); is the viscosity of the solventin

Pa s \Vepis the molar volume of the solute at its boiling point Appendix B. Values off1 for carbon dioxide

Temperature Outlet Pressure drop (bar) Percent difference from ideal gas
© pressure (bar) 15 59 30 40 50 60 70 8 90 100  Average Maximum
40 60 1.007 1031 1.117 1.197 1.197 1182 1.166 1.151 1.140 1.13® 9 174

40 70 1.010 1071 1.129 1.129 1118 1.108 1.099 1.092 1.086 1.0806 6 118

40 80 1.027 1.058 1.058 1.054 1.050 1.047 1.044 1.042 1.040 1.0384 2 53

40 90 1.005 1.008 1.009 1.010 1.010 1.011 1.011 1.011 1.011 1.6018 -25

40 100 1.001 1.001 1.002 1.003 1.003 1.004 1.004 1.005 1.005 1.60%2 2.7

40 110 1.000 1.001 1.001 1.001 1.002 1.002 1.002 1.003 1.003 1.002 -2.6

40 120 1.000 1.000 1.001 1.001 1.001 1.001 1.002 1.002 1.002 1.8021 -2.4

40 130 1.000 1.000 1.000 1.001 1.001 1.001 1.001 1.001 1.002 1.0 -2.2

40 140 1.000 1.000 1.000 1.000 1.001 1.001 1.001 1.001 1.001 1.601 -2.0

40 150 1.000 1.000 1.000 1.000 1.000 1.001 1.001 1.001 1.001 1.008 -18

50 60 1.005 1.019 1.043 1.084 1136 1.168 1.178 1.176 1170 1.16® 8 133

50 70 1.005 1.021 1.053 1.096 1.124 1.134 1.134 1.130 1125 1.12 6 103

50 80 1.006 1.027 1.059 1.081 1.090 1.091 1.090 1.087 1084 10818 4 71

50 90 1.008 1.027 1.043 1.050 1.052 1.052 1.052 1.050 1.049 1.048% 2 39

50 100 1.006 1.014 1.019 1.022 1.023 1.024 1.024 1.024 1.024 1026 0 13
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Temperature Outlet Pressure drop (bar) Percent difference from ideal gas
) pressure (bar) 15 50 30 40 50 60 70 80 90 100 Average Maximum
50 110 1.002 1.005 1.006 1.008 1.009 1.010 1.010 1.011 1.011 1605 -1.7
50 120 1.001 1.002 1.003 1.003 1.004 1.005 1.005 1.006 1.006 1.008 -1.9
50 130 1.000 1.001 1.001 1.002 1.002 1.003 1.003 1.004 1.004 1.008 -1.9
50 140 1.000 1.000 1.001 1.001 1.001 1.002 1.002 1.002 1.003 1.0038 -1.8
50 150 1.000 1.000 1.000 1.001 1.001 1.001 1.002 1.002 1.002 1.00Z -1.7
60 60 1.004 1.015 1.031 1.053 1.081 1.112 1.139 1.156 1.164 1.1660 6 107
60 70 1.004 1014 1031 1.054 1.082 1106 1.123 1.131 1.134 1.13%6 5 89
60 80 1.004 1.014 1032 1.054 1.075 1.090 1.099 1103 1.104 110% 4 6.9
60 90 1.004 1015 1.031 1.048 1061 1.068 1.073 1.074 1.075 1074 3 4.8
60 100 1.004 1.014 1026 1.035 1.042 1.046 1.048 1.049 1.050 1.050 2 29
60 110 1.003 1.010 1.017 1.021 1.025 1.027 1029 1030 1.030 1.03©® O 14
60 120 1.002 1.005 1.009 1.011 1.013 1.015 1016 1.017 1018 1.01&®& O -0.8
60 130 1.001 1.003 1.004 1.006 1.007 1.008 1.009 1.010 1.011 1.004 -1.2
60 140 1.000 1.001 1.002 1.003 1.004 1.005 1.005 1.006 1.007 1.005 -1.4
60 150 1.000 1.001 1.001 1.002 1.002 1.003 1.003 1.004 1.005 1.00% -1.4
70 60 1.003 1.013 1.026 1.042 1.061 1.082 1.104 1.123 1.139 114 4 88
70 70 1.003 1.011 1.023 1.039 1.058 1.078 1.096 1.111 1.122 11291 4 76
70 80 1.003 1.010 1.022 1.037 1.055 1.071 1.085 1.096 1.103 1.1077 3 6.2
70 90 1.003 1.010 1.021 1.035 1.049 1.062 1071 1078 1.082 1.085 3 48
70 100 1.002 1.009 1.019 1.031 1.041 1.049 1056 1.060 1.063 1.068 2 34
70 110 1.002 1.008 1.016 1.024 1.031 1.037 1.041 1043 1.045 104 1 22
70 120 1.002 1.006 1.012 1.017 1.022 1.025 1.028 1.030 1.031 1.03B3 O 12
70 130 1.001 1.004 1.008 1.011 1.014 1016 1018 1020 1.021 1.028 0 05
70 140 1.001 1.003 1.005 1.007 1.009 1.010 1.012 1.013 1.014 1603 -0.7
70 150 1.001 1.002 1.003 1.004 1.006 1.007 1.008 1.008 1.009 1.008 -0.9
80 60 1.003 1.011 1.023 1.036 1.051 1.068 1.084 1.100 1.115 1.128a 3 6.8
80 70 1.003 1.010 1.020 1.032 1.047 1.062 1.077 1092 1104 11140 3 63
80 80 1.002 1.008 1.018 1.029 1.043 1.057 1.070 1.082 1.092 1.108B8 2 55
80 90 1.002 1.008 1.016 1.027 1.039 1.051 1062 1071 1079 1.08% 2 45
80 100 1.002 1.007 1.015 1.024 1.034 1.044 1052 1.059 1.065 1.069a4 2 34
80 110 1.002 1.006 1.013 1.021 1.029 1.036 1.042 1047 1051 1056 1 25
80 120 1.002 1.005 1.011 1.017 1.023 1.028 1.033 1036 1.039 1.041 1 16
80 130 1.001 1.004 1.009 1.013 1.017 1.021 1.024 1027 1029 1037 0 10
80 140 1.001 1.003 1.006 1.010 1.013 1.015 1.017 1019 1.021 1028 O 05
80 150 1.001 1.002 1.004 1.007 1.009 1011 1012 1014 1015 1.01® O -03
90 60 1.003 1.010 1.021 1.032 1.045 1.059 1.073 1.087 1.099 1.1114 2 52
90 70 1.002 1.009 1.018 1.028 1.040 1.053 1.066 1.078 1.090 1.10BB 2 49
90 80 1.002 1.007 1.015 1.025 1.036 1.048 1.059 1071 1.081 108 2 45
90 90 1.002 1.007 1.014 1.022 1.032 1.043 1.053 1.063 1.071 10780 2 39
90 100 1.002 1.006 1.012 1.020 1.029 1.038 1.046 1.054 1.061 1.0677 1 32
90 110 1.001 1.005 1.011 1.018 1.025 1.033 1.040 1.046 1.051 1.05% 1 25
90 120 1.001 1.005 1.009 1.015 1.021 1.027 1.033 1.038 1.042 1.0459 1 18
90 130 1.001 1.004 1.008 1.013 1.018 1.022 1.026 1030 1.033 1.038 0 12
90 140 1.001 1.003 1.006 1.010 1.014 1.017 1021 1.023 1.026 1.02% O 0.8
90 150 1.001 1.003 1.005 1.008 1.011 1.013 1016 1018 1.020 1.0283 0 04
100 60 1.003 1.010 1.019 1.030 1.042 1.053 1066 1.078 1.089 1.099 1 41
100 70 1.002 1.008 1.016 1.026 1.036 1.047 1059 1.070 1.080 1.09B 1 39
100 80 1.002 1.007 1.014 1.022 1.032 1.042 1.052 1062 1.072 10800 1 36
100 90 1.002 1.006 1.012 1.020 1.028 1.037 1.047 1.055 1.064 1076 1 33
100 100 1.001 1.005 1.011 1.017 1.025 1.033 1.041 1.049 1.056 1.0622 1 28
100 110 1.001 1.004 1.009 1.015 1.022 1.029 1.036 1.042 1.048 1052 1 23
100 120 1.001 1.004 1.008 1.013 1.019 1.025 1031 1036 1.041 104D 1 18
100 130 1.001 1.003 1.007 1.012 1.016 1.021 1.026 1.030 1.034 1038 O 13
100 140 1.001 1.003 1.006 1.010 1.014 1.018 1.021 1025 1.028 1036 O 0.9
100 150 1.001 1.002 1.005 1.008 1.011 1.014 1.017 1.020 1.023 1.02% O 0.6
110 60 1.003 1.009 1.018 1.028 1.039 1050 1061 1071 1082 1095 1 33
110 70 1.002 1.008 1.015 1.024 1.033 1.043 1.054 1063 1.073 1085 1 32
110 80 1.002 1.006 1.013 1.020 1.029 1.038 1.047 1056 1.065 1.073% 1 29
110 90 1.001 1.005 1.011 1.018 1.025 1.034 1.042 1050 1.058 1.068 1 2.7
110 100 1.001 1.005 1.010 1.016 1.022 1.030 1.037 1.044 1.051 1058 1 24
110 110 1.001 1.004 1.008 1.014 1.020 1.026 1.033 1.039 1.045 1050 1 20
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Temperature Outlet Pressure drop (bar) Percent difference from ideal gas
Q) pressure (bar) 15 59 30 40 50 60 70 80 90 100  Average Maximum
110 120 1.001 1.004 1.007 1.012 1.017 1.023 1.028 1.034 1.039 1048 O 17
110 130 1.001 1003 1006 1.010 1.015 1.020 1.025 1.029 1033 1037 0 13
110 140 1.001 1.003 1.006 1.009 1.013 1.017 1.021 1.025 1.028 1.036 O 10
110 150 1.001 1002 1005 1.008 1.011 1.014 1.018 1.021 1024 10286 0 07
120 60 1.003 1.009 1.017 1.027 1.037 1.047 1056 1.067 1076 1.088 1 27
120 70 1.002 1.007 1.014 1.022 1.031 1040 1.049 1059 1068 1.07€ 1 26
120 80 1.002 1.006 1.012 1.019 1.027 1.035 1.044 1.052 1.060 1.068 1 24
120 90 1.001 1005 1.010 1.016 1.023 1031 1.039 1.046 1054 1060 1 22
120 100 1.001 1.004 1.009 1.014 1.021 1.027 1.034 1041 1.047 1058 O 20
120 110 1.001 1.004 1008 1.013 1.018 1.024 1030 1.036 1.042 1048 O 17
120 120 1.001 1.003 1.007 1.011 1.016 1.021 1.026 1.032 1.037 1.04Z O 15
120 130 1.001 1.003 1.006 1.010 1.014 1.018 1.023 1.028 1.032 1036 O 12
120 140 1.001 1.002 1.005 1.008 1.012 1.016 1.020 1.024 1.028 1.03Bb O 09
120 150 1.001 1002 1004 1.007 1.010 1.014 1.017 1020 1024 1024 0 07
130 60 1.002 1.009 1.017 1.026 1.035 1.045 1054 1.062 1.072 1.080 1 23
130 70 1.002 1.007 1.014 1.021 1.030 1.038 1.047 1.055 1.064 107D 1 22
130 80 1.002 1.006 1.011 1.018 1.025 1.033 1.041 1.049 1056 1068 O 20
130 90 1.001 1.005 1.010 1.016 1.022 1.029 1.036 1.043 1.050 1.05® 0 19
130 100 1.001 1.004 1008 1.013 1.019 1025 1.032 1038 1.044 105 O 17
130 110 1.001 1.003 1.007 1.012 1.017 1.022 1.028 1.034 1.039 104y O 15
130 120 1.001 1.003 1.006 1.010 1.015 1.020 1.025 1030 1.035 1.03% O 13
130 130 1.001 1.003 1.005 1.009 1.013 1.017 1022 1.026 1.031 103% O 11
130 140 1.001 1.002 1.005 1.008 1.011 1015 1.019 1.023 1.027 1.03% O 09
130 150 1.001 1.002 1.004 1.007 1.010 1.013 1.017 1.020 1.023 1.026f O 0.7
140 60 1.002 1.008 1.016 1.025 1.034 1043 1052 1060 1.068 1.07® 0 19
140 70 1.002 1.007 1.013 1.021 1.029 1.037 1.045 1.052 1.061 1.068 O 18
140 80 1.002 1.005 1.011 1.017 1.024 1032 1039 1046 1.054 1.06B O 17
140 90 1.001 1.005 1.009 1.015 1.021 1.027 1.034 1.041 1.047 1054 O 16
140 100 1.001 1004 1008 1.013 1.018 1.024 1.030 1036 1042 104 0 14
140 110 1.001 1.003 1.007 1.011 1.016 1.021 1.026 1.032 1.037 1048 O 13
140 120 1.001 1003 1006 1.010 1.014 1.018 1.023 1.028 1033 103% 0 11
140 130 1.001 1.002 1.005 1.008 1.012 1.016 1.021 1.025 1.029 1.033 O 0.9
140 140 1.001 1002 1004 1.007 1.011 1.014 1.018 1.022 1026 102% 0 08
140 150 1.001 1.002 1.004 1.006 1.009 1.013 1.016 1.019 1.023 1028 O 0.6
150 60 1.002 1.008 1.016 1.024 1.033 1.042 1.050 1.058 1.065 1.078 0 17
150 70 1.002 1.006 1.013 1.020 1.028 1.035 1.043 1.050 1.057 1.06% O 16
150 80 1.001 1.005 1.010 1.017 1.023 1.030 1.037 1.044 1051 1.05& O 15
150 90 1.001 1.004 1.009 1.014 1.020 1.026 1.032 1.039 1045 1056 O 13
150 100 1.001 1.004 1007 1.012 1.017 1.023 1.028 1.034 1040 1046 O 12
150 110 1.001 1.003 1.006 1.011 1.015 1.020 1.025 1.030 1.036 1045 O 11
150 120 1.001 1003 1006 1.009 1.013 1.018 1.022 1.027 1031 1038 0 09
150 130 1.001 1.002 1.005 1.008 1.012 1.015 1.019 1.024 1.028 1032 O 0.8
150 140 1.001 1.002 1.004 1.007 1.010 1.014 1017 1.021 1.025 1028 O 0.7
150 150 1.000 1.002 1.004 1.006 1.009 1.012 1.015 1.019 1.022 1028 O 05
References [9] W. Li, A. Malik, M.L. Lee, J. Chromatogr. A 758 (1997) 117.
[10] X. Lou, H.G. Janssen, H. Snijders, C.A. Cramers, J. High Resolut.
[1] T.A. Berger, J.F. Deye, Chromatographia 30 (1990) 57. Chromatogr. 19 (1996) 449.
[2] T.A. Berger, J.F. Deye, Chromatographia 31 (1991) 529. [11] P.A. Mourier, M.H. Caude, R.H. Rosset, Chromatographia 23 (1987)
[3] T.A. Berger, Chromatographia 37 (1993) 645. 21.
[4] TA. Berger, LM. Blumberg, Chromatographia 38 (1994) [12] D.P. Poe, J. Chromatogr. A 785 (1997) 129.
5. [13] D.P. Poe, P.J. Marquis, T. Tomlinson, J. Dohm, J. He, J. Chromatogr.
[5] C. Bouigeon, D. Thiebaut, M. Caude, Anal. Chem. 68 (1996) A 785 (1997) 135.
3622. [14] PJ. Schoenmakers, L.G.M. Uunk, Chromatographia 24 (1987)
[6] H.G. Janssen, H.M.J. Snijders, J.A. Rijks, C.A. Cramers, P.J. Schoen- S1.
makers, J. High Resolut. Chromatogr. 14 (1991) 438. [15] H.G. Janssen, H. Snijders, C. Cramers, P. Schoenmakers, J. High
[7] U. Koehler, P. Biermanns, E. Klesper, J. Chromatogr. Sci. 32 (1994) Resolut. Chromatogr. 15 (1992) 458.
461. [16] D.P. Poe, D.E. Martire, J. Chromatogr. 517 (1990) 3.

[8] U. Koehler, E. Klesper, J. Chromatogr. Sci. 32 (1994) 525. [17] L.M. Blumberg, T.A. Berger, J. Chromatogr. 596 (1992) 1.



D.P. Poe / J. Chromatogr. A 1078 (2005) 152-161 161

[18] L.M. Blumberg, J. High Resolut. Chromatogr. 16 (1993) 31. [26] D.E. Martire, R.L. Riester, T.J. Bruno, A. Hussam, D.P. Poe, J.

[19] Y. Shen, Y.J. Yang, M.L. Lee, Anal. Chem. 69 (1997) 628. Chromatogr. 545 (1991) 135.

[20] J.C. Giddings, Dynamics of Chromatography, Part I: Principles and [27] R.C. Reid, J.M. Prausnitz, B.R. Poling, The Properties of Gases and
Theory, Chromatographic Science Series, vol. 1, Marcel Dekker, Liquids, McGraw-Hill, New York, 1987.

New York, 1965. [28] J.C. Giddings, S.L. Seager, L.R. Stucki, G.H. Stewart, Anal. Chem.

[21] J.H. Knox, H.P. Scott, J. Chromatogr. 282 (1983) 297. 32 (1960) 867.

[22] International Union of Pure and Applied Chemistry, Com- [29] J.F. Ely, in: Proceedings, Annual Convention—Gas Processors As-
pendium of Analytical Nomenclature, Definitve Rules 1997, sociation, 1984, p. 9.
http://www.iupac.org/publications/analyticeabmpendium (accessed [30] R.T. Jacobsen, R.B. Stewart, J. Phys. Chem. Ref. Data 2 (1973) 757.
July 2004). [31] K. Stephan, K. Lucas, Viscosity of Dense Fluids, Plenum Press, New

[23] D.E. Martire, J. Chromatogr. 461 (1989) 165. York, London, 1979.

[24] W. Xu, D.L. Peterson, J.J. Schroden, D.P. Poe, J. Chromatogr. A [32] P.R. Sassiat, P. Mourier, M.H. Caude, R.H. Rosset, Anal. Chem. 59
1078 (2005) 162. (1987) 1164.

[25] J.C. Giddings, Anal. Chem. 35 (1963) 353. [33] D.E. Martire, R.E. Boehm, J. Phys. Chem. 91 (1987) 2433.


http://www.iupac.org/publications/analytical_compendium

	Efficiency for unretained solutes in packed column supercritical fluid chromatography
	Introduction
	Theory
	Local plate height for an unretained solute
	Apparent plate height for an unretained solute under isothermal conditions

	Discussion
	Correction factor for apparent plate height
	Validity of the final equations for apparent plate height

	Conclusions
	Nomenclature
	Acknowledgments
	Model for apparent plate height in SFC
	Overview
	Equations for local and average mobile phase and solute properties
	Mobile phase properties
	Spatial and temporal average quantities

	Calculation routines and equations
	Provide column and solute information
	Specify mass flow rate, temperature and density
	Calculate flow-related quantities
	Evaluate and k


	Values of f1 for carbon dioxide
	References


