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Abstract

Novel general expressions are constructed and presented that describe the behavior of the height equivalent of a theoretica
plate (plate height)H, as a function of the linear velocity,, along the axisx, of the column and the kinetic parameters that
characterize the mass transfer and adsorption mechanisms in chromatographic columns. Open tube capillaries as well as
columns packed with either non-porous or porous particles are studied. The porous particles could have unimodal or bimodal
pore-size distributions and intraparticle convective fluid flow and pore diffusion are considered. The expressions for the plate
height, H, presented in this work could be applicable to high-performance liquid chromatography (HPLC) and capillary
electrochromatography (CEC) systems, and could be used together with experimental platéHheigistis linear velocity,

V,, data to determine the values of the parameters that characterize intraparticle convective fluid flow and pore diffusion.
Furthermore, chromatographic systems under unretained as well as under retained conditions are examined. The
experimental values of the plate height, versus the linear velocity,, for a CEC system involving charged porous silica

C, particles and an uncharged analyte are compared with the theoretical results for the plateHheigtdained from the
expressions presented in this work. The agreement between theory and experiment is good, and the results indicate that the
magnitude of the intraparticle electroosmotic flow (EOF) in the pores of the particles is substantial while the pore diffusion
coefficient was of small magnitude. But the overall intraparticle mass transfer resistance in these particles was low because
of the significant contribution of the intraparticle EOF. Simulation results are also presented (i) for a hybrid HPLC-CEC
system, and (ii) for different CEC systems involving open capillaries as well as packed columns having non-porous or
porous particles. The analysis of the results indicates (a) the reasons for the superior performance exhibited by the hybrid
HPLC—-CEC system over the performance obtained when the system is operated only in the HPLC mode, and (b) the
operational configuration and the properties that the structure of the porous particles would have to have in CEC systems
involving uncharged or charged analytes under unretained or retained conditions in order to obtain high CEC efficiency (low
values of the plate heightl).
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1. Introduction

Analytical and preparative scale chromatography
processes are commonplace in industrial practice
such as in the analysis and processing of biochemical
and pharmaceutical compounds. Furthermore, it is
well established that the overall mass transfer resist-
ance in chromatographic columns can be substantial-
ly reduced when there is convection (fluid flow) in
the pores of the adsorbent particles [1-19]; the
enhanced mass transfer rate due to intraparticle fluid
flow leads to small values for the reduced plate
height. Intraparticle fluid flow in chromatographic
systems involving pressure-driven flows, occurs
when the macropores of the adsorbent particles have
large enough diameters that could allow fluid flow
[1-13,15-17]. In capillary electrochromatography
(CEC) systems [14,18-22] which involve elec-
trically-driven flows, intraparticle fluid flow always
occurs even when the micropore diameter is small
enough that overlapping of the electrical double
layers is significant and could lead to substantial
reduction in the magnitude of intraparticle convec-
tive flow [18,19]; the theoretical models for CEC
systems of Liapis and Grimes [18], Grimes and
Liapis [21,22], and Grimes et al. [19] can be used to
determine the magnitude of the intraparticle velocity
in a pore as well as in networks of pores (porous
particles or monoliths).

The accurate design of a chromatographic process
demands that the mathematical model employed for
process design, could describe the quantitative dy-
namic behavior of the chromatographic process of
interest properly, and this requires the determination
of the kinetic parameters that characterize the mass
transfer mechanisms involved
When the mathematical model is complex, especially
for systems involving intraparticle fluid flow, the
determination of the kinetic parameters entails exten-
sive and tedious numerical computations. A simple
method for the determination of kinetic parameters
of complex mathematical models that could also
account for the mass transfer effect of intraparticle
fluid flow along the radial and angular directions in
the porous particles, is via the Laplace transforma-
tion method [15,26,29] proposed by Liapis et al. [26]
and Heeter and Liapis [15]. This method uses two
regressions in order to estimate the kinetic parame-
ters. The first regression capturing the experimental
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data is done in the time domain, and the determined
function is Laplace transformed. Subsequent non-

linear regression in the Laplace domain between this
Laplace transformed function and the exact Laplace
transform of the mathematical model that describes
the chromatographic process, facilitates the estima-
tion of the kinetic parameters. While this method is
simple, it suffers from the need for two regressions
and each regression has its own error associated with
it.
In the present work, the first and second moments
of the response of the chromatographic column to a
pulse injection of a given analyte are determined
from the exact Laplace transform of the solution of
the mathematical model of a chromatographic pro-
cess having either pressure-driven or electrically-
driven flow that involves (i) an unpacked column
(open capillary), or (ii) a column packed with non-
porous particles, or (ii) a column packed with
porous particles that could have either a unimodal or
bimodal pore-size distribution; these moments are
employed to obtain an explicit expression that can be
used to determine the height equivalent of a theoret-
ical plate (HETP) for the chromatographic system of
interest as a function of the kinetic parameters and
the velocity of the mobile phase in the open tube or
in the interstitial channels for bulk flow of the
packed bed. The use of this explicit HETP equation,
along with experimentally determined values of the
HETP as a function of the velocity of the mobile
phase, could facilitate the estimation of the desired
kinetic parameters by employing a single appropriate
parameter estimation method.

[4,6,9,10,15-28]. 2. Mathematical formulation

In the chromatographic systems considered in this
work, an uncharged analyte is fed by a pulse
injection (analytical chromatography) to a chromato-
graphic column of lehgthnd radiusR,. The
chromatographic columns considered in this work
could be (i) unpacked (open capillary), or (ii) packed
with spherical non-porous adsorbent particles, or (iii)
packed with spherical porous adsorbent particles that
could have a unimodal or bimodal pore-size dis-
tribution, and the flow through the open capillary or
packed bed could be generated by an applied pres-
sure difference per unit length of the column (pres-
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sure-driven flow) or by an applied potential differ- 9
ence per unit length of the column (electrically- Xat L’a_xd =0, fort>0 (6)
driven flow). The mass transport of the uncharged x=L

analyte in the interstitial channels of a packed |n Egs. (1)-(6),C, denotes the concentration of the
chromatographic column or in the open capillary, is analyte in the flowing liquid stream of the open
considered to occur by axial dispersion and convec- capillary, Cs is the concentration of the analyte in
tion. Furthermore, when the chromatographic system the adsorbed phas¥, represents the linear velocity
of interest is packed with porous adsorbent particles, of the mobile phase along the axis, of the open
the possibility of having mass transport to occur by capillary, K is the equilibrium adsorption constant,
both pore diffusion and intraparticle convection in all R. denotes the radius of the open cylindrical capil-
levels of the pore hierarchy (for particles having a |ary, t is the time,x is the axial coordinate of the
unimodal or bimodal pore-size distribution) of the open capillary, ands(t) represents the Dirac delta
porous particles is considered. In all systems studied function. In Egs. (1) and (5)p, denotes the axial
in this work, the interaction between the analyte and dispersion coefficient; for electrically-driven flows,
the active sites on the surface of the stationary phasethe expression presented by Griffiths and Nilson [30]

is considered to occur infinitely fast, the analyte could be used to determine the valuelf and its
concentration is considered to be dilute, and the form [30] is given by Eq. (7),

adsorption mechanism is taken to be described by a

linear equilibrium adsorption isotherm. D. =Dy
4
2.1. Expression for the plate height, H, in 11t R\ S R\?
unpacked chromatographic columns (open 192+ 4(7) 2+ 8<T>
capillaries) R\ 2
' . . \D (7)
When film mass transfer resistance in the hydro- mf

dynamic boundary layer enveloping the inner surface

of the open capillary is considered, the differential whereD, , denotes the free molecular diffusivity of
mass balance for the analyte in the flowing liquid the analyte, and represents the thickness [18] of the
stream of the open cylindrical capillary and the electrical double layer (Debye length). In Egs. (1)
differential mass balance for the analyte adsorbed on and (2),Kf represents the film mass transfer coeffi-

the inner surface of the open capillary, are given, cient; for electrically-driven flows, the expression

respectively, by the following expressions: derived by Liapis and Grimes [20] could be used to
a_Cd+V ac, 5 asz +£ . <C £s> Sst(érqml?Se) the value df; and its form [20] is given
at % ax L@ TR, AT K B
1\ 1 \2
=0 (D) K, = a4(Dmf)2/3'<;) 3. R 3
Cs 2 ( CS) Y
at_RC'Kf' Cd_K (2) (R) 1
21, =5
The initial and boundary conditions of Egs. (1) . — €€l Exi> 1_1—/\
. X N . 05w )\2 R R
and (2) are given by expressions (3)—(6) as follows: - )=
A A
att=0,C,=0, forO=x=L 3) @)
att=0,C;=0 (4) where a, represents a constant of proportionality
0C [20], w denotes the viscosity of the mobile liquid
atx=0,V.C, | x=0 — DL-—d =\, 5(t), phase,e is the dielectric constante, denotes the
X | =0 permittivity of free spaced,=8.85410"** C*/(N-

fort>0 (5) m’)), £, represents the zeta potential at the surface
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of the charged cylindrical capillaryl,, (n=0, 1) is
the nth order modified Bessel function of the first
kind, andE, denotes the applied potential difference
per unit length along the axial direction of the
capillary. It should be noted that the expressions for
D, andK; derived by Griffiths and Nilson [30] (Eq.
(7) above) and Liapis and Grimes [20] (Eqg. (8)
above), respectively, also account for the effect of
overlap of the electrical double layer. The expression
for D, [30] in Eqg. (7) indicates that the value Bf

in electrically-driven flows could be substantially
smaller in magnitude relative to the value Bf
obtained in pressure-driven flows, when the mag-
nitude of the ratio of the capillary radius to the
thickness, A, of the electrical double layeR(/}\) is
much greater than unityR{/A>>1) due to the
plug-flow nature of the electroosmotic flow (EOF)
field under these conditions. With respect to the
expression forkK; [20] in Eq. (8), the results [20]
indicate that the value oK, in electrically-driven
flows can be substantially larger in magnitude rela-
tive to the value ofK; obtained in pressure-driven
flows, when the magnitude of the ratio of the
capillary radius to the thicknesa, of the electrical
double layer R./A) is much greater than unity due to
the plug-flow nature of the electroosmotic flow
(EOF) field under these conditions.

The Laplace transform domain solution to the
system of equations given by expressions (1)—(6)
and the first and second moments of the column
response to the pulse injection can be found in Ref.

[31]. The equation describing the height equivalent

of a theoretical plate (plate height)l, for the open
capillary system described by Egs. (1) and (2) is
given by Eg. (9) and its derivation is found in Ref.
[31],

2D, d.K?
H= + V, (9)
Ve o 2K(1+K)2

whered, denotes the diameter of the open cylindrical
capillary d.=2R,).

2.2. Expression for the plate height, H, in
chromatographic columns packed with spherical
non-porous adsorbent particles

When film mass transfer resistance in the hydro-
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dynamic boundary layer surrounding the non-porous

particles packed in the chromatographic column is
considered, the differential mass balance for the

analyte in the flowing liquid stream in the interstitial
channels of the packed chromatographic column and

the differential mass balance for the analyte adsorbed
on the surface of the non-porous particles, are given,

respectively, by the following expressions:

aC, v 9Cy ‘azcd+ (1-e)
at < ax L ox® &
3 Cs
-Hp'Kf' Cy K =0 (10)
iCs 3 Cs
—t=ﬁp'Kf'<Cd—?> (11)

The initial and boundary conditions of Egs. (10) and
(11) are given by Egs. (3)—(6) whe€, denotes the
concentration of the analyte in the interstitial chan-
nels of the packed bed is the concentration of the
analyte in the adsorbed pha¥erepresents the linear
velocity of the mobile phase in the interstitial
channels along the axig, of the packed columrR,
denotes the radius of the non-porous particles, gnd
is the void fraction of the packed bed. For elec-
trically-driven flows, the values oD, [30] and K;
[20] could be determined by Egs. (12) and (13),
respectively:

DL = Dmf

(12)

S}
iy
/N
>‘.§U
(2]
~—
Wl

(13)
In Egs. (12) and (13)R,, denotes the radius of the
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interstitial channels for bulk flow in the packed
column, while the parametey represents the con-
ductivity factor [18,32,33] which is equal to the ratio
of the effective conductivity of the packed capillary
column filled with the electrolyte solution to the
conductivity of the unpacked capillary column filled
with the electrolyte solution [18]. The value gfcan

be determined experimentally from the procedures
reported in Refs. [18,32,33]. The Laplace transform
domain solution to Egs. (10) and (11) along with the

first and second moments of the column response to

the pulse injection can be found in Ref. [31]. The
equation for the plate heightl, for a chromato-

graphic column packed with non-porous adsorbent
particles described by Egs. (10) and (11), is given by
Eq. (14) whose derivation is presented in Ref. [31]:

e(1— osb)de2
3K(g, +(1— g)K)?

In Eq. (14),d, denotes the diameter of the non-
porous particlesd, =2R,).

2D,
Y

X

H (14)

X

2.3. Expression for the plate height, H, in
chromatographic columns packed with porous
adsorbent particles having a unimodal pore-size
distribution

The differential mass balance for the analyte in a
porous adsorbent particle having a unimodal pore-

size distribution, when external film mass transfer B

resistance in the hydrodynamic boundary layer sur-
rounding the spherical porous adsorbent particle is
not considered, is given by Eqg. (1) in the work of
Heeter and Liapis [15], and its initial and boundary
conditions are given by Egs. (2)—(7) of Ref. [15].
The solution to Eq. (1) of Ref. [15] in the Laplace
transform domain when film mass transfer resistance
is neglected is given by Eq. (24) of Ref. [15]. When
film mass transfer resistance is considered, Eq. (4) of
Ref. [15] should be replaced by the following
expression [34]:

atR=R, Kf(Cd - Cp|R:Rp) - €D,
aC,
"R | Rr-R, T &UpRC |R:Rp =0

fort>0, O=0=mw (15)
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In Eq. (1%), denotes the concentration of the
analyte in the interstitial channels for bulk
is the concentration of the analyte in the pores of the
porous partiBlelenotes the radial direction in the
porous partiédleepresents the angular direction in
the porous parti€g, denotes the radius of the
porous adsorbent particl€, is the film mass transfer
coefficigntepresents the porosity of the porous
particlg, represents the radial component of the
intraparticle convective velocityDamténotes the
pore diffusion coefficient. The valyeocah be
determined through pore network modelling theory
[15-17,19,28].
The Laplace transform of the solution to Eq. (1) of
Ref. [15] when film mass transfer resistance is
considered, is given by Eq. (16) which is reported in
the work of Heeter [34],

Cl=
RV re % i 2l+n
CL; eXp( — > E_: 5n n(n) 2
(16)
where
2
A,= s-%-<1+5> +<R2\g’°re> (17)
p 69 p
d.=B;'S (18)
RV = Al
p " pore 2
5= ~ 2, 71nPj(n)Pk(n) 2
for j#k (19)
2 z Kpr . I2
stj —(21 +1> 2:: <€pr + 2i +J> b—”
1 .
V ore z AI
X f MPETRSEE (@)
P i= ji
p pore

> - P,(,m)dn (21)

In Egs. (16)—(21)(:,; denotes the Laplace transform
of the concentration of the analyte in the pores of the
adsorbent particleC | represents the Laplace trans-
form of the concentration of the analyte in the
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interstitial channels for bulk flow in the packed bed, where

€, is the particle porosity,P,(n) is a jth order

Legendre polynomial of the first kind, fore dENOtES L? 3 (1-¢) L° z
the velocity of the liquid in the pores "of the porous X D +§ e _L K+e) 2

particles along the axial direction of the packed
column and the magnitude ¥®f,, . can be determined

from pore network modelling theory [15-17,19,28]. = 0
The expressions fop, , andb,; are given by Egs.

(11), (12) and (23) of Ref. [15], respectively. Due to , (1—¢€) L2 i 5 (@
the fact that the effect of the external film mass X" =3~ p '(K+¢ [(

transfer resistance is negligible [15,34,35] compared

2|+n+2 u(p'qp (n)d’r)dp (24)

:D |:0 ni

to the effect of the intraparticle (internal) mass f f 2440201 ()l
transfer resistance in the pores of the particles, the WEnee
effect of the external film mass transfer resistance in

columns packed with porous particles will not be (6 + K)>(a2)l 1
further considered in this work and, thus, Eq. (15) of i €D

this work whereK; - o (negligible film mass transfer o b,

resistance) should be replaced by Eqg. (4) of Ref.

s . f f et R (n)dndp>] (25)
The differential mass balance for the analyte in the

interstitial channels of the packed column is given by

Eq (22), 1 VporeRp

(26)

N
O

a_CC’+V .(:)_Cd_DL.aZCd M@_Cp

at %7 ax o e a0

(22) [ e e o

The initial and boundary conditions of Eq. (22) are d,, :<2n + 1) .
given by Egs. (3)—(6) above, where now the variable
C, denotes the concentration of the analyte in the i=o
interstitial channels of the packed be@, is the

average concentration of the analyte in the adsorbent on+1 !
i dn=~(Z52) { [ e rpiman

(27)

particle and the Laplace transform Gf is given by
Eq. (24) of Ref. [15]V, represents the linear velocity

of the mobile phase in the interstitial channels along 2
the axis,x, of the packed column, the paramefey i<Rp( P ))(aZ)il
denotes the radius of the porous particles, agnis i

the void fraction of the packed bed. For electrically-
driven flows, the values ob, [30] andK, [20] are : <i (a2)i>2 (28)

determined, respectively, from Egs. (12) and (13)
above. The Laplace transform domain solution of Eq.
(22) along with the first and second moments of the
column response to the pulse injection can be found 2.4. Expression for the plate height, H, in
in Ref. [31]. The equation for the height equivalent chromatographic columns packed with porous
of a theoretical plateH, for columns packed with  adsorbent particles having a bimodal pore-size
spherical porous adsorbent particles having a unim- distribution
odal pore-size distribution is given by Eq. (23),
2 The differential mass balance for the analyte in the
2D, Y L : . .

= — =\ (23) micropores of a porous adsorbent particle [15] is

Ve ()? Do given by the following expression:

X
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K oC oC adsorbent particlesp denotes the angular coordinate
[1+<6 1 > ] 3Em T Upme arpm of the microporous region of the adsorbent patrticles,
pr o R represents the radial coordinate of the macro-
Upmg  9Cpm porous region of the adsorbent particles, a&d
r ag denotes the angular coordinate of the macroporous
1 9 aC 1 P region of the adsorbent particles.
= pm[—z i < 2. apm> — The Laplace transform domain solution [31] to the
re o r r’sing 9o system of equations given by expressions (29)—(34)
aC ., is given by Eg. (35),
X (sin ¢) - —— ] (29)
a¢ mlCI’Or m
iy C' =Clex —p-pn
The initial and boundary conditions of Eq. (29) are ~pm P 2D, m’/m
as follows: o Al p2+n
att=0, C,,,=0, for O=r=r,, X2 03Py (1) 2 3 - (35)
n=0
O=¢=m (30) where
r
=0 fort>0, 0=r=r,, Pn=7 (36)
pm
(31) 7, = COS¢h (37)
aC, ., 2
: P =0, fort>0, OSrSrpm A =s-ﬁ < > <Vm|crorpm>2
o y Dom pn(l —€)
atr =0, C,, isfinite, fort>0, O=¢=7m (33) _<2n+1>
3n 2
atr=r_ ., C,,=C/(R@), fort>0, 1
pm pm p( ) Vmicror pm
Op=m (34) expl —5p M ) Pulmm)dny,
pm
-1
In Egs. (29)—(34)., is the porosity of the macro- ) = Al (39)
porous region of the adsorbent particles having a 2 b_3
bimodal pore-size distributiong,,, denotes the po- =0 i
rosity of the microporous region of the adsorbent The parametey, .., denotes the velocity of the fluid

particles having a bimodal pore-size distributi@,, along the axial direction of the column in the
represents the concentration of the analyte in the microporous region of the adsorbent particles. It
microporous region of the porous adsorbent particles, should be noted that for chromatographic systems
Cy denotes the concentration of the uncharged having no flow in the micropores, the value\gf,,,
analyte in the adsorbed phase per unit volume of the should be set equal to zero.

particle, v, is the radial component of the velocity The differential mass balance for the analyte in the
in the pores of the microporous region of the macroporous region of the adsorbent particles is
adsorbent particlesy,,, is the angular component of  given by Eq. (43) of Ref. [15] and its initial and
the velocity in the pores of the microporous region of boundary conditions are given by Egs. (2) and (4)-
the adsorbent particlesD,, represents the pore (7) of Ref. [15]. The Laplace transform domain
diffusion coefficient of the analyte in the micropor- solution to the differential mass balance equation for
ous region of the porous adsorbent particles (the the analyte in the macroporous region of the ad-
value of D, can be obtained through pore network sorbent particle is given by Eq. (48) of Ref. [15]
modelling theory [15-17,19,28])r denotes the  where the termA, in Eq. (48) of Ref. [15] should be
radial coordinate of the microporous region of the replaced by the following expression,
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V....R R (1-¢) L? = 5 (a)
_ pore b, "_ b) = .
Aa _< 2D, > " D, S X'=2 € D, |:<A8 nE::o Qi i§::0 D,
3 = = AI3 J’ f 2i+n+2_apn )
- [1 5 (K+ 6l —e)) zo ds, ;O b Jni> ] e™'Py(m)dndp

@ (ngesy

X p2i +n+2eapnpn(n)dn . dp)

1 1
. V f r o © - 2)i—1
B 2i+n+2 __micro’ pm i i 1 r1
Jni _f J Pm eXp( 2D N pmﬂm) ><<A6 2 d4n Z A7' (a ) f f
0 - P n=0 i=0 b -1
X P,

1 ni 0
o (11m) A1, 0oy, (41) szi +n+zeapnpn(n)dndp) :| (45)
The differential mass balance for the analyte in the 1V oreRp
interstitial channels of the packed column is given by @=%"—p (46)
Eq. (42) as follows: P
— 1 Vmi(:ror pm

9C, JC, 9°C, (1—e) 9Cy B=%" D, (47)
ot T T T N

[ 1

f e “"P,(n)dn

I . 2n+1 1

The initial and boundary conditions of Eq. (42) are d, :( > ) — (48)
given by Egs. (3)-(6) above. In Eq. (42), the 2 (@)
average concentratiorC,,, of the analyte in the | i—o Dni
porous adsorbent particle is given by Eq. (51) of _—

Ref. [15], and the value of the axial dispersion —_pn
coefficient, D, can be determined from Eq. (12) fe P (1) Uy

(42)

presented above. The Laplace transform domain d5n=<2n+l>- — — (49)
solution of Eq. (42) along with the first and second 2 D (8°)
moments of the column response to the pulse | = b

injection can be found in Ref. [31]. The expression on+1
for the height equivalent of a theoretical plalt&,for dg, = _< 3 )
columns packed with spherical porous adsorbent

particles having a bimodal pore-size distribution, is

given by Eg. (43),

N
W)
-
=,
-
N
L
5
'U
’\
N
N—r
o
3
\
-~
~— . |o©
M s
£
L
N————
N

R VARVITE (43)

d,, =
where 1 ) &)
— B N ! BZ I71>
X’ _ (1 _ Eb) L i i (OZZ) (2n . 1) < P.(n.)dn,, <|§o A, b,,
Dl_ & D o "o b - 2 © (ﬂz)i 2
X JO J_l p e"""P,(n)dndp (44) (51)



B.A. Grimes et al. / J. Chromatogr. A 979 (2002) 447-466 455

r2m K macroporous region of the particles indicates that the
A= Dp <1+ el fr)> (52) analyte would pass through the macroporous region
pm P of the particles much faster than it would if the
3 9 o = (Y concentration gradient in the macroporous region of
As=5 €, T (K+e€{l—€)) > dg > the particles was non-linear which leads to an
6 2 “p g p 9 b . .
n=0 =0 "ni underestimation of the value of the reduced plate
1 1 . . . . .
i+n height, h, while their [6] assumption of linear
2i+n+2_ Bpmnm g p
XJ; f_ € P () o (53) concentration gradients in the microporous region of

the particles indicates that the total mass of the
analyte that enters the microporous region of the
particles would be larger than one would obtain by
considering non-linear driving forces in the mi-

2 o
3
A7=—p-[1+5-(K+epm(1—ep)) Ezjodgn

J J 2+n+2 ofrmimp (nm)dﬂmdpm] croporous region of the particles. Thus, their [6]
assumption of linear concentration gradients in the
(54) microporous region of the particles can lead to an

overestimation of the value of the reduced plate
height, h, as the value of the equilibrium adsorption
constant,K, increases. Furthermore, Frey et al. [6],

A8=%-(K+eprﬁ(l—ep))[<§odmg 59

N o aparfc from having considered Iinear concentrgtion
XJ; L Pm e mpn(ﬂm)dnmdpm) gradients in the macroporous region of the particles,
. . _— also considered the intraparticle velocity only along
<E 2 A, ' f f the axial direction of the column, and this requires
—o0 - i the minimum value of the concentration of the

_ analyte in the particle to occur at the downstream
><pﬁ;+”+2e3”m’7mPn(nm)dnmdpm> ] (55) edge of the particle. But when intraparticle fluid flow
occurs it has been shown [9-13,36] that the fluid
Frey et al. [6] developed an expression for the velocity components along the radi&, and angular,
reduced plate heighth (h=H/d;), in chromato- 0, directions of the macroporous region of the
graphic columns packed with porous adsorbent par- particles have to be considered and this causes [9—
ticles having a bimodal pore-size distribution; Frey et 13,36] (i) the minimum concentration of the analyte
al. [6] considered that mass transport in the macro- in the particles to shift downstream from the center
porous region of the particles occurs by diffusion and of the particles, but the minimum concentration of
convective flow while in the microporous region of the analyte remains in the particle interior, and (ii)
the particles mass transport was considered to occurthe isoconcentration profiles of the analyte in the
only by diffusion. But the model of Frey et al. [6] pore fluid and in the adsorbed phase are asymmetric;
assumes that the concentration gradients in the consequently, the total mass of the analyte in the
macroporous and microporous regions of the particle particle will be larger under the latter conditions than
are linear; this assumption of Frey et al. [6] is when the concentration gradients of the analyte in
actually physically unrealistic because the assump- the macroporous and microporous regions of the
tion that there are linear concentration gradients in particle are taken to be linear and the intraparticle
the macroporous and microporous regions of the flow occurs only along the axial direction of the
particle forces the concentration distribution of the column, and therefore, one would obtain an under-
analyte in the macroporous and microporous regions estimate of the value of the plate height from the
of the particle to equilibrate infinitely fast when there expression of Frey et al. [6]. In contrast, the equa-
is a change in the concentration of the analyte in the tions for the plate heightd, developed in this work
interstitial channels for bulk flow and in the macro- [Egs. (23) and (43)] can account for non-linear
pores of the particles, respectively. In effect, their [6] concentration gradients in the macroporous and
assumption of linear concentration gradients in the microporous regions of the particle as well as for
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intraparticle fluid flow along the radialR, and adsorption constant(, was equal to zero (the
angular, 6, directions of the particle and, thus, the chromatographic system was operated under unre-
equations for the plate heighif, presented in this tained conditions); also, Ludtke [37] estimated that
work could provide physically meaningful values of the value of the conductivity factoy, of the packed
the parameters that characterize the chromatographiccolumn (see Eq. (12) above) is equal to 0.61. If one
separation system when compared to experimentally were to consider that the intraparticle diffusion
obtainedH versusV, curves. coefficient could be expressed by the empirical
relationshipD, = (¢,D ,)(B8/7) [16,17,19,28], where
B denotes the hindrance parameter [38] for the
3. Results and discussion analyte in the pores of the porous medium and
represents the average tortuosity of the porous
In Fig. 1, the theoretical results obtained from Eq. medium, then the values of the ratiggr andV,,,./
(23) developed in this work for the determination of V, could be obtained from experimentally measured
the plate heightH, in a capillary column packed H versusV, curves by employing Eg. (23) and a
with porous particles of diametet,=1.0 pm and single appropriate parameter estimation method.
having a unimodal pore-size distribution are com- Through non-linear regression of the experimental
pared to the experimental data measured By Ludtke data of Ludtke [37] with Eq. (23) developed in this
[37]. The charged particles used in the experiment work, the value of the ratioB/r, was found to be
[37] were porous silica € particles whose porosity, 0.07155, and the value of the ratio of the intraparticle
€,, Was estimated to be equal to 0.49; these particles velocity along the axial direction of the packed
were packed in a fused-silica capillary of radius column,V,,. to the interstitial velocity,V,, was
R.=50 um and lengthL=8.5 cm, and the system found to be equal to 0.238¥/(,./V, =0.2387). The
was such that the value of the void fractiey, in the results in Fig. 1 indicate that the agreement between
packed bed was estimated to be 0.35. The mobile theory and experiment is good; the value of the
phase used in the experiment [37] was acetonitrile— correlation factor that indicates the degree of agree-
25 mM Tris—HCI (80:20) at pH 8.0 and temperature ment between the experimental data for the plate
T=20°C, while the value of the free molecular height, H, and the theoretical results was 0.99986.
diffusivity, D, of the analyte (uracil) used in the The value of the ratioV,,./V, indicates that a
experiment was estimated by" Ludtke [37] to be significant amount of EOF occurs in the pores of the
1.0010°° m’/s and the value of the equilibrium particles, while the value of the rati8/r suggests
that the magnitude of the intraparticle diffusion
coefficient,D,, of the analyte is substantially smaller

35 than the value of its free molecular diffusion coeffi-
10 +  Experimental Data cient,D, . Meyers et al. [28] employed pore network
— Theoretical results obtained from Eq. (23) with modelling theory to obtain values for the pore-size

2.5 B/t =0.07155,and Ve =0.2387V,

distribution, pore connectivity, and pore spatial
distribution of similar silica G particles having a
different (larger) particle diameter, and they found
that intraparticle pores having a diameter slightly
greater than 100 A constituted most of the pore
volume, but a significant majority of the total
number of intraparticle pores had a diameter that was
°~°0_0 s 5 s " L o vs less than or equal to 20 A. Therefore, the results of
Linear Volosity, V, . mms Meyers et al. [28] suggest that one would expect to
_ _ _ obtain a reasonably high magnitude of the intraparti-
Fig. 1. Comparison between the experimental data of the plate . . . .
height, H, for a fused-silica CEC column packed with porous cle EOF in the porous particles (considering that the

silica C, particles having a unimodal pore-size distribution and the surface charge density of the intraparticle pores is
theoretical results obtained from Eq. (23). large in magnitude [18]), because EOF is generated
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by an external body force acting on the space charge
density in the electrical double layers adjacent to the
surface of the intraparticle pores and the majority of
the pore volume that EOF passes through is in pores
whose radius [28] is greater than the thicknessof

the electrical double layerA=14.88 A) and, thus,
there could be a significant electroosmotic fluid
velocity in a majority of the pore volume. It is worth
noting that when the radii of the intraparticle pores
are significantly greater than the value &f the
magnitude of the velocity of the EOF in the pores of
the particles will begin to approach the magnitude of
the EOF in the interstitial channels for bulk flow
Vpore/ Vi = 1) [39-42], and this situation could lead
to even further reductions in the value of the plate
height,H [39—42]. In contrast to EOF, pore diffusion
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Fig. 2. Theoretical results for the plate heigHt,versus the linear
velocity, V,, for a CEC column packed with porous particles
having a unimodal pore-size distribution at four different values of
the equilibrium adsorption constait K=0, K=1, K=10, and

is a transport process that is path dependant, andk _, .

since a majority of the total number of pores could
have a pore diameter equal to or less than 20 A, a
molecule diffusing through the particle will have to
pass through many small pores where frictional
resistance [16,17,19,28] can significantly slow down
the diffusion process and cause the valueDgfto
become much less than the valueyf,. The results

in Fig. 1 also indicate that there is a long, shallow
minimum in theH versusV, curve which suggests
that the value of the time constant for mass transfer
in the pores of the particles is similar in magnitude to
the time constant for mass transport in the interstitial
channels for bulk flow and, furthermore, the value of
the plate heightH, can be less than the value of the
particle diameterd,, which indicates that there is
very little intraparticle (internal) mass transfer resist-
ance due to the significant magnitude of the in-
traparticle EOF \(,,,.=0.238%,); this small in-

pore

traparticle mass transfer resistance causes the width

(variance) of the solute band migrating through the
column to be less than one particle diameter.
In Fig. 2, simulation results for thél versusV,

curves are presented for chromatographic columns

packed with porous adsorbent particles having a
unimodal pore-size distribution in order to determine
the effects that retention (adsorption) of an un-
charged analyte has on the plate heigHt, The

system parameters employed to obtain the results

presented in Fig. 2 are identical to those shown in
Fig. 1, and theoretical results obtained from Eq. (23)
developed in this work are presented at four different

values of the equilibrium adsorption constant,
K=0, K=1,K=10, andK - ). The results in Fig.
2 indicate that as the value of the equilibrium
adsorption constank, increases, the value of the
plate heightl, increases because the adsorption of
the analyte in the pores of the particles, which
provide the majority of the total surface area for
adsorption in the packed column, slows down the
intraparticle mass transfer rate considerably relative
to the mass transfer rate in the interstitial channels
for bulk flow. Furthermore, the results in Fig. 2
indicate that as the valué loécomes very large
K ), theH versusV, curve reaches an asymptotic
limit, because the affinity of the analyte for ad-
sorption becomes so strong that the effect of the
adsorption mechanism on the mass transfer rate in
the intraparticle pores relative to the effect of the
adsorption mechanism on the mass transfer rate in
the interstitial pores becomes indistinguishable. It
should be noted that the results presented in Fig. 2
apply only to capillary electrochromatography col-
umns employing uncharged analytes; if the analyte is
charged and its charge is opposite to that of the
surface, the valué siiould approach infinity as
the value of the equilibrium adsorption constaft,
of a linear equilibrium adsorption isotherm becomes
very large, because the increased adsorption of the
charged analyte will cause the surface charge density
of the particles to approach zero, or reverse its
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3.51:10 ™ m?/s, the value of the effective diffusion

10.0

9.0 j:mll}fg;lim coefficient, D,,,,, of the analyte in the microporous
80 b oumss region of the particle was taken to be 10% of the
70 D, =351 x 10™" s value of the effective diffusion coefficierB, of the
. 60 5:;1‘1;2’3[;“7“ analyte in the macroporous region of the particle
= Viicro = 0.20Vore

5.0 (O,»=0.1MD,), and the value of the velocity,;.,,
of the EOF in the microporous region of the particle
was considered to be 20% of the value of the
velocity, V,, of the EOF in the macroporous region
of the particle Vc,0=0.20/,,,). Similar to the
results presented in Fig. 2, the results presented in
Fig. 3 clearly show that for a given value 9, the
value of the plate height increases as the value of the
equilibrium adsorption constank, increases and
that theH versusV, curve reaches an asymptotic
limit as the value oK becomes very large. Further-
more, if one compares the results presented in Fig. 2
to the results shown in Fig. 3 for the CEC systems
studied, it can be seen that, for a given value/of

(i) the value of the plate hdighinder unretained
conditions K=0) is larger in the CEC columns

packed with porous particles having a bimodal pore-

4.0 K->

K=10

5.0

mm/s

3.0

2.0

1.0

0.0

0.0 2.0 3.0 4.0 6.0 7.0 8.0
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Fig. 3. Theoretical results for the plate heigHt,versus the linear
velocity, V,, for a CEC column packed with porous particles
having a bimodal pore-size distribution at four different values of
the equilibrium adsorption constait K=0, K=1, K=10, and

K - o,

charge, and the velocity of the EOF will go to zero,
or reverse direction, respectively [18,21,22].
In Fig. 3, theoretical results for thEl versusV,

curves are presented for CEC columns packed with
porous particles having a bimodal pore-size dis-
tribution where EOF can occur in the macroporous
and microporous regions of the adsorbent particles

size distribution than the value of the plate heidt,

in the CEC columns packed with porous particles
having a unimodal pore-size distribution (where flow
is considered to occur in all of the intraparticle pores

[Eg. (43)]. In the results presented in Fig. 3, the
particle diameterd,, was considered to be equal to
1.0 pm, the diameter,d,, (d,,=2r,,), of the
subsidiary [4,6,9-13,15] particles (microspheres) under retained conditionK&0) is smaller in the

was estimated to be 0.Q¥m, the porosity g, of the CEC columns packed with porous particles having a
macroporous region of the particles was considered bimodal pore-size distribution than the value of the

to be equal to 0.49, the porosity,,, of the plate height,H, in the CEC columns packed with
microporous region was taken to be 0.6, the total porous particles having a unimodal pore-size dis-
porosity of the particle was 0.796 (the porous tribution (where flow is considered to occur in all of
particles having a bimodal pore-size distribution the intraparticle pores and, thus, on averagg, =
employed to obtain the results presented in Fig. 3 0.238%, in each pore of the porous particles having
have a porosityg, (€,=0.49), for the macroporous a unimodal pore-size distribution). When there is
region of the particle whose value is equal to the EOF in the microporous region of the particles, the
total porosity,e,, of the particles having a unimodal throughput of the analyte in the particles having a
pore-size distribution and whose results were pre- bimodal pore-size distribution can be increased
sented in Fig. 2), the value of the conductivity factor, relative to the throughput of the analyte in porous

X, of the packed bed was considered to be equal to particles having a unimodal pore-size distribution [4]
0.61, the value of the free molecular diffusion where the total porositye,, of the porous particle
coefficient,D,;, of the analyte was taken to be equal having a unimodal pore-size distribution is equal to

to 1.0-10"° m’ /s, the value of the effective diffusion the porosigy, of the macroporous region of the
coefficient, D,,, of the analyte in the macroporous porous particles having a bimodal pore-size dis-
region of the particles was taken to be equal to tribution and, furthermore, under these conditions the

and, thus, on averagé,.=0.238%, in each pore of
the porous particles having a unimodal pore-size
distribution), and (ii) the value of the plate height,



B.A. Grimes et al. / J. Chromatogr. A 979 (2002) 447-466

internal surface area of the particles having a bimod-
al pore-size distribution would be larger than the
internal surface area of the porous particles having a
unimodal pore-size distribution, but because the
value of the effective diffusion coefficienD,,, of

the analyte in the microporous region of the particles
was taken to be an order of magnitude less than the
value of the effective diffusion coefficierB, of the
analyte in the macroporous region of the particles
(O,»=0.1D,), the value of the pore connectivity
[16,17,19,28] in the microporous region of the
particles could be considered to be low and, thus, the
effective path length for mass transport in the porous
particle having a bimodal pore-size distribution could
be considered to be larger than the effective path
length for mass transfer in the porous particles
having a unimodal pore-size distribution. Under
retained conditionsk#0), the increase in through-
put of the analyte and the increased surface area for
adsorption in the particles having a bimodal pore-
size distribution provide the positive effect of reduc-
ing the mass transfer resistance [4] in the pores of
the particles because the increased throughput and
the larger internal surface area could increase [4] the
dynamic utilization of the active sites for adsorption,
while the larger effective path length for mass
transport in these particles (due to the low value of
the pore connectivity that was considered in the
microporous region of the particles) leads to the
negative effect of increasing the intraparticle mass
transfer resistance. In the CEC systems shown in Fig.
3, the radiusy ., of the subsidiary particles (micro-
spheres) is small enough such that the positive effect,
with regard to increasing the dynamic utilization of
the active sites for adsorption, of the increased
throughput and larger internal surface area in the
particles having a bimodal pore-size distribution
outweigh the negative effect of the increased path
length for mass transfer (due to the low value of the
pore connectivity that was considered in the mi-
croporous region of the particles) in these particles
and, thus, the porous particles having a bimodal
pore-size distribution provide a net residence time of
the analyte in these particles which is less than the
net residence time of the analyte in the adsorbent
particles having a unimodal pore-size distribution.
Thus, under retained conditions the CEC columns
packed with porous particles having a bimodal pore-

Y/
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size distribution studied in this work (Fig. 3) will
provide smaller values for the plate Hejghian

the CEC columns packed with porous particles
having a unimodal pore-size distribution for the

systems studied in this work (Fig. 2). However,

under unretained condiien8)( due to the fact
that a low value of the pore connectivity was

considered in the microporous region of the particle

having a bimodal pore-size distribution which sug-
gests that the effective path length for mass transfer
is larger in the particles having a bimodal pore-size
distribution than the effective path length for mass
transfer in the porous particles having a unimodal
pore-size distribution and, since there is no retention,
the intraparticle mass transfer resistance will be
dominated by dispersive effects which are directly
related to the effective path length for mass transfer
in the particles and, furthermore, due to the fact that
on average=0.238%, in each pore of the
porous particle having a unimodal pore-size dis-
tribution, the positive effect of the increased through-
put in the particles having a bimodal pore-size
distribution cannot on its own (without the effect of
retention) compensate for the negative effect of the
increased path length for mass transfer. Thus, under
unretained conditions, the net residence time of the
analyte in the adsorbent particles having a bimodal
pore-size distribution will be larger than the net
residence time of the analyte in the particles having a
unimodal pore-size distribution, which indicates that
under unretained conditie@3 the value of the
plate height, will be larger for the CEC columns
considered in this work (Fig. 3) packed with porous
particles having a bimodal pore-size distribution
relative to the valubl dor the CEC columns
considered in this work (Fig. 2) packed with porous
particles having a unimodal pore-size distribution.
In Fig. 4, simulation results fdd thersusV,
curves for CEC columns packed with porous par-
ticles having a bimodal pore-size distribution are
presented under conditions of no retEnrtioh (
and maximum retehtiono), where the value of
the ratio of the velogjty,,, of the EOF in the
microporous region of the particles to the velocity,
bore Of the EOF in the macroporous region of the
particles, is varied between 0.0 and 0.89 (0.0
Viniclo!Voord =0.80), and the values of all the other
system parameters are identical to those used to



460
10.0
d,= 1.0 um
;N dyn = 0.07 pm
= = x =061
80 /K =0, Viiero = 0.00 Vier, 0
/ Vinicro= 010 Vyore B/T=0.07155 o

" / Viniero = 040 Vpore D,=3.51x10"" m¥s

/ Viniero = 0.80 Viore Dy = 0.10D,,

mmmmm

6.0 Viore = 0.2387V,

"
K = 9, Viiero = 0.10 Vi,
K > 00, Viiero = 0.40 Viore,
K > 9, Viiero = 080 Ve

6.0

5.0

4.0

3.0

2.0

1.0

0.0

0.0 20 3.0 4.0 5.0 7.0 8.0

Linear Velocity, V, , mm/s

Fig. 4. Theoretical results for the plate heigHt,versus the linear
velocity, V,, for a CEC column packed with porous particles
having a bimodal pore-size distribution at conditions of no
retention K=0) and maximum retentiorK(- «) for four differ-
ent values of the electroosmotic velociv,., in the micropor-
ous region of the particless, .., =0.0, V,ic0=0.10/ 6 V nicis™

0.40/,4, and V. ,=0.80/ whereV .. denotes the linear

micro pore pore

velocity in the macroporous region of the particles.

obtain the results presented in Fig. 3. The results in
Fig. 4 clearly indicate that under unretained con-
ditions, convective flow in the microporous region
has an insignificant effect on the value of the plate
height,H, because for the system shown in Fig. 4 the
positive effect of the convective velocity in the
microporous region (increased throughput) alone
cannot outweigh the negative effect of the increased
path length for mass transfer (the value of the
connectivity of the pores in the microporous region
of the particles was considered to be small because
D,»=0.1D). Under retained conditions the results
in Fig. 4 show that convective flow in the micropor-
ous region of the particles along with the larger
surface area for adsorption can reduce the intraparti-
cle mass transfer resistance because the increased

throughput of the analyte through the particle can €

pm?

increase the dynamic utilization of the active sites for
adsorption in the particle [4]. It should be noted that
the positive effect of convective flow in the mi-
croporous region could be more significant in larger
in diameter,d,, particles, when such particles could
be constructed by employing subsidiary particles
(microspheres) with a larger radius,,,, because a
larger value ofr,,, would cause the value of the time
constant for mass transfer by convective flow in the
subsidiary particles to decrease relative to the diffu-
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sive time constant for mass transfer in the subsidiary
particles; however, the value of the pore connectivity
in the larger in radiusy,,, subsidiary particles
should be large in order to avoid creating a longer
path length for mass transfer in the larger in diam-
eter, d,, particles. It is important to note here that
experimentally measured values of the plate height,
H, versus the linear interstitial velocity,, for
chromatographic columns packed with porous par-
ticles having a bimodal pore-size distribution could
be used to obtain the values for (i) the ratig(./V,)
of the magnitude of the convective velocitf, ., in
the macroporous region of the particles to the
magnitude of the linear interstitial velocity,, and
(i) the ratio ¥ic.o/Vpored Of the magnitude of the
convective velocityV,,..,., in the microporous region
of the particles to the magnitude of the convective
velocity, V. in the macroporous region of the
particles, by employing Eg. (43) developed in this
work and an appropriate parameter estimation meth-
od, while the values of the effective diffusion
coefficiedts,and D, of the analyte in the

macroporous and microporous regions of the par-
ticle, respectively, could be determined from the pore
network models developed by Meyers and Liapis
[16,17], Grimes et al. [19], and Meyers et al. [28]
along with experimental data from the experiments

described by Meyers et al. [28].

In Fig. 5, theordticalersusV, curves are
presented for a chromatographic column packed with
porous adsorbent particles of diaipet80 pm

and having a bimodal pore-size distribution, at
conditions of no retentonQ) and of maximum
retentiéh— ). The conductivity factor,y, of the
packed bed was considered to be equal to 0.61, the
porosgjfy,of the macroporous region of the
particles was taken to be equal to 0.35, the porosity
of the microporous region of the particles was
considered to be equal to 0.49, the total porosity of
the particle was 0.67, the diangtéd,, . =2r ),
of the subsidiary particles was taken to be equal to
u®, the value of the free molecular diffusion
coefficiddy,, of the analyte was considered to be
equal to10.0 m’/s, the value of the effective

diffusion coefficienty, of the analyte in the

macroporous region of the particles was taken to be
equal to -3G1° m’/s, and the value of the
effective diffusion coeffidigpg, of the analyte in
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Fig. 5. Theoretical results for the plate heigHt,versus the linear
velocity, V,, for an HPLC column and a hybrid HPLC-CEC
column packed with porous particles having a bimodal pore-size
distribution at conditions of no retentiolK €0) and maximum
retention K - ).V _andV, denote the linear velocity in the
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fluid flow in the microporous region will not have a
significant impact on the plate heightl, when the
radius,r,,,,, of the subsidiary particles is substantially
larger than the value af,,, employed to obtain the
results presented in Fig. 4, but the additional convec-
tive flow that occurs in the macroporous region of
the particles that is considered to occur due to the
application of a small electrical potential difference
per unit length along the axial direction of the
column has a considerable effect on reducing the
value of the plate heightH, and, thus, especially
under retained conditions, small values of the plate
height could be achieved if one applies a small
electrical potential difference per unit length along
the axial direction of the column in addition to the
pressure-driven flow in the HPLC column, which
increases the fluid velocity both in the macroporous

macroporous and microporous regions of the particles, respective- gnd microporous regions of the particles having a

ly. 1=HPLC system whereK=0.0; 2=HPLC system where
K - o0; 3=hybrid HPLC-CEC system whet¢=0.0 andV,,.,,=

micro

0.10/,,,¢ 4=hybrid HPLC-CEC system wher&K=0.0 and
Vinicro=0-40/,,,s 5=hybrid HPLC-CEC system wher&=0.0
andVv,,,,=0.80/,, 6=hybrid HPLC-CEC system whe#¢ - «
andV,.,,=0.10/,,,4 7=hybrid HPLC-CEC system whei€ -
andV,.,,=0.40/,,,4 8=hybrid HPLC-CEC system wheig - c
andV,.,,=0.80/,

micro pore

the microporous region of the particles was consid-
ered to be equal to 3.510 ** m*/s D,,=0.1D,).
When the value of the ratio of the velocity,,, of
the mobile phase in the macroporous region of the
particles to the velocityy,, of the mobile phase in
the interstitial channels for bulk flow is equal to 0.01
(Voore=0.00,) and there is no fluid flow in the
subsidiary (microporous region) particles, the column
system in Fig. 5 can be thought of as a high-
performance liquid chromatography (HPLC) column
employing perfusive particles [4,6,9-13,15,43-45];
when the value of the rativ, /V, is equal to 0.09
(Voore=0.09/) and there is convective flow in the
subsidiary particles, the column system in Fig. 5 can
be thought of as an HPLC system employing perfu-
sive particles having in addition a small applied
electrical potential difference per unit length along
the column that could promote flow in both the
macroporous and microporous regions of the par-
ticles (a hybrid HPLC-CEC system considering
pressure-driven flow together with electrically-driven
flow). The results presented in Fig. 5 indicate that

bimodal pore-size distribution.

In Fig. 6a, the ratio of the plate height,,.
(evaluated from Eq. (14)), of a column packed with
non-porous particles of diamete,=1.0 um to the
plate heightH,, (evaluated from Eq. (9)), of an open
cylindrical capillary of diameterd,=1.0 um is
presented for CEC systems; in Fig. 6a the void
fraction of the packed bed,, was taken to be equal

to 0.35, the conductivity fagtof,the packed bed
was taken to be equal to 0.61, and the value of the
free molecular diffusion coefficientD,, of the
analyte was considered to be equatl® °1.0
fn /s. The results in Fig. 6a indicate that under
unretained conditions, the ratio of the plate height,
npe Of @ column packed with non-porous particles

of diaméfer1.0 pm to the plate heightd,, of

an open tube of diardgtet.0 um is essentially

equal to the conductivity fagtobecause under

unretained conditior®] the only contribution to
both plate height$], . and H,, is from axial
dispersion, and because the r&ji(R,=d_/2), of

the open capillary and the Rdijus, the intersti-

tial channels for bulk flow (the vald®, ofvas

taken to be equal to one-third of the value of the

radius of the non-porous partRles (1/3)d,/

2))) are both much greater than the magnitude of the

Debye lengt{l4.88 A), the ratio of the axial

dispersion coefficient of the analyte in the column

system packed with non-porous particles [Eq. (12)]

to the axial dispersion coefficient of the analyte in

H
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Fig. 6. (a) Ratio of the plate heightl,,, for a CEC column
packed with non-porous particles to the plate heidhyf, of an
open capillary CEC system under conditions of no retention
(K=0) and maximum retentionK(- «). (b) Ratio of the plate
height, H,,, for a CEC column packed with porous particles
having a unimodal pore-size distribution to the plate heigf,

of an open capillary CEC system under conditions of no retention
(K=0) and maximum retentionK(- «). (c) Ratio of the plate
height, H,,, for a CEC column packed with porous particles
having a bimodal pore-size distribution to the plate heigfyt, of

an open capillary CEC system under conditions of no retention
(K=0) and maximum retentiorK(- ).
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the open capillary [Eq. (7)], for all practical pur-
poses, will be equivalent to the conductivity factor,
x- However, under retained conditions, the value of
the plate heightH, ., for chromatographic columns
packed with non-porous adsorbent particles will
always be less than the value of the plate heiblt,

for open capillaries whose diametef,, is equal to
the diameterd,, of the non-porous particles, because
the column packed with non-porous particles can be
thought of as a bundle of open capillaries whose
diameter is smaller thady, and, thus, the value of the
plate height,H, . wil be smaller in chromato-
graphic columns packed with non-porous particles
than the value oH_, in open capillaries. In Fig. 6b,
the ratio of the plate height,, (evaluated from Eqg.
(23)), of a chromatographic column packed with
porous adsorbent particles having a diameler 1.0

pm and a unimodal pore-size distribution to the plate
height, H,, (evaluated from Eg. (9)), of an open
capillary of diameterd.=1.0 um is presented for
CEC systems. The results presented in Fig. 2 for
K=0 andK -« were employed in Fig. 6b for the
chromatographic columns packed with porous par-
ticles having a unimodal pore-size distribution. The
results presented in Fig. 6b indicate that the value of
H,.. is lower than the value ofi, at low values of
the linear interstitial velocityy,, where the contribu-
tion of the intraparticle mass transfer resistance to
the plate heightH, is low, but as the value o¥,
increases, and especially when adsorption occurs, the
effect of the contribution of the intraparticle mass
transfer resistance to the plate heighf,substantial-

ly increases, and thus, the open capillary provides
lower values for the plate height than a column
packed with porous adsorbent particles having a
unimodal pore-size distribution as the value \gf
increases. In Fig. 6¢, the ratio of the plate height,
H,., (evaluated from Eq. (43)), of a chromatographic
column packed with porous adsorbent particles hav-
ing a diameterd,=1.0 um and a bimodal pore-size
distribution to the plate heightl,, (evaluated from
Eqg. (9)), of an open capillary of diametelr,=1.0
pm is presented for CEC systems. The results
presented in Fig. 3 forK=0 and K- were
employed in Fig. 6¢c for the chromatographic col-
umns packed with porous particles having a bimodal
pore-size distribution. The results shown in Fig. 6¢
are similar to the results presented in Fig. 6b with
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respect to the dependence of the ratig,/H,, on

the linear interstitial velocityy,. But for the reasons
discussed above for Figs. 2 and 3, under unretained
conditions K=0) the value of the ratidd, ,/H, is
larger than the value of the ratidl,. /H,, for all

the value of the raticH
value of the ratioH

pcu

ocb/ Ho 1S smaller than the
/H,, for all values ofV,;

therefore, for the reasons discussed above, the effect

of retention on column efficiency is less significant
in chromatographic columns packed with particles
having a bimodal pore-size distribution than those
packed with particles having a unimodal pore-size
distribution (compare the results in Fig. 6b and c). It
should be noted at this point that the results shown in
Fig. 6a—c were obtained for uncharged analytes; if
the analyte was charged and its charge was opposite
to that of the stationary phase, then under retained
conditions the performance of the open tube would
be catastrophic [18,21,22], because in an open tube
the ratio of the available surface area for adsorption
to the total system volume would be very small and,
thus, even the smallest amount of adsorption could
cause the surface charge density of the stationary
phase to approach zero or reverse its charge which
would cause the EOF to stop or reverse direction,
respectively [18,21,22]; this result indicates that in
CEC systems employing charged solutes under re-
tained conditions it would be desirable to employ
chromatographic columns packed with adsorbent
particles where the ratio of the available surface area
for adsorption to the total system volume would have
to be very large.

4. Conclusions and remarks

In this work, novel general expressions have been

constructed and presented that describe the behavior

of the height equivalent of a theoretical plate (plate
height), H, as a function of the linear velocity/,
along the axis of the column and the kinetic parame-

ters that characterize the mass transfer and the linear

equilibrium adsorption mechanisms in chromato-
graphic columns. Open tube capillaries as well as
columns packed with either non-porous or porous

particles have been studied. The porous particles

could have a unimodal or a bimodal pore-size
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distribution, and intraparticle convective fluid flow
and pore diffusion have been considered. These

expressioHscmuld be applicable to both HPLC

and CEC systems and could be used together with
experimental plate height{, versus linear velocity,
values ofV,, while under retained condition¥ ¢0) V,,

data to determine the values of the parameters

that characterize intraparticle convective fluid flow
and pore diffusion.

The expressions for the platéHheigieloped
in this work for chromatographic columns packed
with porous particles having either a unimodal or a
bimodal pore-size distribution (i) account for both
linear and/or non-linear concentration gradients de-
veloping in the pores of the particles, (ii) consider
the intraparticle convective and diffusive mass trans-
port mechanisms in the pores of the particles to be
separate mass transport mechanisms characterized
their own individual and proper driving forces rather
than considering a convection augmented diffusion
coefficient [6,42—45] in the pores of the particles
which has severe limitations due to the physically
restricted assumption of linear concentration gra-
dients in the pores of the particles, and (iii) consider
the effects of the radial and angular components of
the velocity vector of intraparticle convective flow in
the pores of the spherical particles which were not
considered by the authors of Refs. [6,42—45]. The
results for the CEC systems studied and presented in
this work have indicated that under unretained
conditions porous particles having a unimodal pore-
size distribution provide lower values of the plate
heidght,than porous particles having a bimodal

p—

pore-size distribution where the value of the pore
connectivity of the microporous region was consid-
ered to be low, while under retained conditions
porous particles having a bimodal pore-size dis-
tribution where intraparticle convective flow can
occur in the macroporous and microporous regions
of the particles can provide lower values of the plate
heightthan porous particles having a unimodal
pore-size distribution whose total porosity,, is
equal to the poresitgf the macroporous region
of the particles having a bimodal pore-size dis-
tribution, if the combination of the positive effects of
the increased throughput and the larger surface area
for adsorption provided by the porous particles
having a bimodal pore-size distribution overcome the
negative effects of the longer path length for mass
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transfer through the porous particle having a bimodal
pore-size distribution with a low value of the pore
connectivity in the microporous region; furthermore,
the effect of retention on column efficiency was less
significant in chromatographic columns packed with
particles having a bimodal pore-size distribution than
those packed with particles having a unimodal pore-
size distribution. These results suggest that porous
particles of diameter,, having a bimodal pore-size
distribution should be comprised of subsidiary par-
ticles (microspheres) whose diametgy,,, should be
substantially smaller than the value df and the
pore connectivity of the microporous region of the
particles should be large in order to obtain lower
values of the plate heightt}, in columns packed with
porous particles having a bimodal pore-size dis-
tribution than columns packed with porous particles
having a unimodal pore-size distribution.

The results obtained from the expressions for the
plate height developed in this work also indicate that
a significant reduction in the value of the plate
height, H, can be obtained for HPLC systems
employing perfusive particles whose pore structure
has a bimodal pore-size distribution, if a small
electrical potential difference per unit length along
the column would be applied (a hybrid HPLC—CEC
system) in order to increase the magnitude of in-
traparticle convective flow in both the macroporous
and microporous regions of the perfusive particles.
Furthermore, the theoretical results of this work
suggest that under unretained conditions, open capil
lary CEC columns and CEC columns packed with
non-porous particles could provide smaller values of
the plate heightH, than CEC columns packed with
porous particles having either a unimodal or bimodal
pore-size distribution, while under retained condi-
tions CEC columns packed with non-porous particles
will provide lower values for the plate heighH,
than any of the other CEC system configurations
studied in this work; however, it should be noted that
these results were obtained for an uncharged analyte
and, thus, one should use caution when considering
these results for CEC systems employing charged
analytes under retained conditions, because the ad-
sorption of a charged analyte could cause the ve-
locity of the EOF to be significantly reduced in
magnitude or even reverse direction due to the low
surface area for adsorption encountered in open
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capillary columns or columns packed with non-po-
rous particles.

The experimental values of the plate hgifyt,
an uncharged analyte (uracil) in a CEC system
comprised of a fused-silica column packed with
charged porous silica C particles having a unimodal
pore-size distribution were compared with the theo-

retical results for the plate hkgigbtained from
the expression developed in this work [Eq. (23)].
The agreement between theory and experiment was
found to be good and, furthermore, the results
obtained in this work for the transport parameters of
the uncharged analyte in the pores of the gilica C
particles agreed with the results for the transport
properties of similar silicg C particles obtained from
pore network modelling theory [28]. The results
indicate that the magnitude of the intraparticle EOF
in the pores of the particles is substantial while the
pore diffusion coefficient was of small magnitude.
But the overall intraparticle mass transfer resistance
in these particles was low because of the significant
contribution of the intraparticle EOF.

It is very important to indicate again that the
expressions developed in previous works [6,42—-45],
as well as the novel general expressions constructed
and presented in this work to describe the behavior
of the height equivalent to a theoretical plate in
chromatographic systems, are only valid for systems
involving neutral (uncharged) analytes. If the analyte
is charged, then the effects of (i) the electrophoretic

migration of the charged analyte and of the charged
species of the electrolyte, (ii) the dynamic behavior
of the charged solutes in the electrical double layer,
and (iii) the charged adsorptive surface (when re-
tention occurs), must be considered [46—48] in order
to describe properly the transport of the charged
solutes in the liquid solution in (a) the interstitial
channels for bulk flow in the packed column, (b) the
liquid film (hydrodynamic boundary layer) surround-
ing the adsorbent particles, and (c) the liquid in the
pores of the porous particles, as well as the rate of
adsorption of the charged solute on the charged
adsorptive surface of the particles. The recent model-
ling works of Liapis et al. [46], Grimes and Liapis
[47], and Grimes [48] provided important and inter-
esting contributions to the scientific understanding of
the transport of charged solutes in liquid solutions in
contact with charged adsorptive surfaces, as well as
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to the determination and demonstration of the effects [9] A.l. Liapis, Y. Xu, O.K. Crosser, A. Tongta, J. Chromatogr.
of the dynamic behavior of the electrical double 10 é;OZH(elei’zf)A“f'ua < 3 Chromatoar. A 711 (1995) 3
layer on the adsorption ra_te of the charged analyte {11} v X.u, AL L,iap.i:;,, 1. %h’rohatogr_ A 792;1 (1996)(13_ )3
onto the charged adsorptive surface. These works 15 g a. Heeter, A.l. Liapis, J. Chromatogr. A 734 (1996) 105.
[46—48] have provided the mechanistic basis for [13] G.A. Heeter, A.L. Liapis, J. Chromatogr. A 743 (1996) 3.
elucidating the physical phenomena that have been[14] D. Coelho, M. Shapiro, J.F. Thovert, P.M. Adler, J. Colloid
experimentally observed by confocal scanning laser Interface Sci. 181 (1996) 169.

microscopy [49-52] with regard to the transport and [15] G.A. Heeter, A.l. Liapis, J. Chromatogr. A 760 (1997) 55.

d ii f h d VEe | d b t[16] J.J. Meyers, A.l. Liapis, J. Chromatogr. A 827 (1998) 197.
adsorption of a charged analyle In porous adsorbent 1) ;5 ;- meyers, A.l. Liapis, J. Chromatogr. A 852 (1999) 3.

particles involving charged adsorptive surfaces, and (18] A.l. Liapis, B.A. Grimes, J. Chromatogr. A 877 (2000) 181.
at the same time these works [46—48] have clearly [19] B.A. Grimes, J.J. Meyers, A.l. Liapis, J. Chromatogr. A 890
indicated the need for significant modelling and (2000) 61.

experimental (where the experiments are guided by [20] gk4l Liapis, B.A. Grimes, J. Colloid Interface Sci. 229 (2000)

modelling) research efforts in chromatographic Sys- ,1, & a" Grimes, A.l. Liapis, J. Chromatogr. A 919 (2001) 157.
tems involving charged analytes adsorbing onto [22] B.A. Grimes, A.l. Liapis, J. Colloid Interface Sci. 234 (2001)
charged adsorptive surfaces in order to further 223.

advance our scientific understanding of the dynamic [23] A.l. Liapis, Sep. Purif. Methods 19 (1990) 133.

and equilibrium interactions among the electrically- [24]1 M-A. McCoy, A.l. Liapis, J. Chromatogr. 548 (1991) 25.
driven and/or pressure-driven convective flows, and [2°1 A Tongta, Al. Liapis, D.J. Siehr, J. Chromatogr. A 686

. . . . (1994) 21.
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nisms. Computing 5 (1995) 1.
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