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Packed chromatographic column, with higher efficiency and lower pressure drop is
designed by using inert core adsorbents as stationary phase. The analytical solutions for
moments and height equivalent to a theoretical plate (HETP) are given under the condi-
tions of linear adsorption kinetics by taking into account of the axial dispersion, film
mass-transfer resistance, intraparticle diffusion resistance, and the sorption rate for chro-
matographic column packed with inert core adsorbents. By minimizing HETP, a nonlinear
algebraic equation was derived to predict the optimized value of the inert core radius.
For a given adsorbent with the optimized inert core radius, a strategy was presented to
tailor the design of new packed chromatographic column with higher efficiency and lower
pressure drop. As an example for supercritical carbon dioxide chromatography, reduced
equations in terms of dimensionless inert core radius were derived by ‘‘order of magni-
tude’’ analysis. The quantitative analysis shows that the major benefit of the inert core ad-
sorbent is a shorter diffusion path compared to conventional fully porous particles. The
shorter diffusion path reduces dispersion of solutes and minimizes peak broadening lead-
ing to lower pressure drop while maintaining high-separation efficiency. VVC 2010 American

Institute of Chemical Engineers AIChE J, 56: 3091–3098, 2010
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Introduction

Chromatography is a widely-used tool in analytical and
preparative processes.1 It is highly desirable to increase the
packed column separation efficiency, while maintaining or

reducing the pressure drop across the column. In order to
maximize the separation efficiency in a column with a given
length it is necessary to reduce the particle size as far as
possible. The limit is set by pressure drop, which becomes
unacceptably large if the particles are too small.2 For exam-
ple, a prepacked 250 mm long, 4 mm dia. Chiralcel-OD col-
umn with an average particle size of 20 lm from Chiral
Technologies Europe, Illkrich-Cedex, France, was used for
the resolution of 1-phenyl-1-propanol racemic mixture by
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supercritical fluid chromatography. The pressure drop across
the unit is up to 17.0 MPa leading to further compression of
the beds which resulted in a reduction of the average column
volume by 8%.3

Binding ligand inert core adsorbents are being used for the
fast, high-performance liquid chromatography (HPLC),
because of short diffusion path resulting in low-intraparticle
diffusion resistance for biomacromolecules separation.4–11 It
may be advantageous in chromatographic column designed to
specify inert core adsorbents instead of fully porous particles
for bioseparation where the macromolecules diffusion rate in
the adsorbents has significant influence on the mass-transfer
kinetics. There are some commercial examples of such adsorb-
ents. One example is PoroshellTM 5 lm particle with a thin
layer of porous silica on a solid core used for fast, high-resolu-
tion protein separation for analytical chromatography;12

another example is HALO fused-coreTM particle technology
for hyper-fast and super-rugged HPLC columns.13

Inert core adsorbents have fascinated chromatographers
for nearly 40 years.4–16 It is realized that the loading
capacity of the columns packed with the inert core adsorbent
is relatively low and appears to be a limitation of its applica-
tion.9,10,17,18 The optimal design of inert core adsorbents in
the packed column is very important to enhance the column
separation efficiency while maintaining or reducing the pres-
sure drop across the column. A simple and efficient method
applied for the analysis of chromatographic band profiles is
the method of moments1,2,6–9,15,19,20 which has been used for
many years.16,21,22 Recently, the group of Guiochon6,7 pro-
posed a moment solution for chromatographic columns
packed with a pellicular adsorbent based on a general rate
(GR) model that takes into account of the axial dispersion,
film mass-transfer resistance and intraparticle diffusion re-
sistance, and confirmed the technical improvement experi-
mentally by using inert core adsorbents in chromatography.

Based on our previous work,8,9,14 we present a rigorous
approach that taking into account of the axial dispersion,
film mass-transfer resistance, intraparticle diffusion resist-
ance, and the sorption rate (adsorption/desorption kinetics)
for chromatographic column packed with inert core adsorb-
ents; we further derive a nonlinear algebraic equation to pre-
dict the optimized value of inert core radius based on the
minimization of height equivalent to a theoretical plate
(HETP). A new strategy is presented here to design higher
efficient and with lower pressure drop packed column chro-
matography using inert core adsorbents as stationary phase.
An example is presented for the case of supercritical carbon

dioxide chromatography for resolution of 1-phenyl-1-propa-
nol,3 and quantitatively described for (1) how to lower the
pressure drop to improve the chromatographic operation per-
formance, (2) how to enhance the chromatographic separa-
tion efficiency, and (3) how to increase the treatment capa-
bility.

It should be pointed out that the separation efficiency
depends on many factors. In addition to particle properties
(particle size, porosity, ligand density and chemistry), affin-
ity (adsorbent/target molecule interactions), and operating
conditions (flow rate, temperature, mobile phase composi-
tion) can also play critical roles. There are many ways to
improve separation efficiency; this work deals with one as-
pect of a very complex problem.

Mathematical Models

The scheme of the chromatographic column and the inert
core adsorbent is shown in Figure 1.

It is assumed that the ligand-binding is uniform for the po-
rous section of the adsorbent particle. If the particle radius is
R0 with a core radius Rc (column length L0 with column dia.
D0), for GR model by taking into account the axial disper-
sion, film mass-transfer resistance, intraparticle diffusion re-
sistance, and the sorption rate (adsorption/desorption
kinetics), the expressions of the first absolute moment l1,
and the second central moment l

0
2, for Dirac input mode at

the exit can be obtained as7,14

l1 ¼ h 1þ t 1� n3C
� �

1þ nmð Þ� �
(1)

l02 ¼ 2ht 1� n3C
� � 1þ nmð Þ2 1� n3C

� �
3

1

H
þ 1

Bi

� �
þ nm

w

" #

þ 2h2 1þ t 1� n3C
� �

1þ nmð Þ� �2
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in which nC ¼ RC

R0
, the porosity ratio is t ¼ 1�eB0

eB0

� �
eS, the

capacity factor is nm ¼ KqS
eS
, the dimensionless adsorption rate

constant is w ¼ kadsR
2
0

DpKqS
, the Biot number is Bi ¼ kf0R0

eSDp
, the ratio of

time constants for convection in outer fluid and pore diffusion

is h ¼ eB0L0Dp

u0R2
0

, and the Pelect number based on column length is

Pe ¼ u0L0
eB0DL0

, and

1

H
¼ 1� nCð Þ2

1� n3C
� � nC þ 1� nCð Þ3

5 1� n3C
� �

" #
(3)

The first absolute moment and the second central moment
give all the information available in the profiles on the ther-
modynamics of equilibrium between the mobile and the sta-
tionary phase, and on the mass-transfer kinetics between
these two phases of the system. The theoretical plate number
NT can be calculated using the first absolute moment l1, and
the second central moment l

0
2

NT ¼ l21
l02

(4)

Figure 1. Scheme of chromatographic column and
inert core adsorbent.
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The HETP normalized by the column length is defined as

HETP ¼ 1

NT
(5)

i.e.

HETP ¼ 2t 1� n3C
� �

h 1þ t 1� n3C
� �

1þ nmð Þ� �2
� 1þ nmð Þ2 1� n3C

� �
3

1

H
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� �
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w

" #
þ 2

Pe
ð6Þ

or in dimension form on the righthand side of Eq. 6

HETP ¼ 2t 1� n3C
� �

1þ t 1� n3C
� �

1þ nmð Þ� �2 eSu0R2
0

eB0L0
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The linear GR model represents the limiting cases of low
concentrations or very strong adsorption (very large Henry
constant) within the Henry’s law region.

In general, we have the following simple form for HETP

HETP ¼ 2

1� n3C
� �

1� eB0ð Þ
u0R

2
0

L0

� �

� 1� n3C
� �

3
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The resolution is measured from the chromatogram by the
degree of separation23

RS ¼
ffiffiffiffiffiffi
NT

p
4

k

k þ 1

� �
a� 1

a

� �
(9)

where k is the retention factor calculated relative to the column
void volume, and a is selectivity factor calculated from the
ratio of retention factors; evidently, k and a are determined by
the chemical properties of the system.

Axial dispersion coefficient DL0 and external mass-transfer
coefficient kf0 are, respectively, evaluated by2

DL0 ¼ c1eB0DM þ 2c2R0u0 (10)

in which c1 ¼ 0:45þ 0:55eS and c2 � 0:5.

2kf 0R0

DM
¼ 1:09

eB0

lf
qf DM

 !0:33
2R0u0qf

lf

 !0:33
;

for 0:0015\
2R0u0qf

lf
\50 ð11Þ

The pore diffusivity Dp is related to the molecular diffu-
sivity DM as2

DP ¼ DM

s
(12)

in which s is the tortuosity factor.
The pressure drop DP0 through the column can be esti-

mated by23

DP0 / gL0Q0

D2
0R

2
0

(13)

where g is solvent viscosity, Q0 is the flow rate, and D0 is the
inner column diameter.

The optimized value nc is based on the minimization of
HETP of Eq. 6, i.e.,

@HETP

@nC
¼ 0 (14)

Then, the optimized value nC,optimized is obtained by solv-
ing the nonlinear algebraic Eq. 15

3t 1þ nmð Þ 1þ 3nC þ n2C
� �
5

þ 1þ 2nC
1� nC

þ 2

Bi

¼ 3nm
w 1þ nmð Þ 1� nCð Þ2 t 1þ nC þ n2C

� �� 1

1þ nmð Þ 1� nCð Þ

 �

ð15Þ

Equation 15 presents a general equation to predict the
optimized value of inert core radius. With the optimized
inert core radius, a packed-column can be designed to operate
with higher separation efficiency and lower pressure drop.

Results and Discussion

When the adsorption rate is very fast, such as w ¼ 10,
local adsorption equilibrium can be attained immediately on
the adsorbed surface of adsorbent; with increase of the inert
core size in the adsorbent, the intraparticle diffusion

Figure 2. Effect of nc on HETP for different adsorption-
desorption rate w at typical conditions of nm
5 103, Bi 5 102, and t 5 0.5.

Circle Points: optimized value nC,optimized calculated by Eq. 15.
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resistance is significantly decreased, which will enhance the
column efficiency, HETP will decrease as shown in Figure 2
at typical values of nm ¼ 103, Bi ¼ 102, and t ¼ 0.5.7,8

When the adsorption rate is slow for small w values, instan-
taneous adsorption equilibrium on the adsorbed surface of
adsorbents is not attained; at constant w there is an optimum
value of nc leading to a maximum value of NT.

Although the intraparticle diffusion resistance can be
decreased significantly with the increase of inert core size, the
decrease of the accessible surface area used for adsorption in
adsorbents (shell volume decrease) will not favor the adsorp-
tion of solutes with slow adsorption rate. Therefore, at a given
adsorption rate, there exists an optimum inert core size as
shown in Figure 2; at this point, HETP is minimum and col-
umn operation is more efficient, as shown in Figure 3.

New strategy for tailored design of new chromatographic
column based on the optimized value of the
inert core dimensionless radius

Let us consider that a chromatographic column packed
with fully porous particle with radius R0, is now replaced by
inert core particles with the same radius R0; the optimized
value of the inert core radius should be R0nC;optimized based
on Eq. 15. The loading capability of the column packed with
inert core adsorbent is relatively low compared with fully
porous particle with the same size.

It should be pointed out that there is no restriction to the
sizes of inert core particles; hence, no limitation to their
binding capacity unless other concerns come into play, such
as particle rigidity and technical difficulties in producing
bigger inert core particles. For the purpose of reducing the
pressure drop across the column, while maintaining or
increasing the separation efficiency, we propose a strategy
for the design of new adsorbent as stationary phase based on
the optimized value of the inert core radius. The procedure
is shown in Figure 4 for design of new adsorbent based on
the optimized value nC,optimized.

Assuming the volume of the thin porous layer of the new
adsorbent with radius R is u1 times to that of the fully po-

rous particle with radius R0, if the same value of nC,optimized

is kept, we have

u1

4

3
pR3

0 ¼
4

3
pR3 � 4

3
p RnC;optimized

� �3
(16)

That is

R ¼ kR0 (17)

where

k ¼ u1

1� n3C;optimized

 !1
3

(18)

Let n be the number of particles packed in the column,
we have

p
D2

0

4
L0 1� eB0ð Þ ¼ n

4

3
pR3

0 (19)

where eB0 is the bed porosity.
Equation 19 leads to the result

n ¼ 3D2
0L0 1� eB0ð Þ
16R3

0

(20)

Let the new column have a dia. D ¼ u2 D0 with u3 times
loading amount of ligand, that is, to keep u3/u1 times num-
ber of packing particles, we, thus, have

u3

u1

n
4

3
pR3 ¼ p

D2

4
L 1� eBð Þ (21)

Equation 21 leads to the result

L

L0
¼ u3

u1

1� eB0ð Þ
1� eBð Þ

D0

D

� �2 R

R0

� �3

¼ u3k
3

u1u
2
2

1� eB0ð Þ
1� eBð Þ (22)

If we keep the flow rate as u4Q0, the pressure drop is
now

Figure 3. Minimum value of HETP changes with nc and
w calculated by Eq. 15 at typical conditions of
nm 5 103, Bi 5 102, and t 5 0.5.

Figure 4. The procedure for design of new adsorbent
based on the optimized value nC,optimized.
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DP ¼ u4DP0

L
D2R2

L0
D2

0
R2
0

¼ DP0

u3u4k
u1u

4
2

1� eB0ð Þ
1� eBð Þ (23)

The superficial velocity u based on pD2u ¼ u4pD
2
0u0 is

now

u ¼ u4

D2
0

D2
u0 ¼ u4

u2
2

u0 (24)

Let us now consider the separation efficiency. For simpli-
fication, we take an example for the new inert core particle
with the same volume and ligand-loading as that of the fully
porous particle (i.e., u1 ¼ 1 and u3 ¼ 1), the new column
with a dia. D ¼ kD0 (i.e., u2 ¼ k).

For uniform particle the average porosity of the column is
a function of R/D.24 If R/D ¼ R0/D0, we have

1� eB ¼ 1� eB0 (25)
and then

L ¼ k3
L0

k2
¼ kL0 (26)

Case 1. Maintaining the same flow rate (i.e., u4 5 1)

The pressure drop is now

DP ¼ DP0

u3u4k
u1u

4
2

1� eB0ð Þ
1� eBð Þ ¼ 1

k3
DP0 (27)

The superficial velocity u is

u ¼ u4

u2
2

u0 ¼ 1

k2
u0 (28)

(1) Axial dispersion coefficient DL

Let, es ¼ 0.35,2 we have

DL0 ¼ 0:643eB0DM þ R0u0; and DL ¼ 0:643eB0DM þ 1

k
R0u0

(29)

(2) HETP
Based on Eq. 8, for nc ¼ 0, we have

HETP0 ¼ 2
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u0R
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for the new column

HETP ¼ 2
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u0R
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H
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Let c be the efficiency ratio of both the ‘‘new’’ and ‘‘old’’
columns (the ratio of theoretical plate number), we have

c ¼ NT

NT0
¼ HETP0

HETP
(32)

after arrangement

c ¼
1
15

sR2
0

eSDM
þ 1

3
R0

kf0
þ 1

kads
þ eB0 1� eB0ð Þ 0:643 eB0DM
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Typically eB0 � 0:4, s � 2:5,2 we have

c ¼
7:14R2

0

DM
þ 5R0

kf0
þ 15

kads
þ 0:925DM

u2
0

þ 3:6R0

u0

35:7
kH

R2
0

DM
þ 5

k1:66
R0

kf0
þ 15

kads
þ 0:925k DM

u2
0

þ 3:6R0

u0

: (34)

For convenience, we only consider the case for supercriti-
cal fluid chromatography. Usually DM, u0, R0, kf0 and kads
has the following order of magnitude in supercritical fluid
carbon dioxide.2,3

DM � 10�10m2=s; u0 � 10�3m=s;R0 � 10�5m; kf0 � 10�6

m=s; and kads � 10s�1 (assumed) w � 0.01. Thus

c ¼ 7:14þ 50þ 1:5þ 0:925� 10�4 þ 0:036
35:7
kH þ 50

k1:66
þ 1:5þ 0:925� 10�4kþ 0:036

� 58
35
kH þ 50

k1:66
þ 1

(35)

It is evident that the intraparticle diffusional resistance,
the external mass-transfer resistance, and the sorption rate
are dominant for resolution of racemates in supercritical fluid
chromatography.

Therefore, the ratio of the resolution factors g, is

g ¼ RS

RS0
¼ ffiffiffi

c
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
58

35
kH þ 50

k1:66
þ 1

s
(36)

Table 1. Pressure Drop, Resolution Ratio and Superficial Velocity for the New Column: Case of Inert Core Particle with the
Same Ligand-Loading of the Fully Porous Particle

nC,optimized k H
Particle
radius, R Column diameter, D

Column
length, L

Pressure
drop, D P

Resolution
ratio, g

Flow
velocity, u

0 1 5 R0 D0 L0 D P0 1 u0
nC,optimized Eq. 18 Eq. 3 k R0 k D0 k L0

1
k3
DP0 Eq. 36 1

k2
u0

0.6 1.08 7.95 1.08 R0 1.08 D0 1.08 L0
1

1:26DP0 1.09 1
1:17 u0

0.63* 1.10 8.51 1.10 R0 1.10 D0 1.10 L0
1

1:33DP0 1.11 1
1:21 u0

0.9 1.55 30.08 1.55 R0 1.55 D0 1.55 L0
1

3:72DP0 1.50 1
2:40 u0

0.95 1.91 60.06 1.91 R0 1.91 D0 1.91 L0
1

6:97DP0 1.78 1
3:65 u0

*Fused-CoreTM particle.13
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in which one assumed that retention factor k and a selectivity
factor did not change, because for the inert core adsorbent
those quantities are only related to the physical properties of
the stationary phase.

Table 1 is the summary for the evaluation results for the
case that keeps both the same loading amount of ligand and
the same treatment capability (same feed flow rate).

The third row in Table 1 for nc ¼ 0.6, and particle radius
1.08R0 shows that if one sets a new column as dia. 1.08D0,
length 1.08L0 with the same flow rate (the flow velocity is u0/
1.17), then pressure drop is DP0/1.26, and the resolution factor
increases 1.09 times. Furthermore, as shown in the fourth row in
Table 1 for nc ¼ 0.95 and particle radius 1.91R0, if one sets a
new column as diameter 1.91D0, length 1.91L0 with the same
flow rate Q0 (the flow velocity is u0/3.65), then pressure drop is
only DP0/6.97, and the resolution factor increases 1.78 times.

The effect of nc on the pressure drop DP/DP0 and on the
ratio of the resolution factor g for Case 1 (maintaining the
same flow rate) is shown in Figure 5. The HETP is not sen-
sitive to nC,optimized when w\ 0.01, as shown in Figure 3; nc
can be choice in a wide range.

Increase of nc favors the operation performance (lower the
pressure drop); however, HETP increases greatly once apart
from the optimized value nc, as shown in Figure 2.

Case 2. Increasing feed flow rate to kQ0 (i.e.,e4 5 k)

The pressure drop is now

DP ¼ 1

k2
DP0 (37)

The superficial velocity is now u ¼ u4

u2
2

u0 ¼ 1
k u0, and

DL0 ¼ 0:643eB0DM þ R0u0; and DL ¼ 0:643eB0DM þ R0u0

(38)

For the new column, the dimensionless HEPT is

HETP ¼ 2

1� eB0ð Þ
u0R

2
0

L0

� �

� 1

3

1

H
s

eSDM
þ 1

kf0R0

� �
þ k

R2
0

1

kads


 �

þ 2eB0
u0L0

0:643eB0DM þ R0u0ð Þ ð39Þ

Thus, similarly, we have

c � 58
35
H þ 50þ k

(40)

and

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

58
35
H þ 50þ k

s
(41)

Table 2 is the summary for the evaluation results for the
case that keeps the same loading amount of ligand, but
where the treatment capability (feed flow rate) increases by
a factor of k.

The third row in Table 2 for nc ¼ 0.60, and particle radius
1.08Q0 shows that if one sets a new column as diameter
1.08D0, length 1.08L0 with the flow rate 1.08Q0 (the flow
velocity is u0/1.08), then the pressure drop is DP0/1.17, and
the resolution factor increases 1.02 times.

Furthermore, as shown in the fourth row in Table 2 for nc
¼ 0.95, and particle radius 1.91R0, if one sets a new column
with diameter 1.91D0, length 1.91L0 with the flow rate
1.91Q0 (the flow velocity u0/1.91), then the pressure drop is
only DP0/3.65, and the resolution factor increases 1.05
times.

Figure 6 shows the effect of nc on the pressure drop ratio
DP/DP0, on the ratio of the resolution factors g, and on the
flow rate ratio Q/Q0 for Case 2 (increasing flow rate to kQ0).

Figure 5. Effect of nc on pressure drop DP/DP0, and the
ratio of the resolution factors g for Case 1
(maintaining the same flow rate).

Table 2. Pressure Drop, Resolution Ratio and Superficial Velocity for the New Column: Case of Inert Core Particle with the
Same Ligand-Loading of the Fully Porous Particle, but k Times the Treatment Capability

nC,optimized k H
Particle
radius, R

Column
diameter, D

Column
length, L

Pressure
drop, D P

Resolution
ratio, g Flow rate, Q

Flow
velocity, u

0 1 5 R0 D0 L0 D P0 1 Q0 u0
nC,optimized Eq. 18 Eq. 3 k R0 k D0 k L0

1
k2
DP0 Eq. 41 k Q0

1
k u0

0.6 1.08 7.95 1.08 R0 1.08 D0 1.08 L0
1

1:17DP0 1.02 1.08 Q0
1

1:08 u0
0.63* 1.10 8.51 1.10 R0 1.10 D0 1.10 L0

1
1:21DP0 1.03 1.10 Q0

1
1:10 u0

0.9 1.55 30.08 1.55 R0 1.55 D0 1.55 L0
1

2:40DP0 1.05 1.55 Q0
1

1:55 u0
0.95 1.91 60.04 1.91 R0 1.91 D0 1.91 L0

1
3:65

DP0 1.05 1.91 Q0
1

1:91
u0

*Fused-CoreTM particle.13
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Conclusions

A new strategy was presented for tailored design of the col-
umn chromatography with higher efficiency and lower pressure
drop by packing inert core adsorbents as stationary phase. The
optimized value of inert core is obtained by solving a nonlin-
ear algebraic equation, which is derived from a new expression
for the height equivalent to a theoretical plate (HETP) under
linear adsorption equilibrium by taking into account of the
axial dispersion, film mass-transfer resistance, intraparticle dif-
fusion resistance, and the sorption rate for chromatographic
column packed with inert core adsorbents. As an example for
supercritical carbon dioxide chromatography, reduced equa-
tions in terms of dimensionless core radius were derived by
order of magnitude analysis. The quantitative analysis shows
that the major benefit of the inert core adsorbent is small diffu-
sion path compared to conventional fully porous particles. The
shorter diffusion path reduces dispersion of solutes and mini-
mizes peak broadening leading to lower pressure drop while
maintaining high-separation efficiency.

In summary, the advantages of the packed chromato-
graphic column with inert core adsorbents designed with the
aforementioned strategy are (1) lower pressure drop across
the column and higher efficiency, (2) higher resolution than
in conventional HPLC, and increasing feed flow rate, and (3)
more flexibility for designing the column.

It should be mentioned that the method can only be
applied for linear chromatography, mainly for analytical pur-
poses. In the case of preparative chromatography, the col-
umn works in nonlinear isotherm range.
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Notation

Bi ¼ Biot number (¼ kf R/esDP)
D ¼ inner column diameter, m

DL ¼ longitudinal dispersion coefficient, m2�s�1

DM ¼ molecular diffusivity, m2�s�1

Dp ¼ effective pore diffusivity, m2�s�1

K ¼ Henry equilibrium constant, m3�kg�1

k ¼ retention factor
kads ¼ kinetic constant for adsorption, s�1

kf ¼ external mass-transfer coefficient, m�s�1

L ¼ length of column, m
NT ¼ theoretical plate number
Pe ¼ Pelect number based on adsorber length (¼ uL/eBDL)
Q ¼ flow rate, m3�s�1

R ¼ radius of the adsorbent, m
Rc ¼ radius of adsorbent inert core, m
Rs ¼ degree of separation
u ¼ average velocity in the interparticle space in the column, m�s�1

Greek letters

a ¼ selectivity factor
c ¼ the efficiency ratio of both the ‘‘new’’ and ‘‘old’’ columns
g ¼ the ratio of the resolution factor
l1 ¼ the first absolute moment
l

0
2 ¼ the second central moment
lf ¼ viscosity of fluid, Pa�s
eB ¼ voidage of column
es ¼ voidage of adsorbent shell
y ¼ ratio of time constants for convection in outer fluid and pore

diffusion (¼ LDp/uR
2)

k ¼ Eq. 18
qf ¼ density of fluid, kg�m�3

qs ¼ density of adsorbent shell, kg�m�3

nc ¼ dimensionless radius of adsorbent inert core (¼ Rc/R0)
nm ¼ adsorption capacity factor (¼ Kqs/es)
s ¼ tortuosity factor
t ¼ distribution ratio ¼ 1� eBð ÞeS=eB½ �
w ¼ dimensionless adsorption rate constant ¼ kadsR

2
�
DpKqS

� �
DP ¼ pressure drop across the column

Subscripts

0 ¼ state for fully porous particle
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