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Abstract

All the experimental parameters that the chromatographers are used to consider as constant (the column length and its diameter, the parti
size, the column porosities, the phase ratio, the column hold-up volume, the pressure gradient along the column, the mobile phase densi
and its viscosity, the diffusion coefficients, the equilibrium constants, the retention factors, the efficiency parameters) depend on pressure t
some extent. While this dependence is negligible as long as experiments, measurements, and separations are carried out under conventic
pressures not exceeding a few tens of megapascal, it is no longer so when the inlet pressure becomes much larger and exceeds 100 M
Equations are developed to determine the extent of the influence of pressure on all these parameters and to account for it. The results obtain
are illustrated with graphics. The essential results are that (1) many parameters depend on the inlet pressure, hence on the flow rate; (2) t
apparent reproducibility of parameters as simple as the retention factor will be poor if measurements are carried out at different flow rates
unless due corrections are applied to the results; (3) the influence of the temperature on the equilibrium constants should be studied und
constant inlet pressure rather than at a constant flow rate, to minimize the coupling effect of pressure and temperature through the temperatt
dependence of the viscosity; and (4) while reproducibility of results obtained at constant pressure and flow rate will not be affected, methoc
development becomes far more complex because of the pressure dependence of everything.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of progress have taken place in the past, each one ending
with the commercial availability of shorter columns, packed
The recent advent of combinatorial chemistry has in- with smaller particles, operated under higher pressures, and
creased considerably the number of analyses that must begenerating faster analyses than the columns of the previous
performed in the analytical services of companies involved generation. The most recent of these waves occurred over 20
in the synthesis and development of fine chemicals, particu-years ago and lead to the development of the now conven-
larly in the pharmaceutical industry. This has brought back to tional 10-20 cm long columns, packed with 345 particles,
the forefront of the preoccupation of chromatographers the and operated at flow rates of a few mL/min (for a columni.d.
perennial optimization problem of analytical chromatogra- of about 4 mm), under inlet pressures of 40— 50 MPa (1 MPa
phy. The experimental conditions under which the analyses= 10bar). There is now a strong demand for improved per-
are carried out must be adjusted in order to minimize their formance. Several approaches have been suggested and are
duration while achieving the separations needed and keepingcurrently pursued actively. The most straightforward of them
the detection sensitivity as high as possible. Several wavesis the preparation of conventional columns packed with very
fine particles, in the 1— 2m range, and operated at higher
"+ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.  loW rates than columns packed with the now classical 3—
E-mail addressguiochon@utk.edu (G. Guiochon). 5um particles. This requires extremely high inlet pressures,
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in the low kbar range. The operation of HPLC columns under The integrated or combined influences of all the parameters
such high inlet pressures is now seriously considgtgd involved in the chromatographic process (the pressure, the

The most important alternative approaches are the devel-mobile phase flow rate, its compressibility and its viscosity,
opment of fast monolithic columns and that of open tubu- the retention factor, the column porosities, permeability and
lar columns. Monolithic columns are a recent acquisition of dimensions) on the peak retention time, the elution peak pro-
HPLC [2-4]. They exhibit a permeability that is an order of file, and the profiles of flow and pressure along the column
magnitude higher than that of packed columns while having are discussed in a second part, under the hedtRegults
comparable performance. They can generate higher efficien-and discussion”
cies under higher mobile phase flow velocities than packed
columns while being operated at a lower pressure. It is likely
that some modifications of their current method of prepara- 2. Theory
tion could allow the production of still faster and more effi-
cient columns, at the possible cost of a higher inlet pressure2.1. Influence of the pressure on the melting point of a
that could be accommodated by classical equipments. Af- solvent
ter all, these columns have been manufactured and used for
barely 5 years. In principle, microbore open tubular columns  This effect is surprisingly important and may have nefari-
could afford considerable improvements over current perfor- ous consequences because they are rarely, if ever, anticipated.
mance by allowing analysis times of the order of seconds Years ago, we tried and used cyclohexane as the mobile phase
with efficiencies at least as high as those that are currentlyfor some separations. Unexpectedly, the alumina piston of
achieved with the best packed coluns$. However, the  the HPLC pump broke when we needed to operate it at ca.
enormous technical difficulties that must be overcdgle 200 bar. We eventually found that this breakage was caused
have prevented the development of commercial instrumentspy cyclohexane solidifying when compressed in the pump
based on their use. Detection sensitivity will remain a major under this pressure, immobilizing the pis{d2]. Such inci-
obstacle because these columns can accept only extremelgents might become more likely if high pressure operations
small samples. become popular.

No fundamental difficulties should be expected in the For any phase change, the variation of the temperature,
preparation and use of more efficient, faster columns that 73, of a phase change is related to that of the pres&ytay
would be packed with particles finer than those currently means of the Clapeyron equation
available. It is obvious that most chromatographers consider
pressure and its effects with benign contempt. The initial re- % _ AW 1)
luctance of biochemists that was referred tbamophobigby dP  AS;

Csaba Hor&ith was not justified and has faded away. Under . .
where AS; is the entropy change andlV; is the volume

pressures lower than several kbar, protein molecules remain . : - X
as stable as under atmospheric pres§ai@]. Yet, certain change associated with the phase transition considered. Al-

pressure effects can be treacherous under certain conditionst.emat'vely’ Eq(1) can written

About30years ago, instrument manufacturerswho attemptedqr; A v,
to manufacture syringe pumps for liquid chromatography §p = A g 2)
failed because it was too difficult at the time to control prop-
erly the pressure excursion in the cylinder while delivering a whereA H; is the latent heat of the phase change. For fusion
constant flow rate of the mobile phage-11]. (i.e., the solid—liquid transform), the entropy of a liquid being

Pressure affects significantly the specific volume, the vis- always larger than that of the solid H; is positive. For most
cosity, the freezing points of liquids and other phase changessubstances, the specific volume of the liquid is larger than that
or transitions. It also affects diffusion coefficients (that tends of the solid andA V; is also positive. Consequently, for most
to be inversely proportional to the mobile phase viscosity) substances, the temperature of fusion increases with increas-
and equilibrium constants. The unavoidable consequencesng pressure. Wateris arare but most noticeable exception (to-
of these effects are that many chromatographic results be-gether with a few elements and salts, e.g., bismuth, gallium,
come pressure sensitive, which means that they change wittsilicium, copper chloride) because the density of liquid water
the column flow rate since it is impossible to adjust the is larger than that of ice. The latent heat of fusion of water
flow velocity along a column without changing the inlet is 333.5Jg?, and the densities of liquid water and ice at at-
pressure, hence the pressure gradient along this columnmospheric pressure at273.15 K are 0.9998 and 0.917d.cm
We review here the physico-chemical background of chro- respectivel\j13]. If we assume thah H; and the densities are
matography under high pressures, up to the low kilobar practically constant over the pressure range of interest, we ob-
range. tain df/dP = —7.4 x 103K bar 1. Hence, water melts at

In the first part of this review, we review under the heading —7.4 K under a pressure of 1000 bar. For all solvents used in
“Theory” the influence of the pressure on each of the iso- chromatography, however, the melting point increases with
lated parameters that are successively studied and discussedéhcreasing pressure.
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The empirical Simon equatioji4] relates the pressure, 350
P, and the temperaturé, of fusion of a compound as 330
Tr\ ¢ |
Pi=P+a KTf) - ] 3) 810 oC6
t 290

whereP; andT; (K) are the pressure and the temperature of the ACN

triple point of the compound studied andc; are two em-
pirical parameters which are tabulated for various substances 250 A
[15]. P; is usually very small (of the order of 1 mbar) and
can be neglected: is very close to the normal melting point

EtAc
under atmospheric pressure (and, correlativalys usually 210 4
much larger than 1 bar). Values of the melting pressures at 20 190 ///

270 H0

230 1

Tr(K)

and 30°C were calculated using E(B) for some substances MeOH

for which these pressures are below 10 kbar (1 GPa). The re- 170 A

sults are reported iflable 1 From this table, it is clear that 150 . I .

the lower the melting point under atmospheric pressure, the 0 500 1000 1500 2000 2500 3000
higher the melting pressure at 20 or’@0 Almost all the sol- P (bar)

vents used in reversed phase and in normal phase HPLC have
melting points below OC under atmospheric pressure (note Fig. 1. Plotof the temperature of fusidh, of various compounds vs. the lo-
that the value calculated for cyclohexane agrees well with cal pressurel. SymbolscCe, cyclohexane; ¥0, water; ACN, acetonitrile;
the one that we found) and no serious difficulties should be EtAS. ethyl acetate; MeOH, methanol. The curves are limited to the pressure
. . domain within which the determination of the two empirical parameters of

expected up to pressures of a few kllo_bar (unless separatlon%q_(s)’ a1 ande; has been made.
at subambient temperatures are considered).

Fig. 1 shows the variations of the temperature of fusion
with the local pressure for some solvents commonly used as
main components of the mobile phase in HPLC, computed ac-golvents.

cording to Eq(3), using data of ref15], except for methanol, As afirstapproximation, the compressibility of liquids can

for which the rep_ort(ra]d varllu? Ot /dT has been ass_gmec(ijtr? be considered as constant at constant temperature in the range
remain constantin the whole pressure range considered here pressures used in conventional HPLC (below 40 MPa or
s0), at least as far as the column flow rate and the pressure

2.2. Influence of the pressure on the specific volumes of  gradient along the column are concerned. However, in the

ies and much pertinent data is availalpl®&—18] Table 2
summarizes the compressibility of a nhumber of common

liquids range of pressures considered here, the compressibility does
N depend on the pressure. Up to several kbar, the pressure de-
2.2.1. Pressure and specific volume pendence of the volumé, 7, occupied by a given mass of

The behavior of liquids under the pressures that can rea-
sonably be achieved and safely handled in the laboratory,
. . . . Table 2
i.e., up to a few kbar, has been the topic of intensive stud- Compressibility of some common solvents

Temperature Compressibilit} ¢ (Eq.  bP (Eq.

papte & cc) 00(x10) @) @)
elting pressure of some solvents
b - b R O n-Pentane 25 3.14 0.0943 299.6
B (20°C) A (30°C)  Ti (°C, at n-Hexane 25 1.61 0.0943 587
P=1ban  ppeptane 0 118 0.0943 799
Acetonitrile (CHCN) 3656 4315 —457 n-Heptane 25 1.42 0.0943 662
Aniline (CgHsNH)) 1319 1863 —6.3 n-Heptane 40 1.60 0.0943 591
Bromobenzene (§HsBr) 2885 3546 —30.8 n-Heptane 60 1.87 0.0943 505
Bromoform (CHBg) 487 901 83 n-Octane 25 1.20 0.0943 787
Carbon tetrachloride (C@) 1151 1451 —230 Benzene 25 0.96 0.0938 970
Chloroform (CHC%) 5531 6256 —635 Methylene chloride 25 0.97 0.1038 1066
4-Chlorotoluene (€H7Cl) 451 844 Ve Chloroform 25 0.97 0.1038 1066
Cyclohexane (gH12) 251 441 65 Carbon tetrachloride 25 1.07 0.0925 867
1,4-Dioxane (GHgO>) 758 1702 118 Diethyl ether 20 1.87 0.235 1260
Dodecane (&H2e) 1353 1881 -9.6 Acetone 25 1.24 0.1023 826
Ethylene chloride (gH4Cl;) 2915 3502 —-354 Methanol 20 1.23 0.148 1210
Nitrobenzene (gHsNOy) 527 904 57 Ethanol 20 1.11 0.209 1890
o-Xylené* (C7H10) 1921 2346 —25.2 Water 25 0.46 0.1368 2996
p-Xylene (GH10) 191 485 133 Acetonitrile 25 1.10 0.128 1162
2 Values calculated from experimental data reported fBr/dT [15]. a yinbar?.

b Py in bar. b bin bar.
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liquid at temperatur@ is well accounted for by Tait equation
[19]

Vp,T — Vpo,T — el Po+b )
VPOaT P+b
or
P0+b ¢ ((V/V —1
- = ¢ 0)—1) 5
(7+7) ®

Vo being the specific volumé,,, 7, under the reference pres-
sure Py. For the liquids considered hemjs small and it is
independent of the pressuii@ple 9. The variations of// Vg
versusP for various common liquids, according to H&),
are shown irFig. 2 Because the variation of the specific vol-
ume with pressure is small or moderaig,Vyp is not very
different from unity and Eqi4) may be expended as a Taylor
series:

Po+b\"_ V.  1(V 12+1 14 13+
P+b) Vo 2\Vo 6\ Vo
6)

At pressures below 0.5 kbar, E&) can be limited to the first

term of the expansion without significant loss of accuracy

and we have

Po+b\¢ V
=— (1)
P+b Vo

2.2.2. Compressibility
The compressibility of a material is defined as

1ldv

X:_V@ 8

The compressibility is always positive. It varies with the pres-
sure. Differentiation of Eq6) and combination with E(7)
gives
C
= 9
P+b ©

The compressibility of liquids decreases slowly with increas-
ing pressure. Eq8) shows that the compressibility decreases
by half when the pressure increases from 0 fbar]. From
the data inTable 2and Eq.(8), we see that for most liquids,

b is between 0.8 and 3 kbar.

Note that bottb andc depend on the temperature. Correla-
tions are available in the literature. As long as the temperature
is not important compared to the critical temperature, so the
reduced temperature is low, the temperature and the pressure
dependence of the specific volume of the mobile phase can be
considered independently. Closer to the critical state, the sit-
uation would complicate considerably. This issue is outside
the scope of this review.

X

2.3. Influence of pressure on the viscosity of liquids

The viscosity of liquids increases with increasing pressure.
Water below ca. 20C is a rare exception. In the pressure

At higher pressures the use of a two-term expansion provides@nge up to a few kbar, this variation is nearly linear:

a more accurate relationship.

0,91

V/V,

0,88
0,86

0,84

1500 2000 2500

P (bar)

0 500 1000 3000

Fig. 2. Ratio of the specific volum¥/, of several solvents to their specific
volume under the atmospheric pressurg, vs. the pressure?, at 25°C.
SymbolsnC6,n-hexane; HO, water; MeCl, methylene chloride; ACN, ace-
tonitrile; MeOH, methanol.

n = no[l + a(P — Po)]

whereng is the velocity under the reference pressupg) (
anda is the relative variation of the viscosity per unit pres-
sure. Values ofjg anda, when the atmospheric pressure is
taken as the reference pressure, are reported from Smithso-
nian Physical Tables ifable 3for a variety of solvents. In this
table,« is given as §1000 — 10)/(99%0), whereniopois the
viscosity at 1 kbar, which linearizes the pressure—viscosity
relationship. The actual difference between the true and the
calculated value off may be of the order of 5% in the pres-
sure range up to 1 kbar. Under higher pressures, it might be
higher. The ratio of the actual viscosity,to the viscosity un-
der atmospheric pressung, is plotted versus the pressure
in Fig. 3, according to Eq(10) and to some of the data in
Table 3

A correlation due to Lucaf20] shows that Eq(10) is
valid as long as the reduced temperature is not very large,
which is the case for all the mobile phases used in HPLC
(at least as long as HPLC is not carried out at high temper-
atures). It would not apply to carbon dioxide in a straight-
forward manner but, then, a more complex correlation would
allow a rather accurate prediction of the dependence of the
viscosity on the temperature and the pressure in the col-
umn [21]. A recent publication reports that the apparent
viscosity of a 50:50 mixture of water and acetonitrile in-

(10
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2.4. Influence of the pressure on the diffusion coefficients
in liquids

As a first approximation, we can assume with Wilke and
Chang[23] that the productDSg s, of the diffusion coeffi-
cient of a dilute species, A, in a solvent B and the viscosity of
this solvent is constant. This is in agreement with the results
of Tyn and Calug24]. There are few detailed investigations
on this issue. Eastef5] showed that the self-diffusion co-
efficient of n-hexane decreases fron24<« 10~ °cn?s 1 to
0.7 x 10~°cn? s~ when the pressure increases from 1 to
3500 bar. This six-fold decrease could have serious conse-
quences regarding the column efficiency. Easf2a] also
suggested the following correlation to account for his data

n/noy

In Df = az + £P™ (11)

where D} is the tracer or self-diffusion coefficient of com-
05 — - poundi, a; and& are numerical constants that vary slowly
0 500 1000 1500 2000 2500 3000 with the temperature, amdis a numerical coefficient close to
P (oar) 0.75. The coefficiert is negative and diffusion coefficients
decrease with increasing pressure.@4)can be used to es-
Fig. 3. Ratio of the viscosity under pressiBn, to the viscosity under  timate high-pressure diffusion coefficients. The ratio of the
atmospheric pressurgg, vs. the pressure?, for various liquids at 30C. . . .. «
SymbolsnC6, n-hexane; MeAc, methyl acetate; ACN, acetonitrile; MeOH, S_elf-d_lfoSIOI’l c_o_eff|C|entD ,underthe pres_sul%to the Se_lf'
methanol: HO, water. diffusion coefficient under the atmospheric pressig, is
plotted versus? in Fig. 4 for various liquids, according to
creases by 34% when the inlet pressure of a column perco-Eq. (11) and using the values of the parametesdm that
lated by this solution is raised from 140 to 4800 Ip22]. are reported ifi26]. The curve for water does not follow Eg.
This number seems consistent with others reported here,(11). It was drawn using experimental dd2¥].
although there are no numerical data for almost any mix-  Both viscosity and diffusion are activation processes.
tures of solvents in the literature. We must note, however, While the viscosity decreases with increasing temperature,
that the effect of pressure on the viscosity is linear and the diffusion coefficient increases and, in agreement with
that, if the pressure drop is 4800 bar, the increase measuredhe practical constancy of the produaﬁB nB, the absolute
corresponds to an increase of the average pressure of onlyalues of the two activation energies are close. They cer-
2400 bar. The actual increase of the viscosity of the solu- tainly have the same order of magnitude. This relationship
tion is thus of 68% when the pressure is increased from 1 to remains valid under pressure. As pointed [@8], the rela-

4800 bar. tive variation of the diffusion coefficients is of the order of
Table 3

Viscosity of some common solvents

Temperature®C) Dynamic viscosityp (cP) o (x10°) Density,p (kg/L) Kinemati@ viscosity,

n-Pentane 30 0.220 .a6 0.619 0.355
n-Hexane 30 0.296 .15 0.657 0.450
n-Heptane 30 0.355 .9 0.678 0.523
n-Octane 30 0.483 12

Benzene 30 0.566 .22 0.872 0.649
Chloroform 30 0.519 ®25 1.466 0.354
Carbon tetrachloride 30 0.845 .2b 1.582 0.534
Diethyl ether 20 0.212 11 0.716 0.296
Acetone 30 0.285 684 0.783 0.363
Methyl acetate 30 0.390 .810

Methanol 20 0.520 a70 0.779 0.66
Ethanol 20 1.003 585 0.794 1.26
Water 0 1.79 —0.080 0.9998 1.79
Water 10 1.29 —0.046 0.9997 1.29
Water 30 0.80 m53 0.9956 0.80
Water 75 0.38 m76 0.9749 0.39
Acetonitrile 30 0.324 ®24 0.7711 0.42

a Unit: 1 centistoke= 1 x 10 2cm?s 1.
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any single value of the reduced velocity but to an average
value of this velocity: since the diffusion coefficient varies
along the column, so does the reduced velocity. The range
of reduced velocity over which the averaging is performed
changes for each point of a van Deemter plot. The classical
approach relating local and average plate heights should be
followed to account for these resu[80,31]

0,8 |

0,6 2.5. Influence of pressure on equilibrium constants in

diphasic systems

D*/D*,

Some fundamental relationships of thermodynamics,
which arise from the definitions of the basic functions, en-
ergy,U, enthalpyH, entropy.S, and Gibbs free energg, of
a system are

041

0,2 4
H=U+ PV (12a)

G=H-TS=U+PV—TS (12b)

— T T

0 T
0 500 1000

P15t())0 2000 2500 3000 whereP, V, andT are the pressure, the volume and the tem-
(bar) perature of the system, respectively. Differentiation of Eq.

Fig. 4. Ratio of the self-diffusion coefficienf)*, to the self-diffusion co- (12) at constant volume with respect to pressure shows that

efficient under atmospheric pressurg;, vs. the pressure?, for various 9G

liquids at 25°C. Symbols CCls, carbon tetrachloridenC6, n-hexane; Bz, — =V (13)

benzene; MeOH, methanol;,B®, water. The curve for water was drawn opP

from experimental data poinf27]. The curves are limited to the pressure We know that the equilibrium constant in a biphasic sys-
domain within which the empirical parameters of Efj1), x andm have .
tem is given by

been determined.
Cs

1 x 10~3bar 1, may be even more for large molecules, e.g., Cm
proteins. This means that, at a constant flow rate, the reducedzG — — g7 In K (14b)
velocity is not constant along a column. This observation
was used to explain why the column efficiency increases of- whereCs and Cr, are the equilibrium concentrations of the
ten more slowly than the number of identical columns con- solute considered in the stationary and the mobile phases,
nected in serief28], a result recently confirmed by Ikegami  respectively, and\G is the change in Gibbs free energy as-
et al. in their investigations of the efficiencies of assemblies sociated with the passage of a mole of solute from the mobile
of monolithic columng29]. Also, it shows that the coeffi-  to the stationary phase. Accordingly, we obtain
cients of a plate height equation derived by fitting experi- IAG 3In K
mental data differ significantly from their local values. The —— = —RT =AV (15)
errors made can be quite significant under conventional con- 9P
ditions, up to 100% for the coefficied of a van Deemter ~ whereAV is the change of partial molar volume associated
equation[28]. This result is similar to those observed long Wwith the adsorption of the soluf83,34]
ago in gas chromatograpf80] and in thin-layer chromatog- The retention factor is the product of the equilibrium con-
raphy[31]. stant and the phase ratio. If we neglect the dependence of
In the pressure range considered here, the pressure effedhe phase ratio on the local pressure (because the effects are
would be so large as to render meaningless the values of themoderate, we may account separately for the influence of
coefficients of a plate height equation derived from elution pressure on the phase ratio and the equilibrium constant), the
band profiles that integrate the influence of the pressure ondependence of the retention factor on the pressure is given
the mass transfer coefficients over the huge range of pressureby
experienced by the band during its migration. This conclusion ,
. . . ) alnk AV
is consistent with recent results that showed very high values =——
of the C term of the reduced van Deemter plate height equa- RT
tion measured with a maximum inlet pressure of 6800 bar This equation assumes implicitly that a single retention mech-
[32]. The interpretation of these results is far more complex anism accounts for the interactions of the solute in the phase
than empirical experimentalists may believe because the re-system. This is not always the case. The retention of a com-
duced plate heights that they measured do not correspond tgound may be the result of the combination of two or several

(14a)

(16)
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different retention mechanisms. If this is the case, the pres-  Since the variation of IR’ with the pressure is linear, and
sure dependence bfis more complex than indicated by Eq.  since, under the conditions of the experiments carried out
(16). A similar problem is encountered in the study of the by Szabelski et al[34], Liu et al. [36], and Tanaka et al.
influence of the temperature on the retention factors. Caseg39], the compressibility of the mobile phase is practically
are known in which the results do not follow a simple van't negligible, the values measured, which are average values
Hoff relationship[35]. over the range of experimental conditions are equal to the
The pressure influence on the retention factor is illustrated value measured at the average column presg@ée This
in Fig. 5where are plotted curves showing the variations of would no longer be true for measurements carried out under
the ratio of the retention factor under pressBre’, to the very large pressure gradients. The retention factors will then
retention factor under atmospheric pressugg,versusP, become functions of the flow rate—since it is impossible to
for various values oAV, according to Eq(16). The impor- change the flow rate without adjusting the pressure gradient
tance of the change of the partial molar volume of the solute accordingly. The separation factors of molecules of sizes or
associated with its adsorption is somewhat correlated with structures that are significantly different will change when
its size[36], so, according to Eq15), the pressure depen- the columninlet pressure varies. Finally, one should note that
dence of the retention factor of large molecular weight solutes the measurements of thermodynamic properties, e.g., of the
will be much larger than that of small molecular weight ones enthalpy of the retention mechanism, will have to be made at

(see[36] and later,Fig. 6). Thus, for a small-size protein
like insulin, AV is of the order of~100 ml/mol and the re-

constantinlet pressure, in order to reduce the influence of the
pressure gradient on the resyB$]. This procedure would

tention factor doubles when the average pressure increaseallow the complete separation of the influences of the tem-

from 50 to 250 baf34,36] The corresponding values for
lysozyme are slightly largef37]. Smaller values were re-
ported forn-decane anah-eicosane the retention factors of
which increase by 9 and 24%, respectively, when the pres-
sure increases from 100 to 350 4aB]. Tanaka et al[39]
reported that the retention factor of nitro-phenol increases by

perature and the pressure (since the mobile phase viscosity
is a function of the temperature, operating at constant flow
rate affects the pressure gradient along the column) in the
low pressure range. The effect is still more complex at high
pressures.

Most investigations of the effects of pressure on reten-

13% for an increase of the average pressure of 150 bar. Retion data in HPLC were obtained at relatively low pres-

cently, Patel et al[32] reported that the retention factor of

sures, i.e., 50-300 bar. The results of measurements made

4-methyl catechol increases linearly with increasing pressureyears ago by Rogers and co-work¢4€—42] at pressures

up to 6800 bar.
30
-100 cm3/mol -50 cm3/mol
25 4
20 -30 cm3/mol
~O 1 \
X
~
X 154

-20 cm3/mol

-3 cm¥/mol

-10 cm3/mol

1500 2000 2500

P (bar)

500 1000 3000

Fig.5. Ratio ofthe retention factdr, under pressureto the retention factor
under atmospheric pressuk§, Plot ofk’ / ki versusP, according to Eq(16)

for various values of the change in partial molar volumé,, associated to

the transfer of one mole of solute from the mobile to the stationary phase at
25°C.

up to 3500 bar showed that changes in the retention fac-
tors can exceed 300% and that they are accompanied by
shifts in the elution orders. This suggests that chromato-
graphic results recorded with columns operated under ex-
tremely high pressures will be far more difficult to account
for than those of the traditional “low” pressure version of
HPLC.

2.6. Influence of pressure on the dimensions of the
column

Pressure affects the external and the internal dimensions
of the column since the tube is subject to a stress that tends to
inflate it and to increase its length, assuming that the column
is closed at both ends by metal plugs through which only a
narrow capillary tube of negligible internal cross-section area
carries the mobile phase in and out the column. Because the
column is operated with a finite mobile phase velocity, the
inlet and outlet pressures are different and the column, that is
initially cylindrical when the internal and external pressures
are the same, takes the shape of a cone with a small angle.
The calculation of the column dimensions under pressure
is somewhat complicated because a significant pressure
gradient exists along the column. As a first approximation,
this gradient can be considered as constant (i.e., the longi-
tudinal pressure profile is linear). Furthermore, we consider
only safe, routine operations, in which case the column
deformations are small and elastic. Then, the deformations
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caused by the relatively small effects considered here take(18)reduces to the three following fundamental equations
place in the elastic domain and are linearly related to the

stresses applied which, themselves, are proportional toZ€r = ~1(0r + 09 +02) + (1 + n)or = or —nlop + o)

the local pressure difference between the inside and the (19a)
outside of the column. Hence, under these conditions, the

overall changes in the column internal volume and in the g¢, = o, — 5(o, + o) (19b)
volume of the column tube itself are the same as those which

would be observed if the pressure inside the column was E€: = oz — n(os + o) (19c)
constant and equal to the pressufg, at mid length of the

n is typically equal to 1/3 for metals, the range of variations

column. _ of n being from about 0 for cork to 1/2 for rubber.
Pressure also compresses the stationary phase. The effect

is markedly different whether the column is packed withneat 5 ¢ 1 5 Relative deformations and displacements in a cylin-
S'!'Ca particles (the (_:pmpreSS|b|I|ty of S'_I'(f‘"?l is negligible) or drical geometry.Let s be the radial displacement of a point
with bonded alkyl-silica (the compressibility of the bonded |\ hich was originally at distance from the cylinder (i.e.,

layer, like that of fluids is far from negligibfg3]). The com-  o,,1n) axis. Simple geometrical considerations show that

bination of these two mechanical effects tends 10 increasenq reative deformations along the radial and the tangential
the column porosity and its permeability since both actinthe ;.o tions are equal to

same direction, toward an increase in the geometrical column

volume. It also affects the hold-up volunfw3]. Obviously, , s (20a)
in a chromatographic column, the local effects vary with the or

abscissa and the overall effect will be the integral of these oS

local effects. 0= (200)

Let Lo, 7in,0, @ndrexto be the length, the internal and the 1, ¢ fol10wing, the combination of Eq$19b) and (20b)
gxternal radius of the cylindrical tubular column when the gives the radial displacemestsince we have
internal and the external pressures are both equB}tthe
reference and, in the general case, _the atmospheric pressurg.= rey = %[00 — oy + 02)] (21)
Inthe following, we assume that the internal pressure is equal
to Pm, and that the external pressure, as well as the columnThe variation of the column length is derived from EtPc),

outlet pressure are equal By. Then, one has: as
Lo
AP = = g —
pm = Pn— Po= 5 (17) h =e;Lo E [0z — n(op + o7)] (22)

2.6.2. Determination of the stresses

In the following, we assume that the stresses exerted on
the column tube arise solely from the effects of the pres-
sure differences across the internal and external sides of the
2.6.1. General equations for elastic materials tube and on the extremities of the tube, i.e., that the col-

Two different approaches are used in solid mechanics, ymn is free to deform itself as a consequence of these sole
those due to Young and to L&n44-46] We use the for-  stresses. Furthermore, we recognize that, in practice, the nuts
mer here. closing the column ends are strong enough to limit the de-
formations at the extremities, so that, under a uniform in-

2.6.1.1. Young formalisniThe Young formalism gives the ~ Side pressure, the column will somewhat look like a barrel
following relationships between stresses and deformationsrather than a cylinder. We will assume these deformations

where A P is the pressure drop along the chromatographic
column.

of elastic material§44—46} to be negligible. The effects of the column ends are ne-
glected in this review. Solid mechanics has how computer

Eec = _nTr(5)E+ 1+ n)o (18) programs that can account for far more complex boundary
conditions.

wheree is the relative deformation tenserthe stress tensor,

3 the unit tensork the Young modulus, anglis the Poisson  2.6.2.1. Determination of the radial and tangential stresses.
coefficient of the materiall*(7) is the trace of the tenser Far away from the extremities of the cylinder, the distribution
i.e., the sum of its diagonal elements. When the stresses ar®f the deformations in the radial and tangential directions can
acting along the principal axes of the material (for instance, be considered as independentzadiccording to the principle

r, ande, the axial, the radial, and the tangential directions in of De Saint-Venanf46]. For thin cylinders, the error on the

a cylindrical geometrical reference system), there is no shearestimates of the deformations that arise from this approxi-
stress in the material. Therefore, the non-diagonal elementsmation is lower than 0.3% at a distance from the bases that
of the deformation and of the stress tensors vanish and Eq.s larger tham\/Zrin,o(reXto — rin,0) [46]. Then, a balance
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of the forces acting on the four sides of an element of the both sides of the frit on the central part of the frit correspond-

cross-section of the solid wall between raciindr + dr and
between the anglésandd + d leads the following relation-
ship

do,

op—or—r— =20 (23)
ar

are pin + Po and pext + Po, respectively Pp being the pres-

In the general case, when the internal and external pressures < rt )2

sure at which the cylinder dimensions are measured, at rest,

ing to the cross-section of the incoming tube of radiuene

gets:
Sineff = 7 o(1 — k) (28a)

with

(28b)

rin,0

i.e., at the atmospheric pressure), the boundary conditionsNote thatin most practical caséss negligible, being smaller

are
0/(rin,0) = —Pin (24a)
07 (rext0) = — Pext (24b)

Note that, by convention, a minus sign is used for compres-

sion stresses.

than 0.01. This force is transmitted, through the fitting, onto
the material making the annular cross-section of the tube. The
resulting longitudinal stressy, is then:

2
I
02 = pn——0 (1K) (29)
Texto — Tin,0

Suitable manipulations of Egs. (19)—(24) allow the deriva- 2.6.3. Column deformation

tion of the relationships between the radial and tangential

stresses and the internal and external radii of the [alde
46]

2

2 . 2 2
Tin,0Pin — TexioPext Tin,0"ext0

Gr(r) = 2 > - > > (Pin - Pext)
Texto — Tin,0 r2 (rexLO - rin,O)
(25a)
2 . 2 2 2
( ) i Tin,0Pin — T'extoPext Tin,0"ext0 ( ) )
oplr) = 22 2 (r2 2 ) Pin — Pext,
ext0 in,0 ext0 in,0
(25b)

7
These equations are general in the sense that they are valid

whetherpin < pext OF pin > pext, for tube walls working un-
der expansion or compression.

In the case of interest in chromatography, the inner and s

outer pressures am®, and Py, i.e., pin = pm and pext = 0,
respectively, and one gets

ri% 0 rgxt,o
or(r)=5—""5prn(1-— (26a)
Text0 — "in,0 r
2 2
7 r
op(r) = 5—5— in,0 5—DPm <1+ eX2w> (26b)
Text0 — in,0 r

The boundary conditions given in Eq24a) and (24bare
consistent with Eq(26a)(i.e., if r = rexto Of r = rin,0)-

2.6.2.2. Determination of the axial stresghe force F, ex-

erted by the pressure inside the column on the fitting holding

this column is

F = pm Sin eff (27)

whereSin eff is the effective column cross-sectional area, on
which the pressure differential,, , is exerted inside the chro-

The radial displacement(r), of a point at distancefrom
the axis is obtained from E¢21), together with the expres-
sions of the stresses given by E¢(®6) and(29), as:

rgxto rngO
1+ 2 2— 2 —k

(30)

2
"ino  Pm

2 2
Texto — Tin,0 E

s(ry=r

The relative changes of the inner and outer radii of the column
are thus given by

S(rin) r% 0 Pm rgxt,o
=7 5 |d-2n+ak)+0+n)3
in,0 Texto — Tin,0 Tin,0
(31a)
(Vext) ri2n,0 Pm
ext0 Text0 — Tin,0

The change in the column length is obtained by combining
Egs.(22), (25), (26), and(29), as

_ Pm

n o1
=—5—5{A-2n—k)Lo (32)

r 2
E Texto ~ "in,0

This equation shows that the change in column length is in-
dependent of the radius hence the bases remain flat and

perpendicular the the column axis.

2.6.4. Column dimensions under pressure

We derive first the general equations, then a simplified set
of equations valid for stainless steel columns in the case in
which the cross-section areas of the tubings connecting the
column to the equipment are negligibly small.

2.6.4.1. General casdn the general case of a connecting

matographic column. Because the inlet pressure is exerted ortube of finite diameter, the dimensions of the column tube
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submitted to a pressung, + Pg inside andPy outside are
easily obtained from these equations as

i —14 s(rin)
Tin,0 rin,0
2
rin,O
=it T
ext,0 in,0
2
exLO rgxto Pm
x |1+ +n | L +k-2]| = (33a)
|n 0 rin,O E
Text S(rext) r2
=1+ =1+ [2—n(l— k)]
Fext0 Text0 Fext0 r n,0
(33b)
2
L h Tin
7=1+7=1+7(1 2n—k) (33¢)
2 2
LO LO ext,O |n 0

Sincen is smaller than 0.5 ank is very small, Eqs(33a)

As both the cross-sectional area and the length of the col-
umn tube increase under increasing pressure, its volume also
increases. This implies that the density of the tube material
decreases. This result might seem shocking since the changes
of the tube dimensions arise from the application of a pres-
sure inside the tube. In fact, it reflects the great importance of
the tangential (or circumferential) stress that is caused by the
inside pressure, through stretching of the atoms of the tube
material.

The column cross-sectional area of the tube changes also

under pressure, frorf o to S¢ = nrm, such that
Sc
= (1+ apm)® (38a)
Sc 0
with
raxto rho 1
(1—2n+nk)+ @1 +n— R
-
|n 0 rextO r|n,0
(38b)

to (33c)show that the inner radius, the outer radius and the wherea represents the relative increase of the column inner

column length all increase with increasing inner pressure.

The tube wall thickness changes fregito e, such that

e = eg + $(rext0) — s(rin,0) (34)
or
e ri2 Text0
oo (@400 (1 20nk)
€o Text 0 r n,0 Tin,0
(35)

Sincen is smaller than 12, andrext o is larger thamis o, EQ.

radius per unit of pressure drop across the column tube. A
first-order expansion ip,, / E gives the following expression
of the column inner volume

Ve | Sc L
Veo  Scolo
1t Q-2nB— k)rIn o+ 21+ n)rexto Pm (39)

2
exL 0~ "in,0 E

where V. o is the internal volume of the column at rest or
its geometrical volume. Since both the inner radius and the

(35) shows that the thickness of the column tube decreasescolumn length increase under increasing pressure, the column
with increasing inner pressure, i.e., that its inner radius in- yolume also increases.

creases faster than its outer radius.

The cross-sectional area of the tube changes also, from2 6.4.2. Simplified equationsn the particular case of a

St,0 to St, so that

2
St rgxt_rizn 2"inO
Sizr2 — 2 =1+r2 r2 (- 277+77k)
t,0 ext0 in,0 ext0 — Tin,0

(36)
when neglecting the higher degree terms ), (E)2. The

equation shows that the cross-sectional area of the tube in- ,,_ 1 4rext0 20 Pm
creases with increasing pressure although its thickness de- 1+ 3 + 3,2 =y
0

creases.

Finally, from Eqs(33)and(36), it appears that the change

in the column volume, fron¥; g to W, is given by

A _ LA =14¢e +e+e
Vio LoSto P S
1-2
=1+ =0, + 05 + o)
2
—1+27(1 203 - k) (37)

Text 0 |n 0

stainless steel column connected with inlet tubings of negligi-
ble cross-section, Eq83)—(39)simplify. For stainless steel,

n is equal to 1/3. For inlet tubings of negligible cross-section
(i.e.,rexto/rin,0 < 0.1),kis equal to 0. Then, one obtains the
following geometrical characteristics of the tube, from Egs.
(33a), (33b), (33c¢), (35), (36) and (37)

> (40a)
in,0 Text0 — Fin
ext 5 ri2n 0 Pm
=1+ = 5 : — (40b)
Text0 3 Text0 0 E
L 1 ri2n 0 Pm
— =14+ - — (40c)
Lo 3 Text0 o E
2
£ _ (4reXt l) fino __ Pm (40d)
€o 37in,0 3 ext0 in,0 E
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S 2 r2

L og4 im0 Pm (40€)
St.0 3 Fexto — Tin,0 E

Vi i 0 p

— =14 %7’" (40f)
Vt,O Texto — Tin,0 E

wheresS; andV; are the cross-section area and the volume of
the metal in the tube.

Typically, for stainless steel tubds,is equal to 200 GPa,
i.e.to2x 10 bar. If therext0/rin,0 ratio is equal to 2, the rel-
ative increase of the column length is 0.0028%/kbar of pres-
sure drop along the column, i.e., an increase of.2r8kbar
for a 10cm long column (NB. A 1 kbar pressure drop along
the column means that,, = 500 bar). The mean increase
of the internal radius is 0.047%/kbar and that of the internal
volume is 0.097%/kbar.

It appears that the contribution of the variation of the col-
umn length to the change in the column volume is 34 times

smaller than that of the column cross-sectional area. When

the ratio of the external to the internal radius becomes larger
than 2, the change in column length vanishes and the limit
value of the change in the column volume js,8 3E, or, typ-
ically, 0.067%/kbar of pressure drop along the column. Ac-
cordingly, when, in the following, an integration with respect
to the distance along the column is performed, the column
length will be considered as constant.

The variations of the rati§¢/Sc o versus the pressure of
the column,P = p,, + Py, are shown irFig. 6 for different
values of the ratio of the outer to the inner column radii,
Fext0/7in,0-

1,009

1,008 |

4

1,007 A

1,006 -
1,005 1 Yext,o/ino: 15

1,004

Sc/S¢0

1,003 A
1,002 1
1,001 4

1+

0,999
0

1 ObO 1500 2000 2500

P (bar)

500 3000

Fig. 6. Ratio of the column cross-sectional argaunder inner pressuf
to the column cross-sectional area under atmospheric pressuress. P,
for various values of the ratio of the inner and outer column ragiio/rin,o-
Young modulusf = 2 GPak = 0.
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2.6.5. Rupture of the tube under pressure

As a result of the stress applied by the inner pressure on
the inner wall of the tube, the column wall undergoes a cir-
cumferential traction stressy. This stress decreases with
increasing value of, as shown by Eq26b). It is thus maxi-
mum at the inner wall, where it is equal to

2 2
Texto 1 Tin,0

%0 = > 2
Text0 — *in,0

m (41a)

If o is the resistance of the tube material to traction, i.e., is
the maximum stress that can be exerted before an immediate
rupture takes place, the maximum inlet pressure that can be
applied to the column before rupture is given by

2 2
Text0 — rin,O

2 2
rexLO + rin,O

(41b)

oM

Hencep,, v = 0.60om for rexto/rin,0 €qual to 2. The value of

om depends on the type of steel used. It is around 10 kbar for
medium resistance steels and can reach over 20 kbar for high
resistance steels.

One should note that these valuesogf correspond to
the rupture of the material. When the traction stress is small,
the material undergoes reversible deformations. This is the
elastic domain. Above a certain stress threshald the de-
formations become irreversible. This is the plastic domain,
which ends up aty, by the rupture of the material. The value
of o¢l also depends on the nature of the tube material, but it
is generally of the order afy /2.

2.7. Influence of the pressure on the column
characteristics

The change in the column dimensions will affect col-
umn characteristics that are important in chromatography,
the porosity and the permeability of the column.

2.7.1. Pressure dependence of the column porosity

A chromatographic column is always packed before it is
used. The manufacturing of chromatographic columns in-
cludes a consolidation step during which the column bed is
percolated at high flow rate by a solvent compatible with
the packing material. In order to prepare stable columns that
will have a long life time, their consolidation is achieved by
pumping this solvent stream at a pressure that exceeds the
maximum pressure at which the column will be used later.
During this consolidation, the column tube expands as ex-
plained in the previous section. At the end of this step, the
column is entirely filled with packing material. When the
stream is stopped, the column tube shrinks back. The bed is
compressed elastically. A part of it might be expelled, de-
pending on the friction between the column tube and the bed.
The operation of relaxing the pressure and closing the column
must be carefully made, under conditions that minimize this
expulsion. When the inlet frit is in place, the packing remains
under compression. When the pressure is raised again at the
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columninlet, to operate the column, the tube expands and the2.7.2. Pressure dependence of the column permeability
packing compression decreases. The bed is elastic, however, The permeabilityk, of a bed packed with particles of di-
and the bed remains stable as long as the inlet pressure doeameterdy, is given by the Blake—Kozeny equation:
not exceed the packing pressure. As a result of the pressure 2 3

applied and the bed elasticity, the column porosity anditsper-; _ “p __ e 1

meability will increase somewhat with increasing pressure. 150(1 — €e)? e

The results of recent measurements performed under Veryyherec, is the extra-particle porosity. If the particles are non-
high pressures, up to 46082] and 680(32] bar confirmed porous.e;, given by Eq.(46), becomes equal tg; and will

this analysis. The packing material must be consolidated atpg gimply denoted in the following and is the porosity at
a pressure exceeding the highest inlet pressure under whichne reference pressurgy. k becomes:

the column must be run.
The total porosity increases with increasing pressure be-, d,% €2
cause (1) the volume of the solid packing in a slice of column ™ ﬁ)(l —€)?
of lengthsz decreases slightly with increasing pressure, due
to the slight compressibility of the solid packing, and (2) the
column volume increases in proportion to the cross-section
area (see previous section). Lggbe the compressibility of

(48)

(49)

The compression of the particles in the bed being isotropic,
the change in their diameter with increasing pressure can be
expressed as:

the bed of packing material: dp = dp o™ PP~ F0)/3 (50)
1 d(Ve) wheredp o is the particle diameter under the reference pres-
B= “3ve dp (42) sure Py. Let ko be the permeability under pressupg and

combine the previous equations (E¢6), (49), and (50)
wheres§ Vs is the volume of packing material contained inthe This gives the pressure dependence of the permeability as:
slice of lengthsz. Assuming thag is independent of the local 0
pressure, integration of this equation gives: k= 6—2([1+a(P — Po))? — (1 — eo)e PP~ F0))2g8B(P—Fo)/3

0
8V = 8Vg e PP—F0) (43) (51)

wheresVs o is the volume of the same mass of packing at the The local permeability varies along the column. Because the
reference pressuré. Assuming that the mass of solid in effects of the pressure remain moderate, a first-order Taylor
the slice of lengtfsz is not affected by the pressure (and that expansion of this equation will capture the essential of the
the slice length as well as the column length are not affected €fféct

by pressure changes), the total porosity in the slice is equal k 4a 2 2
ty.p ges) P y q —=1+P-P)|—+——=)8 (52)
(o) ko €0 e 3

_ Scbz—48Vs Vs Since the coefficienta and g are positive andg is smaller

(44)

€= than 1, the permeability increases always with increasing

pressure, at a relative rate aBIx 10~°bar-1, assuming the
Let Sc andSc,0 be the column cross-sectional areas at pres- values given above for the change in column radius, a value of
suresP and P, respectively. Combining Eq¢38a), (43), 1 x 10 %bar ! for the compressibility of the solid packing
and (44) and noting that the total porosity at the reference material, and a value of 0.4 fap. This leads to a 1.3% de-

SC(SZ T SCSZ

pressure is equal to: crease of the pressure gradient for an increase of 1 kbar of the
local pressure. Note that, according to EgR), k is the sum
ero=1- 8Vs0 (45) of two terms, the (positive) contribution of the column poros-
Sc.082 ity that increases with increasing pressure and the (negative)

contribution of the particle size due its compressibility, that
decreases with increasing pressure. Their combined effects

e—ﬂ(P—PO) add up.
4
[1+ a(P — Pp)]? (46)

gives the pressure dependence of the total porosity:

€& = l—(l—eﬂo)
2.8. Influence of pressure on the pressure profile, the

wherea is given by Eq.(38b), after substitution of,, by flow rate and the elution characteristics

P — Po, whereP is the local pressure in E(38a) i.e., for a

metal tube, according to E¢#0a) It would not be very useful to discuss separately each of

the previous effects. They combine and cannot reasonably

r2 1 be separated for detgiled studies. The coll_Jmn dime_nsions

1 ) = 47 expand under increasing pressure, the mobile phase is com-
"ext0 = ’in,0 pressed and its viscosity increases. All these effects combine

3 3,2

2
0= [1 + ﬂrext,o
in,0
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and affect the pressure profile along the column, hence theHence, significant deviations from Darcy law behavior is im-

gradient of linear velocity of the mobile phase. Finally, itis probable and the possible consequences of this effect will be

not possible to force a high velocity stream of liquid through neglected in the following.

a low permeability bed, as we do in HPLC, without gener- Combining this equation with Eq§10), (46), (51), (54),

ating a certain amount of heat due to the compressibility of and (55) gives:

the liquid and its friction against the bed. This heat effect has —

consequences that depend on the column diameter. They w”l— dz = —h(P)dP (57a)

be discussed in a later section. ko
Conventional HPLC instruments are designed to pump the with:

mobile phase into the column at a constant flow rate. Under ap _

steady-state conditions, the pump delivers a constant masg,(p) = ([1+a(P — Po)l*—(1 — eg)e 1)) 3P~ F/3

flow rate of carrier liquid and this mass flow rate is constant €3 [1+ ¢ In((Po + b)/(P + b))] [1+ (P — Po)]

all along the column, which expresses the conservation of the (57b)

mass of this carrier. Let frepresent the mass of mobile phase

flowing through the column cross-section per unittime. Tothe whereug is the cross-sectional average velocity of the mobile

mass flow rate corresponds a volumetric flow r@teyhich is phase under the reference presskyeand is given by:

the volume of mobile phase flowing through a column cross- L

section per unit time. The parametetsand Q are related ug = Qo = Qo (58)
by €0Sco  €oVeo

= p0 (53) wherelL is the column length and. o = Sc.0Lo, the geo-

metrical volume of the empty column when it is under the
where p is the mass per unit volume of the mobile phase uniform pressuré®. It can be verified that i&, n, aandcare
(which will be later called, for short, its density). Because set equal to 04(P) becomes equal to 1. In the following, the
p depends on the local pressu@@js not constant all along  reference pressurd, is selected to be the pressure at the
the column but it can be derived from Tait equation (Egs. column outlet, usually the atmospheric pressure.
(4) and (5) which gives the volumey, occupied by a given Integrating the basic flow equation (E¢7a) provides
mass of carrier as a function of the pressiitgat a given the relationship between the column inlet pressieand
temperature. If one considers that this mass is that flowing the outlet mobile-phase flow-velocityp (or the outlet flow
through the column per unittime, i.e., the mass flow rate, = rate,Qo):
then the volumeV in Eqg. (4) becomes the volumetric flow

A L L?
rate and / W(P)dP = ugTE = 0o (59)
Po+b Po ko coko Ve,0
0 = Qo [l+cln< )] (54) ) ) ) )
P+b Two particular cases are interesting to consider when one

wants to compare the actual pressure—flow rate relationship

This flow rate is related to the cross-sectional average flow ™ ; .
g with the one that would be obtained for a so-called “ideal”

velocity,u, as: system, i.e., a system for which the mobile phase, the packing

0 = uerSe (55) material, and the column wall material are incompressible,
and, for which the carrier has a constant viscosity, indepen-

2.8.1. Darcy law and the basic fluid flow equation dent of the local pressure. These cases correspond to the op-

Darcy law[48] expresses the proportionality between the eration of the column at a constant outlet flow rate or under
cross-sectional average fluid velocityand the pressure gra- @ constant inlet pressure. The results obtained in these two

dient, dP/dz, as: cases are derived below.
kdP .
u= T (56) 2.8.1.1. Operating the column at a selected outlet flow rate.

If the instrument used allows the selection of the outlet flow
Deviations from Darcy law behavior are noticed when the rate, i.e., the setting of the flow rate measured at the column
apparent Reynolds numbergpee/[ (1 — €e)], is relatively outlet, usually under atmospheric pressure, (59) allows
large. A deviation of about 1.2% was reported at a value of this the determination of the inlet pressuPethat corresponds to
number of 1[47]. In classical HPLC, however, with 4.6 mm  this imposed outlet flow rateQo. For the ideal system (for
i.d. columns packed with 1}0m particles and operated at a which h(P) = 1), the RHS of Eq(59) represents the ideal
flow rate of 1 ml/min, this number is of the order 01102 pressure dropA Pyg, that would be needed in order to have
(seeTable 3for typical u values). In ultra high pressure LC  the same flow rate:

with columns packed with particles having diameters as low 9

as 1.5uwm and operated at velocities as large as 1cm/s, the A py = yg—— '70L Mo L (60)
apparent Reynolds number is of the same order of magnitude. ko GOkO Vc 0
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which is different from the actual pressure drop obtained in
this caseAP = P, — P.

2.8.1.2. Operating the column at a selected inlet pressure.
If the instrument system allows the selection of the column
inlet pressure P, or equivalently, of the column pressure
drop, AP, Eq.(59) allows the calculation of the actual flow
rate, Qg or of the outlet flow velocityyo. From Eq.(59) we

can derive that, whel(P) = 1, the outlet flow rateQiq o, or

the outlet flow velocityuiq, o, that would be obtained for the
same pressure drop,P, with an ideal system, are such that:

P;
Po h(P)dP
P — Pg

wo Qo
uido  Qid,o

(61)

2.8.2. Pressure gradient and velocity
Integration of Eq.(57a) between the positioz and the
column outlet gives

/P
Po

hence, in combination with E¢59), the pressure profile is
given by

no(L —z)

ko -

ﬂL(L —2)

h(P)dP = ug 0
(P) eoko Ve

(62)

P
h(P)dP

2_1_ ]};,# (63)
L py h(P)dP
and the relative pressure gradient is

P

"h(P)dP
_dPjdz _ [p M(P) (64)

AP/L ~ (P — Po)h(P)

These last two equations give the relative pressure gradien

(Eq. (64)) and the position along the column (E®§3)) as
parametric expressions that are both function®.oTheir
combination allows the determination of the pressure gradi-
entalong the column. The velocity profile of the mobile phase
along the column can be derived using a similar combination
of the equations above.

2.8.3. Pressure dependence of the hold-up time

The hold-up time, or elution time of an unretained solute,
to, is obtained by integration along the column of the hold-up
times in each successive column increment
dip = — (65)

Combination of Eqs(10), (46), (51), (54), (55), and (56)
gives

ko A
o= — / ¢(P)dP (66a)
ugno J py
with:
([1+a(P — Po)]*—(1 — eg)e” (P~ F0)) 4t~ F0)/3
g(P) =

" A+ cIn((Po+ b)/(P + B)I2[1 + (P — Po)]
(66b)

29

oL alP— PR — (1= cg)e A1
N eoll + ¢ In((Po + b)/(P + b))]

These equations apply whatever the operating mode of the
instrumental system. If one wants to compare this time to the
hold-up time that would be observed with an ideal system
(i.e., with an ideal liquid phase and column material), for
whichg(P) = h(P) = 1, one has to specify the exact operat-
ing mode. Using the two simple modes identified above we
obtain the following results.

(66¢)

2.8.3.1. Operating the column at selected outlet flow rate.
When operating the column with a selected, constant flow
rate or velocityyu, the hold-up timezg jq,1 of the ideal liquid

is given asL /ug, Or :

k
f0,id,1 = TOAPid (67)
uglo
and, according to Eq$59), (60), and (66a)
P.
' g(P)dP
to Py g(P) (68)

fojd1 i h(P)dP

2.8.3.2. Operating the column at a selected inlet pressure.
When the column is operated under constant, controlled inlet
and outlet pressures, hence with a given valua\ &, the
hold-up time of the ideal liquid is

koAP  koAP [ ug \?
10jd2 = —o—— = — ( 2 ) (69)
Up,ig"o ugno \4o.id
tand, combining with Eqg61) and (66a)
, [
(Pi — Po) [ g(P)dP 70

10,id,2 - [ F{;ih(P) dPr

It is convenient to follow the same approach as did James
and Martin[49] in their determination of the hold-up time in
gas chromatography and to define a compressibility fagtor,
such that:

L

= — (71)
uolo
Combining Eqs(19), (66a), and (71yives
P.
"h(P)dP -
Py (P) _ Iojid,1 (72)

T [Papap 1o

Interestinglyj depends not only on the variables representing
the pressure dependence of the mobile phase deostyd

b) and of the elasticity of the packing material and the column
tube, but also on the parameter accounting for the pressure
dependence of the viscosity)( This is obviously not the
case for the James and Martin factor in gas chromatography
(GC) since the viscosity of ideal gases does not depend on
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their pressure (nor does that of actual gases used as carrie?.9.1. Basic thermodynamic relationships

gases, under the low pressures needed in GC). Let consider a certain mass, of carrier liquid that occu-
pies a volume/ at temperaturd and under pressuif and

2.8.4. Hold-up volume, retention volumes, retention that undergoes an infinitesimally small transformation. Dur-

factors ing that transformation, a differential quantity of hea@,d

The hold-up volume is defined as the volume of the mobile i exchanged with the surroundings of the system. This heat
phase that exits from the column outlet during the hold-up exchange is associated with differential changes in the pres-

time: sure, P, in the temperature,© and in the volume, 9, such
that[53a]
Vo = 10 = Sc ot 73
0 = Qofo = U0€0Sc,0t0 (73) dQ = CpdT + hdP (75a)

Combining Egs(59), (66a), and (73)one gets

Sy 8(P)dP
[ h(P)dP

dQ = CydT +1dv (75b)

Note that @2 depends on only two of the three variabRs
V, andT since these variables are related through an equation
of state.Cp is the heat capacity at constant pressuig,
whereV o = Sc oL is the geometrical volume of the column the heat capacity at constant volume. Writing ds a total
in the absence of a pressure gradient. Comparison of Egsdifferential, we have
(68) and (74Bhows that/y/(eoVe,0) is equal targ/1o,id, 1- 9V 9V

Because the retention volume in any slice of column is dV = ( ) dr + < ) ar
equal to the product of the local contribution to the hold-up P T
volume, the local phase ratio, and the local retention constant,Combining Eqs(75) and(76) gives

the retention volume is a complex function of the pressure. 3V 3V
Cv+I1|—= dr+1( — | dP=C,dT +hdP
AT ) p aP )1

(77)

The reason to use chromatographic columns packed withThijs equation must be true whatever the differential changes

very fine particles and to operate them at a high flow rate is 47 and dp. Thus, it provides a relationship betweandl:
to achieve fast analyses. It has been shown, how@aer

52] that a solvent stream percolating through a column ataj _ ; (av> (78)
high velocity generates heat, due to the friction of the liquid oP )1

against the surface of the particles. The compression of thegq

solvent under high pressure in the pump also heats the solvent.

The heat generated in the column or brought by the solvent; <> =Cp—Cy (79)
diffuses across the bed to the column wall and toward the P

column compartment. Thus, temperature gradients appear in . . .

the column, in both the radial and the axial directions. In the 2.'9'1'1' _Exprgssmn of ITh_e differential entropy, §l, asso-
most common case, the mobile phase pumped into a cqumnC""‘ted with this exchange is

is at a higher temperature than the column (because compres- do Cy l aS as
sion of the mobile phase is exothermic), the column center is as = T - T dT""? av = (Z?T) v o7+ (31)) . dv
warmer than the wall region, and the column exit is warmer

than its inlet. Since the viscosity of liquids varies rapidly (80)
with their temperature, these thermal gradients cause correynriting that the second differential$)2s/879V and
sponding gradients of velocity of the mobile phase. When 525/5vaT are equal, recognizing thaty /T = (3S/0T)y
the sample band is injected into the column, itis thin in the andi/T = (3S/8V)t, and derivingCy/T by respect tov
axial direction, nearly flat. If the radial distribution of veloc-  andi/ T by respect td gives

ities across the column is not flat, the band becomes warped

and, at elution, it appears broader than it really is. The col- <8CV> — (81) _ ! (81)
umn efficiency decreases. Recent results have shown that the\ 3V or)y T

consequences of the thermal effect on the column efficiency  The differential energy, @, is given by

may be minimized by using very narrow colunj@g]. These

effects do depend on the column diameter and seem to bedU = dQ +dW =dQ — PdV (82)
practically negligible for columns having an inner diameter \\here gv is the differential amount of work exchanged by
narrower than 0.15 mm. Nevertheless, the temperature of they,o system. Combining Eq80) and (82)ives

mobile phase increases and the consequences of this thermal

effect should be taken into account. dU = CydT + (I — P)dV (83)

Vo = Ve,0€0 (74)

oT

P (76)

2.9. Thermal effect
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Treating dJ inthe same way asthbove, through the equality
of the second, cross partial differentials, leads to

(w),= ()~ (&),

The comparison of Eq$81) and (84)gives the value off

(%),

T
2.9.1.2. Expression of Hrhe differential entropy arising
from the differential changes iandP is given by
_do_¢r
T T

Following a derivation similar to the one above, we write the
differential enthalpy:

aCy
oV

ol
oT

apP
aT

(84)

(85)

h
ds dr + - dP (86)

dH = d(U + PV) = dQ — PdV + PdV + VdP

=CpdT + (h + V)dP (87)

Consideration of the equality of the second, cross partial dif-
ferentials ofSandH by respect t&® andT leads to

-or(3),

T
2.9.2. Temperature increase occurring during carrier
compression in the pump

As afirstapproximation, we consider that the compression
of the mobile phase in the piston chamber of the pump occurs

(88)

under reversible, adiabatic conditions. Then, there is no heat

exchanged by the liquid with the surroundings and its entropy
is kept constant. Then, lettingSche equal to 0 in Eq(86)
leads to

dr h

) = 89
(dP>s Cp (69)
which, combined with E¢(88) gives

T
(&) - L () e 90)

wherec is the thermal expansion coefficient of the mobile
phase defined as

(&),

All the quantities involved in E((90) are positive. Thus,

1
a=—
v

v

T (91)

the compression of the mobile phase leads to an increase of

its temperature. Eq90) is the basic equation for comput-
ing the temperature change of the mobile phase during its

31

above equations, because it was defined this way i(75q.)

Cp is an extensive property which depends on the mass of
liquid considered. Itis proportional ¥4, that is to the amount

of liquid pumped.

Eq. (90) shows that the rate of variation of the tempera-
ture with the change in the pressure depends on parameters
that are state quantities. Thus7(dP)s is itself a state quan-
tity, i.e., a thermodynamic property. It depends on the actual
temperature and pressure.

Estimates of the value of {@dP)s for methanol at
25°C, under 1 bar can be calculated, using data found in
the literaturd54]. For methanolCp = 81.18 Jmot1 K1,

o =1204x 103K1, v =1.2710cn?g1(i.e., 12710x
10-3m3kg~1), My = 32.04gmol?, giving V = 4.072x
10-5m3mol~1. These characteristics of methanol com-
bine to give (d/dP)s=1.80x 10 'KPa = 1.80x
102K bar~! = 18.0 K/kbar. If this rate is independent f
andP, the temperature of methanol compressed to 1000 bar
would be 18 K higher at the pump exit than at its initial tem-
perature.

In fact, (dI/dP)s is not constant becausg Cp, andw
depend onl andP. These dependencies can be calculated
using an equation of state for the liquid. Such calculations
have been performed and the results are available, tabulated
as a function ofT and P [54]. Using these data, {@dP)s
has been calculated. Its variations with pressure are shown in
Fig. 7 at different temperatures. It is seen thaf(dP)s de-
creases with increasing pressure and increases with increas-
ing temperature. When the pressure reaches 1000 bar and
the temperature is around 40, (d7/dP)s becomes equal to
11.5K/kbar and the effectis only 2/3 of that calculated by as-
suming that the physico-chemical characteristics of methanol
are constant.

25

20

400 600 800

P (bar)

200 1000

compression in the pump. To solve it, one needs an equationF. . , . .

T . . . ig. 7. Rate of increase of the temperature during the isoentropic compres-
Pf state for.th|s liquid, expressmg the relationship between sion of methanol, (d/dP)s (K/kbar), vs. the final pressure for methanol, at
its volume, its temperature, and its pressure. Note that, in thedifferent temperatures. From bottom to tdp= 25, 40, and 66C.
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2.9.3. Temperature increase due to flow through a 40
porous medium

In principle, the liquid flowing through the column would % /t’w
cool ifitwere decompressing under the same (quasi-adiabatic 0 ;//::;:
and reversible) conditions as those prevailing during its com- ] )
pression in the pump head and its temperature would be the 25 jx/_/-/'/
same when it exits the column as its initial temperature, in *

the tank where the pump took it. Decompression is far slower
than compression, however (in the ratio of the column to the
stroke volumes). If the decompression takes place rapidly ]
enough and the column walls are relatively thick, it can be
considered again that no heat is exchanged with the surround-
ings of the column and that the decompression is adiabatic. 5]
It is then similar to the Joule—Thomson (Kelvin) process of ]
expansion of a liquid though a porous plug. It is not entirely 0
reversible, however, because the viscous dissipation must be
taken into account. The latter takes place at constant enthalpy,
H [53b]. For a perfect gas, this ex.panS|on takes_ place at Con'Fig. 8. Rate of increase of the temperature per unit decrease in the pres-
stanttemperature but for other fluids, a change in temperaturesyre, —(d77dP); (K/kbar), vs. the pressure during the isoenthalpic flow of
arises from the change in pressure. Itis a measure of the nonmethanol in an adiabatic column, at different temperatures. From bottom to
ideal behavior of the fluid. top, 7' = 25, 40, 60, 80, and 10C.

Let dH be equal to 0 in E(87), the temperature change
resulting from the pressure change can be derived from Eq.column) is thermally well insulated, the two effects add to-

- (dTIdP)y
(K/kbar)

0 200 400 600 800 1000
P (bar)

(88) [53b,c] gether and the temperature of the carrier in the pumpincreases
first during its compression in the pump and then, again, dur-
(dT) = _htV = r@v/onr = v (92) ing its percolation through the column. If the column inlet
dP /)y Cp Cr pressure is sufficiently large, the outlet temperature may well
Combining Eqs(91) and (92)gives exceed the boiling point of methanol under atmospheric pres-
sure (65.0C). It might then be required to pressurize some-
B <dT) _ (Q=al)Vv (93) what the column outlet in order to maintain the mobile phase
P/,  Cp in the liquid state.

For liquids under typical conditions (e.g., wifh around

300K), « is of the order of 1x 103K, Thus, Eq.(92) 2.9.4. Variation of the internal energy of the mobile

indicates that the temperature of the liquid increases with phase during its compression in the pump

decreasing pressure when it percolates through a porous Whenthe pressure increase by the amoutitthe piston

medium. chamber of the pump, the fluid temperature increasegby d
The quantity—(d7/dP)y appears to be also a thermody- Since the compression occurs adiabatically, there is no heat

namic quantity. Its variations with the temperature and the supplied by the pump to the carrier and the changeadthe

pressure are illustrated Fig. 8. It increases with increasing  internal energy of the carrier results merely from the work of

pressure and decreases with increasing temperature°& 25  the pressure force, i.e., itis

and under 1000 bar, the rate of temperature change is equal

to 37.0 K/kbar while it it is only 26.5 K/kbar at 6@ under ~ AU = —PdV (95)
1bar.
The comparison of Eq$90) and (93)shows that: Under adiabatic conditions, the changes of the tempera-
ture, the pressure, and the volume are related By=d
_(@r/dP)y _ 1—oT (94) —(h/Cp)dP, according to Eq(75a)and & = —(//Cy)dV,
(dT/dP)s oT according to Eq(75b). Thus, the volume and the pressure

. . . changes are related by
SincexT is of the order of 1/3 at room temperature, it appears

that the rate of increase of the temperature with a change in h Cy
the pressure is about double during the decompression phas@v = 1Cp dp (96)
when the mobile phase percolates through the column than
during the compression phase, which takes place in the pumpThe value ofh can be derived by combining Eg&8) and
This ratio depends, of course, drandP. (91)as

It should be noted that if the chromatographic system (i.e.,
the pump, the connection lines, the injection device, and the = —aTV (97)
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Combining the definition of the mobile phase compressibility, of the increase of the viscosity with increasing pressure will

x (cf. Eq.(8)), with Egs.(78) and (97)we can write affect the dependence of the retention volume on the flow
rate.
= of (98) Onthe other hand, itis claimed that the heat effect, heating
X the mobile phase, hence reducing its viscosity, compensates
Combining Eqgs(79), (91), and (98yives the pressure dependence of the viscosity. This compensation
) can only be partial and limited. First, it is an overall compen-
Cp—Cy= o1V (99) sation. At the beginning of the column, the viscosity remains
X higher than it is at room temperature and under atmospheric

Combining now Eqs(97)—(99)gives the differential change pressure, then it becomes Iower_ at the end of the cglumn,
in the internal energy during the compression of the mobile When the temperature of the mobile phase becomes high and
phase in the pump, as the pressure low. Any change in the parameters that con-

trol such a balance will destroy it. For example, since the

dU = Cy vPdP (100a) coefficients that characterize the pressure and temperature
P dependence of the viscosity are different for each solvent, a
or compensation can take place only for certain solvents, not for
2 all. The extent of this compensation depends also on the radial
a1V heat loss, h he column inner di d thick
au = x (1- - vPdpP (100b) eat loss, hence on the column inner diameter and thickness.
xtp

If a state equation is available for the fluid involved, providing ) .

a relationship betweeR, V, T, «, x, andCp, Eq.(100b)can 3. Results and discussion

be integrated. This equation shows that the internal energy . ) )

increases with increasing pressure (all the terms ir{Eifa) A computer program can easily be written to implement
are positive) and that this increase in the internal energy is the system of equations reported earlier. Calculations were

caused by a finite compressibility {dis equal to zero if ~ Made using the following set of parameters, a Young mod-

x = 0). ulus E equal to 2x 10° bar (the value for stainless steel), a
If one assumes that all the quantities involved in@q0b) ratiorexo/rin,0 Of the outer to the inner column radius equal
are constant, independent of the pressure (exeepbvi- to 2 (hencer = 9.44 x 10~ bar*), a compressibility of the
ously), a first-order estimate of the energy stored is easily Packing materiapp equal to 1x 1¢°bar*, and an external
calculated. One obtains column porosityeg equal to 0.4. All the calculations made
) below neglect the influence of the thermal effect. Thus, the
AU = KQV(P-Z _ PZ) _X (1_ o TV) V(P-2 . PZ) results are valid for narrow bore columns. For columns of
2Cp ! 0 2 xCp ! 0 more conventional size, the effects predicted are overesti-
(101) mated. Because the intensity of the heat effect and the cor-
rections required are still rather unknown, it is not possible
As an example, for methanol we hav€p = to go farther without making arbitrary assumptions. When
82.29Jmof 1K=, Cy = 69.65Jmor 1K1 V= more data will become available, this issue will have to be

1.2279cntgL; x = 0.85x 10 *bar!. For P, = 1000 bar revisited.

and Pp=1lbar, we obtain AU =142Pammol~! =

4.42 Jgt. Although the rupture of the wall of a vessel under 3.1. Inlet pressure and flow rate

very high pressure can have devastating consequences, it

is not an explosion and does not generate a shock wave. In  Fig. 9illustrates the relationship between the actual pres-

HPLC, given the small amount of solvent compressed and sure drop,P, — Po = AP, that is required to achieve and

the small amount of energy stored, it is unlikely that the loss maintain a certain constant outlet flow rate of methanol along

consecutive to a rupture of the column will exceed much the an actual homogeneous column, af®q, the ideal pres-

cost of that column and of the work interrupted by the event. sure drop that would be needed, were all the pressure effects

be negligible. Hence, in this ideal case, the mobile phase is

2.9.5. Overall thermal effects supposed to be noncompressible, with a constant viscosity,
Contradictory claims are made in the recent literature. On independent of the local pressure, the packing material is

the one hand, it is claimed that the influence of the thermal also noncompressibe and the column tube is inelastic. The

effect on the column efficiency becomes negligible when nar- dashed line corresponds to the ideal casg,= A Py. The

row bore columns are used. This has to result from the radialthree solid lines correspond to the cases in which only the

heat loss which reduces the radial temperature gradient inpressure dependences of the viscosity, of the combined vis-

the column to a negligible value, thus avoiding the damag- cosity and density, and of the density of the mobile phase

ing consequences of a radial distribution of the mobile phase alone (from up to down, respectively) are taken into account.

velocity across the column. In such a case, the consequenceghe thick black line corresponds to the results of calculations
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Fig. 9. Plot of the actual pressure drapP = P; — Py, for methanol as a
function of the pressure dropy Pq, that would be obtained with the same
flow rate of an ideal mobile phase, the density and viscosity of which are
independent of the pressure, in an ideal column with incompressible pack-
ing and column metal (bold curve). The upper, lower, and medium curves
correspond to cases in which only the effect of the pressure on the viscos-
ity, the density, or both the viscosity and the density, respectively, is taken
into account (light curves). The first diagonal (dashed line) is shown for
reference.

performed when also taking into account the elasticity of the
column wall and the compressibility of the packing mate-
rial. Fig. 10shows the relationship betwe&nP/ A Py versus

A Py and emphasizes the important deviations observed at X ,
0% at 1000 bar and 60% at 3000 bar°" outlet flow rate than could be predicted if these pressure

high pressures, ca. 2
Fig. 11shows the relationship betweep/ug g and AP at
constant inlet pressure.

22
2 4
1,8 4

1,6j

1,4 4

AP/ AP

1500 2000 2500
AP;q4(bar)

500 1000 3000

Fig. 10. Plot of the ratio of the actual pressure drogR, to the pressure
drop, A P4, that would be obtained for an ideal liquid in an ideal column
versusA Pq, for methanol (bold curve). The upper, lower, and medium light
curves correspond to the cases in which only the pressure-dependence of th
viscosity, the density, or both the viscosity and the density, respectively, is
taken into account.
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Fig. 11. Plot of the ratio of the actual outlet velocity of methangl,to the

outlet velocity,ug,ig, that would be obtained, with the same inlet and outlet
pressures, for an ideal liquid in an ideal column versus the inlet pressure,
AP (bold curve). The lower, upper and medium light curves correspond to
the cases in which only the pressure-dependence of the viscosity alone, the
density alone, or of both the viscosity and the density, respectively, is taken
into account.

These three figures show that the pressure dependence of
the various properties characterizing the hydraulic behavior
of HPLC columns combine to provide a markedly lower mo-
bile phase flow rate through the column for a given pressure
drop or a significantly higher pressure drop at a constant mass

effects were to be neglected. The effect is not linear and the
inlet pressure must be increased proportionally more than the
flow rate needs to be. It becomes quite important in the low
kilobar range. The three figures show also that the elasticity
of the column wall and the compressibility of the packing
material contribute to reduce slightly the deviation of the
flow rate dependence on the pressure from ideal behavior.
For instance, if the flow rate velocity were such that the ideal
pressure drop would be 2000 bar, the actual pressure drop
is 2749 bar (i.e., 37.5% larger than in the ideal case), while
it would be 2842 bar (i.e., 42.1% larger than in ideal case)
for a column having an infinitely rigid wall and packed with
an incompressible packing material. This result is due to the
combination of the effects of the pressure-induced changes
in the column permeability and in the column cross-sectional
area available to the mobile phase.

3.2. Pressure and velocity profiles along the column

Fig. 12compares the actual pressure profile of methanol
along the column for three different inlet pressures, 1000,
2000, and 3000 bar, respectively (again, the dashed line corre-
sponds to the ideal case). The deviations of the actual profiles
grom linear behavior are more clearly illustratedhig. 13
where the ratio of the local pressure gradient profieéP/dz,

to the average pressure gradient?/L is plotted versus the
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z/L Fig. 13. Profile of the pressure gradient along the column for methanol,

_ ) expressed as the ratio of the local absolute value of the actual gradient pro-
Fig. 12. Actual pressure profile along the column for methanol, exp_ressed file, —dP/dz, to the theoretical gradien P/L, vs.z/L. Solvent: methanol.
as the ratio 0BP = P — P to AP = P, — Pp as a function of the ratio,  Tpree different values of the actual pressure duy®, = 1000, 2000 and

z/L, of the abscissa, to column lengthl.. Actual pressure drop P, from 3000 bar, from the lower to the upper full curves (near column inlet), respec-
upper to lower solid lines: 1000, 2000, and 3000 bar. tively.

position in the column, for the same three cases, from lower selected are 190,0’ 2000, and 3900 bar, respecnyely. In bo_th
(1000 bar) to upper (3000 bar) curves near the column in- cases, the deviations appear to increase almost linearly with
let, respectively. These two sets of curves were calculatedthe outlet_velo_city or with the selected pressure drc_>p_. Note
using Eqgs.(62) to (64) Fig. 14 gives the velocity profile. that the situations treated earlig7] correspond implicitly

Because the liquid is compressed under high pressures neal® t_lrje.ﬁecond c?‘se. lative i f the diff
the column inlet, its velocity is lower there than near the o llustrate the relative importance of the different con-

column outlet. The changes in the fluid velocity within the tributions considered, the lower light full curve Fig. 15
column are solely due to the pressure-dependence of the den(_:orrespo_nds to the SO'Q eff_ect of the pressure dependenc_e of
sity, not to that of the viscosity. However, because the local the '?‘Ob"e phase density, .e., 1o _the case of a compressible
velocity depends on the local pressure gradient and the pres-mOb'Ie. phase of constant viscosity equalip Note _th_at,
sure profile along the column is affected by the pressure- in the ideal cas&; = 0, andg(P) = h(P), S0 _the deviation
dependence of the viscosity, the velocity profile depends of o from #o,g,1 i solely due to compressibility of the mo-
also on the velocity. It is seen that, for methanol, the inlet

velocity is 8.9, 14.4 and 18.4% smaller than the outlet ve- ]
locity when the pressure drop is 1000, 2000, and 3000 bar,

respectively.

3.3. Pressure dependence of the hold-up time
0,9

The variation oftg/ g ;4.1 (Which is equal to 1j) versus
A Pyg, which is proportional to the value selected f@r and
of 10/10.id,2 versusA P are plotted for methanol ifigs. 15
and 16 respectively. The horizontal dashed lines of ordinate
1 in Figs. 15 and 16&how the situation in the ideal case. 0.8 -
These figures show that, when one selects the flow Fade (
15), the deviations from ideal behavior amount to 6.1, 11.9,
and 17.6% for hypothetic pressure drops corresponding to
the selected flow rate of 1000, 2000, and 3000 bar, respec-
tively (the actual pressure drops are then 1176, 2749, and 07 +————T1— T T T
4769 bar, respectively). If, instead, the column is operated 0 02 04 06 08 !
under a selected inlet pressufeg. 16), the deviations of the z/L
hold-up time from ideal behavior are significantly larger and Frig. 14. Relative velocity profiley/uo, in the column, for methanol. From
reach 21.3, 40.4, and 58.1%, when the actual pressure dropspper to lower curvesa P = 1000, 2000, and 3000 bar, respectively.

u/ Uy
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1,21 comes larger for the former, actual carrier, as shown by the
{ ulP). n(P), Sc(P). e(P). . k(P) upper light solid curve. This curve differs little from the one
obtained when the compressibility of the packing material
and the elasticity of the tube are also taken into account (bold
solid curve).

Similarly, the light full curves inFig. 16 correspond to
the sole effects of the pressure-dependences of the density
u(P) and the viscosity of the mobile phase (methanol). How-
ever, the former is almost overlaid to the horizontal line
of ordinate equal to 1 while the latter is almost overlaid to
] the bold curve corresponding to the influence of the pres-
A sure on the actual volumes occupied by the solvent, the
] packing material, and the column tube. This shows that,
when the column is operated under constant inlet pres-
sure, the deviation of the hold-up time from ideal behav-
ior is almost entirely due to the pressure effect on the
viscosity.

1,15:
] u(P). 7(P)

0,95 T T ——— — T T T
0 500 1000 1500 2000 2500 3000
AP,'d (bar)

Fig. 15. Plot of the ratio of the actual hold-up time, to the theoretical
hold-up time g 4,1, observed with an ideal methanol, flowing at the same 3.4. Pressure and column dimensions
outlet velocity in anideal column, versus the theoretical pressure drBp,

required for these ideal liquid and column. The lower light full curve shows o P
the influence of the sole effect of the pressure dependence of the density. The The variations 0fSc/Sc,0 versusz/L are shown inFig.

upper light curve shows the influence of the combined pressure dependences’l-7 for three values of the pressure dI’Op, 10(_)0, 2000, and
of the density and the viscosity of the mobile phase. 3000 bar, from lower to upper curves, respectively. The ini-

tially cylindrical column at atmospheric pressure is elasti-
) ) ) o cally deformed under the influence of the pressure gradient
bile phase and the packing material and to the elasticity of 5n4 hecomes approximately conical. Its internal geometrical
the column tube, but not to the pressure dependence of the,qjume consequently increases when the carrier is flowing.
viscosity. However, the extent of this deviation depends on The area below a curve fig. 17 represents the fractional
the actual inlet pressure. As this inlet pressure is larger for ajncrease of the column geometrical volume resulting from
compressible carrier of variable viscosity than for a similarly - rier flow. It amounts to 0.090, 0.174, and 0.255% when
compressible carrier of constant viscosity, the deviation be- {4 pressure drop along the column is, respectively, 1000,
2000, and 3000 bar.
Finally, Fig. 18 shows a plot of the permeability profile
along the column. The pressure effectasrelatively small,
the permeability at the column inletincreasing by slightly less
than 1.4%/kbar increase of the inlet pressure.

1,006
N ]
ke]
K ]
~ 1,005
S
1,004
s ]
w ]
;)Q 1,003 1
09+ 1002
0 500 1000 1500 2000 2500 3000 ’ i
AP (bar) ]
1,001
Fig. 16. Plotofthe ratio of the actual hold-up timg to the theoretical hold-
up time, rg,ig,2, observed with an ideal methanol, pumped into the column 1]
under the same pressure, versus the pressure A@pThe lower light full
curve (almost completely overlaid with the dashed horizontal line of ordinate z/L

1) illustrates the influence of the sole effect of the pressure dependence of

the density. The upper light full curve (almost completely overlaid with the Fig. 17. Profile of the ratio of the column cross-sectional aSgim the cross-
bold curve for the actual mobile phase and column) illustrates the sole effect sectional area at column outlét,o, vs.z/L. Solvent: methanol. From lower
of the pressure dependence of the viscosity. to upper curvesA P = 1000, 2000, and 3000 bar, respectively.
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k/k,

1,02

1,015

1,01

1,005

LENES M Sass s e B s

0,2 0,4

T

0,6
z/L

T YT

0,8

Fig. 18. Profile of the ratio of the column permeabilkyp the permeability
at column outletko, vs.z/ L. Solvent: methanol. From lower to upper curves:
AP = 1000, 2000, and 3000 bar, respectively.

4. Conclusion

The primary goal of the analyst is the rapid and conve-
nient achievement of accurate and reliable analytical results.
From this point of view, the actual value of the inlet pressure
set for a chromatographic separation is of minor importance.
As long as the pumps operate within specifications, the re-
producibility and the precision of the results should not be

affected by the pressure set nor should the accuracy. How-

ever, serious difficulties will arise at the method develop-
ment level. Any significant change in the flow rate will cause
a change in the pressure profile along the column and all
of the classical “constants” of a chromatographic separation,
e.g., hold-up volume, column porosity, retention factors, effi-
ciency coefficients, become variable. Optimization becomes
too complex to be done easily following the time-honored
method of trial-and-error. No computer programs are cur-
rently available thatimplement all the relationships discussed
here. Even when they will be, the number of parameters that
are required to carry out computer-assisted optimizations is
very large. Those related to the solvents could be acquired
relatively easily, although little is known at present regard-
ing the quantitative behavior of solvent mixtures under very
high pressures. Empirical rules could help to account for the
influence of pressure on the equilibrium constants of ana-
lytes, hence on their separation factors. This might make the
approach of computer assisted optimization difficult if even
economically reasonable.
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