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A  modified  Equilibrium  Dispersive  (ED)  Model  is  proposed  for  the  modeling  of  chromatographic  pro-
cesses  in  columns  packed  with  shell-particle  adsorbents  and  operated  under  very high  pressures.  This
new model  was  validated  on  the basis  of  experimental  results  obtained  with  2.1  mm  ×  150  mm  columns
packed  with  superficially  porous  1.7 �m Kinetex-C18 particles  and  with  classical  columns  packed  with
1.7  �m  BEH-C18 fully  porous  particles.  The  influence  of  the heat  friction  on  the  performance  of  these
columns  was  analyzed  by  comparing  the  experimental  and  calculated  peak  profiles.  Moreover  a the-
eywords:
hell particles
olumn efficiency
ETP
pparent and axial dispersion
an Deemter plot
eak profiles

oretical  analysis  of the  influence  the  solid-core  conductivity  on  the  column  efficiency  was  discussed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The current trend in chromatography still tends toward the
chievement of higher efficiency and shorter analysis times. For
his reason, manufacturers of packing materials are developing new
inds of finer silica particles. Traditionally, totally porous parti-
les are used in HPLC. Now, various types of column packing are
vailable and one of the new packing materials used is made of
uperficially porous core–shell particles. These particles are made
f a solid, nonporous core surrounded by a porous shell. In recent
ears, manufacturers have prepared several generations of shell
articles. Late 2006, Kirkland [1] prepared columns packed with
alo particles made of a 1.6 �m solid silica core surrounded by

 0.50 �m porous silica shell. These columns were exceptionally
fficient, with reduced plate height around 1.5. In 2009, Phe-
omenex offered first 4.6 mm i.d. Kinetex columns packed with

hell particles having similar characteristics and, later 2.1 mm Kine-
ex columns packed with 1.25 �m solid silica core surrounded by

 0.23 �m porous silica shell. Last year, Agilent commercialized
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∗∗ Corresponding author at: Department of Chemistry, University of Tennessee,
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021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.06.019
columns packed with Poroshell 120 particles that have similar char-
acteristics.

The experimental and theoretical analysis of the efficiency of
columns packed with shell particles were discussed, among others
in [2–7].

Gritti and Guiochon [2] investigated and compared the per-
formance of 2.1 mm  × 150 mm columns packed with 1.7 �m shell
Kinetex-C18 and with totally porous 1.7 �m BEH-C18 particles.
The solute was  naphtho[2,3-�]pyrene. The reduced HETPs of two
columns were measured in pure acetonitrile and aqueous solution
of acetonitrile at 295 K. The HETP of both columns were similar, but
the minimum was  observed at a shorter reduced linear velocity for
the column packed with totally porous particles than for the col-
umn  packed with shell particles. These authors demonstrated that
the negative effects of heat generated by viscous friction and of the
radial temperature gradients are smaller for columns packed with
shell particles than for columns packed with totally porous parti-
cles. At high velocities, the efficiency of Kinetex column depends
less on the mobile phase velocity under still-air conditions. Hence,
at high flow rates, the HETP plot of the Kinetex column increase
more slowly than that of the BEH column. According to these
authors this should be due to the larger thermal conductivity of

shell particles, which contain a solid silica core occupying about
40% of the particle volume [2].

In this work, we used more powerful tools to interpret the
results of the experiments described in [2].  The main goal of our

dx.doi.org/10.1016/j.chroma.2011.06.019
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:kkaczmarski@prz.edu.pl
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ork is to determine whether the larger effective conductivity of
olumns packed with inert core particles causes smaller loss of
fficiency at high flow velocities.

. Mathematical models

The mathematical model consists of three separate models: (1)
 model of heat transfer, (2) a model for the mobile phase veloc-
ty distribution, and (3) a model of mass transfer. The first model
xpresses how the heat generated by viscous friction is evacuated
rom the column under steady-state conditions. The second model
ccounts for the distribution of the mobile phase velocity, which
epends on the local temperature and pressure and is given by the
quations of hydrodynamics in porous media. These two models
re exactly the same as described in our previous papers [8,9] and
ill not be presented here. To solve a model of heat transfer and

 model of mobile phase velocity distribution, the eluent density,
ts viscosity, its thermal expansion coefficient and its heat capac-
ty as functions of pressure and temperature must be calculated.
hese values, as well as the effective thermal conductivity of the
ed, were calculated according to correlations given in [9].

The third model of mass transfer accounts for the propagation
f a compound band along a column that is no longer isothermal.
he equilibrium constant depends on the local temperatures and
ressures; so does the migration rate of a concentration. In this
ork we applied a modified Equilibrium-Dispersive (ED) Model for

ore–shell particles.

.1. The mass balance equations

The mass balance equation of the ED model for column packed
ith shell particles and for isothermal column is written as follows

6]:

∂c

∂t
+ (1 − εe)(1 − εp)(1 − q3)

εt

∂q

∂t
+ u

εt

∂c

∂x
= εe

εt
DL

∂2c

∂x2
(1)

here c and q are the analyte concentrations in the mobile and in
he stationary phases (g/l), respectively, DL is the axial dispersion
oefficient (m2/s), u (m/s) is the superficial velocity, εt, εe, and εp are
he total, external and particle porosities, t is the time (s), � = Ri/Re,
here Ri, Re are the inner and the external radius of the particles,

espectively. It should be noticed that the particle porosity εp is
eferenced to the particle volume for totally porous adsorbent but
nly to the shell volume for core–shell particles.

For very high pressure drops the column is not isothermal
ecause heat is generated by the friction of the eluent percolat-

ng the bed. The diffusion of this heat out of the column generates
emperature gradients. Due to these axial and radial temperature
radients, the other physico-chemical parameters depend on the
xial and the radial position. To take these into account the one
imensional ED model, Eq. (1),  has to be replaced by its two dimen-
ional versions:

∂c

∂t
+ (1 − εe)(1 − εp)(1 − �3)

εt

∂q

∂t
+ 1

εt

∂(uc)
∂x

= ∂

∂x

(
Da,x

∂c

∂x

)

+ 1
r

∂

∂r

(
rDa,r

∂c

∂r

)
(2)

here Da,x and Da,r are the apparent axial and radial dispersion coef-

cients (m2/s). Eq. (2) was solved assuming that initially there is
o solute in the column. The solute is injected into the column dur-

ng the time tinjection. The gradient of concentration at the column
utlet, the column center and its wall region are equal to zero.
 1218 (2011) 5449– 5455

The total porosity is calculated from the equation [6]:

εt = εe + (1 − εe)εp

(
1 − Rs

i

Rs
e

)
(3)

In earlier papers [10], it was proved that the solution of the uni-
dimensional ED model (without a radial term and with a constant
mobile phase velocity), for totally porous adsorbent is compatible
with the general rate model when the axial apparent dispersion
coefficient is calculated from the following equation:

Da,x = DLεe

εt
+

(
k1

1 + k1

)2 u2dp

εtεeFe6

[
dp

10Deff
+ 1

kext

]
(4)

where

k1 = Fe

(
εp + (1 − εp)

∂q

∂c

)
; Fe = 1 − εe

εe
and Deff = εpDm

�

In the above equations, Dm is a molecular diffusion coefficient
(m2/s), kext is an external mass transfer coefficient (m/s), dp is a
particle diameter (m), and � is a tortuosity parameter.

Eq. (4) was used with success for modeling peak profiles eluted
from columns packed with a totally porous adsorbent, under
strongly non-isothermal retention conditions [11].

Following the method presented in [10] and taking into account
that the number of theoretical plates, N, calculated by the method
of moments, for Eq. (1) is given by [6]:

1
N

= 2DLse

uL
+ 2

(
k1

1 + k1

)2
udp

εeLFe6

[
dp

10Deff

1 + 2� + 3�2 − �3 − 5�4

(1 + � + �2)2
+ 1

kext

]
(5)

with the parameter k1 defined as

k1 = Fe

(
εp + (1 − εp)

∂q

∂c

)
(1 − �3),

it is easy to obtain the expression for the apparent axial dispersion
Da,x coefficient for columns packed with a core–shell adsorbent:

Da,x = DLεe

εt
+
(

k1

1 + k1

)2
u2dp

εtεeFe6

[
dp

10Deff

1 + 2� + 3�2 − �3 − 5�4

(1 + � + �2)2
+ 1

kext

]
(6)

2.1.1. Isotherm equation
The mass balance model must be combined with an appropri-

ate isotherm equation. In this work, we  consider a linear isotherm
where Henry constant, H, is a function of the local temperature and
pressure. Hence, the isotherm model is given by [2,9,12]:

q = c · H = c · Ho exp
(

− E

RT

)
exp

(
−�Vm

P − Pref

RT

)
(7)

where Ho is the isotherm parameter, T is the temperature, E is the
activation energy of adsorption, R is the universal gas constant, �Vm

is the difference between the partial molar volumes of the solute
in the adsorbed layer and in the liquid phase and p, pref are the
pressure and reference pressure, respectively.

2.2. Methods of calculation of the physico-chemical parameters
for the mass balance equations

To solve the mass balance presented above, the external mass
transfer coefficient, kext, the axial dispersion coefficient, DL, the axial
and radial apparent dispersion coefficient, Da,x, Da,r, the molecular
diffusivity, Dm, and the tortuosity parameter, �, must be calculated.

In this work, the external mass transfer coefficient kext was calcu-
lated from the Wilson and Geankoplis [13] correlation:

Sh = 1.09
εe

Re0.33Sc0.33 (8)
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here

h = kextdp

Dm
, Re = u�dp

�
, Sc = �

�Dm

he parameters � and � are the local (at position x, r) mobile phase
iscosity and density, respectively.

The local dispersion coefficient DL was calculated from the rela-
ionship [12]:

L = 	1Dm + 	2udp (9)

here 	1 and 	2 are geometrical constants. It was assumed that
1 = 0.7 [12], whereas 	2 was estimated from the experimental
ata.

The local value of the molecular diffusion coefficient Dm was
stimated from the Wilke–Chang equation [14].

We need also the apparent dispersion coefficients. The local
alue of the axial dispersion coefficient was calculated from Eq. (6)
nd radial dispersion coefficient, Da,r, was calculated on the base of
he plate height equation derived by Knox [9,15,16].

a,r = 0.03dpu

εt
+ 0.07Dm (10)

he tortuosity parameter, �, was calculated from the correlation
17]:

 = εp + 1.5(1 − εp) (11)

.3. Method of calculation of numerical solutions of the models

The mass balance equation coupled with the heat balance equa-
ion was solved with the method described previously in details in
8,9]. Namely, first the steady-state distributions of the tempera-
ure and pressure profiles were derived. As a boundary condition
or the heat balance at the outer radius of the column, the wall
emperature profile measured in [2] was used. Namely, the experi-

ental temperature was interpolated by a suitable polynomial and
he wall temperature was calculated from this polynomial. After-
ards the time dependent mass balance equation was  solved using

he temperature and the pressure obtained earlier.

. Experimental

The experiments were described in detail by Gritti and Guio-
hon [2].  In this work we interpret the results obtained with pure
cetonitrile used as the mobile phase. The analyte was  naphtho[2,3-
]pyrene, purchased from Aldrich (Milwaukee, WI,  USA).

A 1.7 �m BEH-C18 column (150 mm  × 2.1 mm,  from Waters,
ilford, MA,  USA) and a 1.7 �m Kinetex-C18 (150 mm × 2.1 mm,

rom Phenomenex, Torrance, CA, USA) column were used. The total
orosity of the BEH column was 0.627, its external porosity 0.382
nd the particle porosity 0.396. For the Kinetex column the total
orosity was 0.517, the external porosity 0.409 and the shell parti-
le porosity 0.29.

The injected volume was 1 �l and the concentration was kept
bout 0.1 g/l to operate with a linear adsorption isotherm. The peak
rofiles were obtained for several mobile phase velocities, at wave-

ength 294 nm.  For the calculations we chose velocities equal 0.28,
.56, 0.8, 1.0 and 1.1 ml/min.

. Results and discussion

In this work we applied the mass transfer model presented

bove for the interpretation of the efficiencies measured for the
olumns packed with particles having the same nominal diame-
er but either totally porous or with an inert core. To solve this

ass transfer model, the values of the physic-chemical parameters
 1218 (2011) 5449– 5455 5451

were calculated in local column position as was  stated previously.
Instead of the nominal diameters of the particles of adsorbent, the
measured diameters were used [2]: for BEH dp = 1.77 �m,  for Kine-
tex dp = 1.89 �m and Ri/Re = 0.72.

4.1. The thermal conductivity

The thermal conductivity of a porous medium impregnated with
a liquid depends on the geometry of the solid bed, on its porosity,
and on the thermal properties of the different components of the
medium [18]. For two-component heterogeneous system that has
a chaotic structure, Zarichnyak et al. [19] proposed the following
equation for the calculation of the effective conductivity


eff = ε2
t 
elu + ε2

s 
s + 4εtεs

elu
s


elu + 
s
(12)

where the porosity εs is the ratio of the volume of the solid phase
in the bed to the geometrical volume of the column and 
s, 
elu are
the solid phase and the eluent conductivity, respectively.

The thermal conductivities of non-porous silica, solid octade-
cane and liquid acetonitrile were taken as 1.4, 0.35 and
0.203 W/m/K, respectively [2].  To calculate the effective conduc-
tivity of the bed, Eq. (12) was used first to calculate the effective
conductivity of the solid matrix (which is composed of porous sil-
ica and the C18 ligands bonded to the silica surface) 
s,ef. Next,
the effective conductivity was  obtained from 
s,ef and 
elu. For
the BEH column 
eff was equal 0.366 and for the Kinetex column
0.502 W/m/K.

4.2. Parameters of isotherm equation

The parameters of the isotherm model, Eq. (7) are the activation
energy of adsorption, E, the molar volume change, �Vm, and the
enthalpy limit, Ho, which was  estimated as follows.

For smallest velocity, the value of Ho was  calculated from the
equation:

Ho = Hlow

exp
(
− E

RTav

)
exp

(
−�Vm

Pav−Pref
RT

) (13)

where the Tav and Pav are the average temperature and pressure
inside the column, calculated for the lowest mobile phase velocity
and Hlow is the experimental value of the Henry constant calculated
for the lowest mobile phase velocity from Eq. (14) or (15).

The Henry constant for fully porous particles, was calculated
from the following equation:

H = εt

1 − εt

(
truav

Lεt
− 1

)
(14)

and, for shell particles, from expression:

H =
(

truav

stL
− 1

)
εt

1 − εe
(1 − εp)(1 − �3) (15)

where uav is the average velocity, and tr the retention time.
Eq. (7) coupled with Eq. (13) was  the isotherm model used for the

estimation of the two parameters −E and −�Vm. These parameters
were estimated with the trial and error method, to obtain good
agreement of the retention times between the experimental and
calculated peaks obtained for the lowest and highest flow rates.

The values of the parameter Ho were 4.07 and 3.32 for BEH-
C18 and Kinetex-C18 column, respectively. The values of the molar
volume change, �Vm, were −1.516E−6 l/mol and −2.17E−9 l/mol

for the BEH-C18 and Kinetex-C18 columns, respectively. The values
of the activation energy of adsorption, E, were −21,290 J/mol and
−16,000 J/mol for the BEH-C18 and Kinetex-C18 columns, respec-
tively.
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Fig. 1. Comparison of the experimental (dotted lines) and theoretical (solid lines)
concentration profiles of naphtho[2,3-�]pyrene. Column 150 mm × 2.1 mm BEH-
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moments:

N = �2
1

�′
2

(18)
18, Fv = 1.1, 1.0, 0.8, 0.56 and 0.28 ml/min (from left to right).

.3. Comparison of the experimental and theoretical peak profiles

Peak broadening is caused by two groups of effects: (i) the mass
ransfer resistances and axial and radial dispersion and (ii) the
radient of the mobile phase velocity and the gradient of the reten-
ion coefficient, which both result from the temperature gradients
cross the column. The second effect is decreasing to zero when the
olumn becomes nearly isothermal. On the other hand it becomes
he most important for large temperature gradients across the col-
mn. Dispersion due to the second group of effects is accounted
utomatically by the two-dimensional mass balance equation
2).

Dispersion caused by the first group of effects can be modeled by
ntroducing the apparent axial and radial dispersion coefficients. To
btain a good agreement between the theoretical and the exper-
mental peak profiles, the value of the apparent axial dispersion
oefficient is typically estimated from the experimental data, for
ach mobile phase velocity, separately. This drawback can be, to
ome degree, overcome by calculating the axial apparent disper-
ion coefficient from Eq. (6) and all the other parameters, but 	2,
rom the correlations presented in Section 2.2.  The 	2 parameter
hould be estimated for the conditions for which the temperature
radient inside column is smallest – it means for such experimental
onditions that the first group of effects dominates peak broaden-
ng.

The value of the 	2 parameter was estimated for each column,
t the smallest mobile phase velocity, 0.28 ml/min, and the same
alue of the 	2 was used for the simulation of the peak profiles at
ll the other velocities.

The values obtained for 	2 were 2.5 and 2.8 for the BEH-C18 and
he Kinetex-C18 columns, respectively.

Comparisons between the experimental and the calculated
eak profiles are shown in Figs. 1 and 2. For a mobile phase
ow of 0.28 ml/min, the theoretical profiles are shifted toward

onger retention times, for both columns. The discrepancy between
he calculated and experimental retention times decreases with
ncreasing mobile phase velocity. The relative errors between the
redicted and measured retentions time are less than 1.3% and 2.6%
or the BEH-C18 and the Kinetex-C18 columns, respectively.

For all the mobile phase flow rates, the calculated peak profiles

re slightly lower than those measured, except for the profile for
hich the 	2 parameter was matched. However, in our opinion, the

ccuracy of the peak shape prediction is satisfactory.
Fig. 2. Comparison of the experimental (dotted lines) and theoretical (solid
lines) concentration profiles of naphtho[2,3-�]pyrene. Column 150 mm × 2.1 mm
Kinetex-C18, Fv = 1.1, 1.0, 0.8, 0.56 and 0.28 ml/min (from left to right).

4.4. The Van Deemter plots

Fig. 3 shows the plots of the reduced height equivalent to
a theoretical plate, h = HETP/dp of naphtho[2,3-�]pyrene on both
columns. The HETP for the experimental data were calculated
with the help of the EMG  (Exponentially Modified Gaussian) [20]
function. The experimental peaks profiles were approximated by
an EMG  function and afterwards, on the basis of this function,
the experimental HETP = L/N were calculated using the method of
moments:the first moment:

�1 =
∫

C(t)t dt∫
C(t)dt

(16)

the second central moment:

�′
2 =

∫
c(t)(t − �1)2dt∫

c(t)dt
(17)

and the relation between the number of theoretical plates and these
Fig. 3. Comparison between the reduced HETP for experimental (round symbols)
and calculated (square symbols) peak profiles. BEH column – solid symbols; Kinetex
column – open symbols.
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Fig. 4. Comparison of the theoretical concentration profiles of naphtho[2,3-

lated for decreasing effective thermal conductivity. The calculations
were performed for BEH and for Kinetex-like columns. The values
of the parameters of the isotherm model were the same as those
used previously in both cases. The geometry of the adsorbent, the
J. Kostka et al. / J. Chroma

lso the theoretical values of the HETP were calculated by the
ethod of moments applied to the simulated band profiles.
Generally, the h values for the experimental peak profiles are

igher than those for the calculated profiles. This is related to
he influence of the small tails clearly visible in the rear parts
f the experimental peaks profiles. However, the changes of the
lots of the column efficiency versus the mobile phase flow
re well reproduced. The reduced HETP of the Kinetex column
emains larger than that of the BEH column in the velocity range
.2–0.6 cm3/min. For higher velocities, the loss in column efficiency

ncreases faster for the BEH column. This is related to the higher
adial temperature gradient observed in the BEH column. For exam-
le, the calculated temperature gradient at the column outlet, for
he highest flow rate was 1649.5 K/m for the BEH column and
057 K/m for the Kinetex column. This difference is explained by the
igher effective thermal conductivity of a column filled with shell
dsorbent.

.5. Influence of the inert-core thermal conductivity on the HETP

As shown above, for large mobile phase velocities, the efficiency
f the column packed with shell particles, is higher than that of
he column packed with totally porous particles. To investigate the
nfluence of the inert-core thermal conductivity on the efficiency
f the column, we made some assumptions and solved the coupled
ass balance and heat balance equations, presented above. First,
e assumed that the columns have the same geometrical param-

ters as the Kinetex column, meaning the same column length,
iameter, external, internal, particle porosities, particle and inert
ore radius as those of the Kinetex column. Next, we  assumed that
he core of the shell particles is made of materials with different val-
es of the thermal conductivity: silica (
 = 1.4 W/m/K), zirconium

 = 2 W/m/K), alumina (
 = 40 W/m/K), and gold (
 = 320 W/m/K)
nd of hypothetical materials with 
 = 15 and 
 = 25 W/m/K. The
ffective conductivity, 
eff, of the particles with inert-core made
f silica, zirconium, hypothetical materials, alumina and gold, are
.502, 0.616, 2.89, 4.628, 7.23 and 55.77 W/m/K, respectively; they
ere calculated using Zarichnyak et al. equation [19], as described

n Section 4.1.  In this case, to solve the heat balance equation, we
ould not use the measured wall temperature as a boundary con-
ition at the outer radius of the column. However, we could not

gnore the temperature distribution in the steel wall of the column.
o, we solved the heat transfer equations for the mobile phase and
he wall as explained in [8].  The temperature distribution in the
teel wall of the column was calculated for different heat transfer
oefficient, he. For he, equal to 60 we obtained a good agreement
etween the calculated and the measured temperature distribu-
ion along the Kinetex column wall. This estimated value of the
eat transfer coefficient was used with all subsequent simulation.
he heat transfer by radiation was ignored.

For each temperature distribution obtained using the values of
he thermal conductivity assumed above, the mass balance equa-
ion was solved. The values of the isotherm parameters Ho, �Vm,
nd E, were assumed as before to be equal to 3.32, −2.17E−9 l/mol
nd −16,000 J/mol, respectively.

Fig. 4 compares the calculated peak profiles of naphtho[2,3-
]pyrene for different inert-core materials, for a mobile phase
elocity of 1.1 ml/min. The theoretical value of the HETP was  cal-
ulated by the method of moments applied to the simulated band
rofiles. As can be seen, the retention times increase with increasing
ffective conductivity and decreasing overall heat transfer resis-
ances. As a result, the average column temperature decreases and

he retention factor increases.

The dependence of the h = HETP/dp on the thermal conductivity
f the inert-core is shown in Fig. 5. At the beginning (for low thermal
onductivity), the efficiency of the column increases. However, for
�]pyrene for different inert-core materials: silica (solid line), zirconium
(dashed line), alumina (dotted line) and gold(dashed-dotted line). Column
150 mm × 2.1 mm,  Fv = 1.1 ml/min.


 equal to about 30–40 W/m/K, the column efficiency reaches its
maximum value.

The lost of column efficiency is directly connected with the
radial temperature distribution. In the cases studied, the radial tem-
perature gradients at the column outlet were 1150, 952, 276, 209,
169, and 114 K/m for silica-, zirconium-, the hypothetical materi-
als, alumina- and gold-core, respectively. This means that a radial
temperature gradient less than about 170 K/m has little influence
on the column efficiency.

4.6. Influence of the decreasing effective thermal conductivity on
the peaks profiles

In the previous section we proved that the column efficiency
increases with increasing effective thermal conductivity. In this
section, for illustrative purposes, we  analyzed band profiles calcu-
Fig. 5. Calculated dependence of the h on the thermal conductivity of the inert-
core. The solid symbols depict the column efficiency calculated for silica, zirconium,
hypothetical materials, alumina and gold, from left to right.
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Fig. 6. Comparison of the theoretical concentration profiles of naphtho[2,3-
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Table 1
The hypothetical solid phase or eluent conductivity for Kinetex column.


s 
elu 
eff
a

0.308

0.203a

0.25
0.895  0.40
1.4  0.50
2.46  0.70

1.4a

– 0.25
0.106 0.40
0.203 0.50
0.424 0.70

a Assumed values.

Table 2
The hypothetical solid phase or eluent conductivity for BEH column.


s 
elu 
eff
a

0.36

0.203a

0.25
1.85  0.40
3.2  0.50
6.1  0.70

1.4a

0.097 0.25
0.238 0.40
]pyrene for different effective thermal conductivities of the bed equal to: 0.25,
.40, 0.50, and 0.7 W/m/K, from the smallest to the highest band profiles. Column
EH, 150 mm × 2.1 mm,  Fv = 1.1 ml/min.

articles and the bed porosities were assumed to be the same as for
he BEH and the Kinetex columns. Only the effective thermal con-
uctivity of the core of the shell particles was changed. The results
f the simulations made for the BEH and the Kinetex-like columns
t the flow rate Fv = 1.1 ml/min with assumed effective thermal con-
uctivities of the bed equal to: 0.25, 0.40, 0.50, and 0.7 W/m/K, are

llustrated in Figs. 6 and 7.
As can be seen, for both columns, the peaks become wider and

maller with decreasing effective thermal conductivity. When this
onductivity is further decreased, the peak begins to split. This spec-
acular effect results directly from the increase of the radial thermal
radient due to the decreasing effective thermal conductivity.

Theoretically, a decrease of the effective conductivity, unfavor-
ble for the column efficiency, can take place when a mobile phase
ith a lower conductivity is applied or when the conductivity of the

dsorbent solid matrix is decreased. The hypothetical solid phase
r eluent conductivity giving effective thermal conductivities equal
o 0.25, 0.40, 0.50 and 0.70 W/m/K  are presented in Tables 1 and 2.

aking into account the conductivities of the liquid phase used in
hromatography (water – 0.58, methanol – 0.21, acetonitrile – 0.2,
-propanol – 0.15 W/m/K, for T = 25 ◦C) it is seen that the probability

ig. 7. Comparison of the theoretical concentration profiles of naphtho[2,3-
]pyrene for different effective thermal conductivities of the bed equal to: 0.25,
.40, 0.50, and 0.7 W/m/K, from the smallest to the highest band profiles. Column
inetex, 150 mm × 2.1 mm,  Fv = 1.1 ml/min.
0.345 0.50
0.595 0.70

a Assumed values.

of peak splitting is greater for a column packed with a totally porous
adsorbent, such as BEH. For example, the thermal conductivity of
the mobile phase should be less than zero for a column packed with
a Kinetex like adsorbent to obtain an effective conductivity equal
to 0.25 (assuming the validity of Zarichnyak correlation).

On the other hand, the conductivity of the real adsorbent matrix
material is rather too high for peak splitting to be possible for a
Kinetex like adsorbent.

5. Conclusions

In this work we  have compared the efficiency of columns packed
with different kinds of particles – totally porous particles and
core–shell particles. The numerical solutions of the proposed math-
ematical model gave theoretical elution peak profiles for both
columns. We  compared the plots of the reduced heights equiva-
lent to a theoretical plate, h, of naphtho[2,3-�]pyrene on a Kinetex
and a BEH columns for the experimental and the calculated peak
profiles. The results of this comparison confirm a suggestion for-
mulated earlier [2] that the smaller loss of efficiency observed
for columns packed with superficially porous shell particles with
increasing flow rates is caused by the higher effective conductiv-
ity of these columns. From this analysis of the influence of the
solid-core conductivity on the column efficiency, it follows that
the efficiency of 2.1 mm i.d. columns packed with shell particles
reaches a maximum when the solid-core conductivity is greater
than about 30–40 W/m/K.
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