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The Influence of Retention on the Plate

Height in Ion-Exchange Chromatography

Ernst Hansen# and Jørgen M. Mollerup*

Department of Chemical Engineering, Engineering Research Centre

IVC-SEP, Technical University of Denmark, Lyngby, Denmark

ABSTRACT

The plate heights for the amino acid tyrosine (anion exchange) and the

polypeptide aprotinin (cation exchange) were determined on a porous

media (Resource 15) and a gel filled media (HyperD 20) at salt concen-

trations ranging from weak to strong retention. At a constant velocity,

measurements showed that the plate height increase with increasing

retention, went through a maximum, and finally, decreased as the reten-

tion increased, i.e., when the salt concentration was lowered further. The

band broadening of a chromatographic peak in the column was caused by

the axial dispersion and mass transfer. In this article, the rate of mass

transfer in the particles is described by three different rate mechanisms,
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pore diffusion, solid diffusion, and parallel diffusion. The van Deemter

equation was used to model the data to determine the mass-transfer

properties. The development of the plate height with increasing retention

revealed a characteristic behavior for each rate mechanism. In the pore

diffusion model, the plate height increased toward a constant value at

strong retention, while the plate height in the solid diffusion model

decreased, approaching a constant value at strong retention. In the parallel

diffusion model, both pore and solid diffusion took place. Therefore, the

parallel diffusion model coincides with the pore diffusion model at weak

retention and with the solid diffusion model at strong retention, while a

maximum is reached at intermediate retention, resulting in a bell-shaped

curve. This behavior corresponds to the observed variation of the plate

height at constant velocity. Neither the pore nor the solid diffusion

model can describe the experimental data while a satisfactory fit was

obtained using the parallel diffusion model.

Key Words: Plate height; Mass-transfer behavior; van Deemter equation;

Ion-exchange chromatography.

INTRODUCTION

At linear adsorbing conditions, the plate height (HETP) was determined

from the variance of the response to a pulse injection. The plate height

depends on the velocity, the rate of mass transfer, the retention behavior, as

well as the particle diameter and the porosities. The experimental data for

the plate height were correlated by the van Deemter equation. The plate height

had an explicit and an implicit dependence on the retention because the rate of

mass transfer depended on the equilibrium conditions. The scope of this study

was to determine how the plate height varies with the retention and use of the

van Deemter equation to investigate different models for mass transfer.

The plate height for tyrosine and aprotinin were measured over a wide

range of salt concentrations, ranging from weak to strong retention, on two

different resins, a porous media (Resource 15Q&S) and a gel-filled media

(Q&S HyperD 20). When the isotherm was linear, the overall mass-transfer

resistance was the sum of the film resistance and the intraparticle resistance.

The model for intraparticle mass transfer can include either pore diffusion,

solid diffusion, or both, usually referred to as parallel diffusion. Often, the

overall mass-transfer resistance is determined by measuring the plate height

as a function of the velocity under nonretained conditions.[1–3] However,

from experiments performed at a constant retention, the nature of the rate

mechanism in the particles cannot be determined since the plate height at a

constant retention can be matched by any of the three models. Therefore, to

Hansen and Mollerup2012
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distinguish between the various mass-transfer mechanisms, the plate height

must be determined at conditions having a significant variation in the

retention.

THEORY

The van Deemter equation[4] Eqs. (34)–(38) is used to model plate height

data. The rate of mass transfer is described by the linear driving force approxi-

mation. Because of the small diffusion coefficients of the solutes, tyrosine and

aprotinin, the contribution from ordinary diffusion to the band broadening can

be neglected. When the column to particle diameter ratio is above 200, experi-

ments show[5] that the eddy diffusion coefficient is proportional to the velo-

city. Using these assumptions, the reduced plate height h ¼ H/dp given by

the van Deemter equation is[4]

h ¼ 2lþ 2
k0

1þ k0

� �2
1v

6ð1ÿ 1ÞKm

¼ 2lþ 2
1þ A

pþ 1þ A

� �2
1v

6ð1ÿ 1ÞKm

ð1Þ

l is a constant, usually between 1 and 3, related to the axial dispersion coeffi-

cient, Dax ¼ lvdp and p ¼ 1/(12 1)Kd1p is in the order of 1 to 2. Km is the

overall mass-transfer coefficient corresponding to an overall linear driving

force in the liquid phase concentration C2 Cpore and A ¼ q/Cpore is the equi-

librium ratio between the adsorbed and pore phase concentrations in the

particle. The adsorbed and pore phase concentrations are defined with respect

to the accessible pore volume, with the retention factor k0 ¼ (12 1)Kd1p
(1þ A)/1. The development of the plate height with increasing retention

depends on the retention factor as well as the variation of the overall mass-

transfer coefficient as discussed as follows. A discussion of intraparticle

mass transfer is available in Perry’s Handbook.[6]

A word of caution regarding flow in a packed bed and the eddy diffusion

coefficient. Chu and Ng[7] showed that for a tube to particle diameter ratio

larger than 25, the permeability is the same as that of a large diameter tube.

When the ratio is between 8 and 25, the permeability can be larger or less

than that of a large diameter tube. The way the tube is packed determines

whether the higher porosity or surface area dominates in the wall region, and

thus higher or lower permeability. When the ratio is below 8, the confining

wall causes a marked increase in the overall bed porosity and the permeability

is always larger than that of a large diameter column. Chung andWen[8] report

similar results. The wall region extends about 0.5-particle diameters from the

wall for particles of normal imperfection of size and shape.[9] Like ordinary

Plate Height Retention in Ion-Exchange Chromatography 2013
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diffusion eddy diffusion is a second-order effect and a uniform permeability is a

necessary but by far a sufficient criterion to ensure that the eddy diffusion

becomes proportional to the velocity at low to moderate velocities, finding

a constant Péclet number for the particle. If the wall region is less than 1%

of the total flow area, the column to particle diameter must be larger than

200, or as Yamamoto phrases it: “When the column–particle diameter ratio

is above 200, the column efficiency is not markedly varied.”[5] Knox[10] pre-

sented his view on eddy diffusion and the van Deemter equation, but some

of his conclusions are based on experiments in columns having a column–par-

ticle diameter ratio less than 200. Following Chung and Wen,[8] we assumed

that the particle Péclet number is velocity independent for Reynolds numbers

less than 1 and thus Dax ¼ lvdp when the column to particle diameter ratio is

above 200.

Pore Diffusion

When the isotherm is linear, the overall mass-transfer coefficient Km is

calculable from the sum of the resistances due to mass transfer in the film

and in the particle. The resistance is the reciprocal of the mass-transfer coeffi-

cient. When the intraparticle mass transfer is controlled by pore diffusion, the

overall mass-transfer coefficient is

1

Km

¼
1

kf
þ

1

Kd1pkp
ð2Þ

kf is a velocity-dependent film mass-transfer coefficient for the external mass

transfer and kp is the pore-phase mass-transfer coefficient. The product Kd1p
is the effective particle porosity for a given solute. Since the overall mass-

transfer coefficient for pore diffusion is a constant at fixed velocity, the

plate height for pore diffusion will increase when equilibrium ration A

increases and approach a constant value when the term in the brackets of

Eq. (1) approaches unity, as shown in Fig. 1.

Solid Diffusion

In solid diffusion, the driving force for mass transfer is the apparent differ-

ence in the adsorbed phase concentration q. When the isotherm is linear, the

overall mass-transfer coefficient is calculable as

1

Km

¼
1

kf
þ

1

Kd1pAkq
ð3Þ

Hansen and Mollerup2014
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kq is the solid-phase mass-transfer coefficient and A ¼ q/c. Inserting this

expression in the van Deemter equation shows that the plate height for solid

diffusion decreases when A increases and approaches a constant value for

large values of A. A deficiency of the solid diffusion model is that the plate

height approaches infinity at nonretained conditions where A approaches 0,

as shown in Fig. 1.

Parallel Diffusion

In the parallel diffusion model, the intraparticle mass transfer is caused by

pore and solid diffusion simultaneously, i.e., the twomechanismwork inparallel.

1

Km

¼
1

kf
þ

1

Kd1pðkp þ AkqÞ
ð4Þ

Due to the parallel nature of the transport mode, the rate of mass transfer

in the particles will be controlled by the faster mechanism. At low retention,

where kp � Akq, the mass transfer is caused by pore diffusion while solid

diffusion predominates as the equilibrium ratio A becomes large. Since

Figure 1. The plate height behavior for pore, solid, and parallel diffusion calculated

from Eqs. (1) and (2)–(4) with 1 ¼ 0.5, 1p ¼ 0.5, l ¼ 2, kp ¼ 2 � 1023 cm/sec, and
kq ¼ 0.4 � 1023 cm/sec at v0 ¼ 0.1 cm/sec. The film resistance is not included.

Plate Height Retention in Ion-Exchange Chromatography 2015
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the plate height increases with A for low to moderate retention and decreases

with A for strong retention, a maximum in the plate height will be reached

at an intermediate equilibrium ratio. Finally, it is noted that the pore and

solid diffusion models, Eqs. (2) and (3), are limiting cases of the general par-

allel diffusion model Eq. (4). Knox and co-workers[10,11] investigated the van

Deemter equation with a parallel diffusion model.

Figure 1 shows the variation of the reduced plate height with the

equilibrium ratio for the three models. For simplicity, the contribution

from the external film resistance is not included. At low retention, pore

diffusion predominates and the plate height for parallel diffusion hpar � hpore
increases with increasing A, while at strong retention, solid diffusion

predominates and hpar � hsolid decreases with increasing A. At intermediate

retention, a transition from the pore to the solid diffusion domain

takes place and the plate height reaches a maximum, therefore, the resulting

variation of hpar with A becomes less than the variation for pore or

solid diffusion.

Experimental data for the plate height obtained at a constant retention can

be matched by any of the three models. Thus from a plot of the plate height vs.

the velocity (the so called van Deemter plot), we cannot, in general,

distinguish between the various modes of the mass transfer. However, with

a significant variation in the equilibrium ratio, a plot of h vs. A at a constant

velocity will show a distinguished shape for each of the three models,

as shown in Fig. 1. Thus, by determining the plate height as function of the

equilibrium ratio, we can investigate the significance of the three models

for intraparticle mass transfer.

Equilibrium Ratio

The equilibrium ratio depends on the concentration of the counter ion and

is described by the mass action law:[12]

A ¼
q

c
¼ K

L

cs

� �zsolute=zsalt

¼ Bc
ÿny
s

ð5Þ

K is the thermodynamic equilibrium constant, L is the concentration of

equivalents in the adsorbent, cs is the concentration of the counter ion, and

zsolute is the effective or binding charge of the solute. For large molecules,

such as proteins, where several configurations of attachment are possible,

the effective binding charge may depend on the nature of the adsorbent and

moderate differences in the charge ratio n should be expected.

Hansen and Mollerup2016
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EXPERIMENTAL

Chemicals

Aprotinin, provided by Novo Nordisk (Denmark), is a single-chain poly-

peptide containing 58 amino acids with a molecular weight of 6512D and an

isoelectric point of 10.5. The purity is .99%. Tyrosine (T-3754) and NaAc

(S5889) are from Sigma, NaNO3 (1.06537) and NaCl (1.06404) are from

Merck, 5N HCl (Lab00440) and 5N NaOH (Lab00334) are from Bie &

Berntsen (Denmark). Standard solutions for calibration of the pH meter are

from Radiometer (pH ¼ 4.01, 7.00, and 10.01).

Equipment

The BioCAD chromatographic workstation is from Perseptive Biosystems,

the pH meter (pHM 92) is the Radiometer, 0.45mm HV filters are from

Millipore. Columns: Resource 15S (no. 510566), 30 � 6.4mm2 (1mL),

Resource 15S (no. 300734) and 15Q (no. 301572), 30 � 16mm2 (6mL) are

from Amersham Biotech. Q HyperD 20 (lot 5155) and S HyperD 20 (lot 4206),

100 � 4.6mm2 (1.7mL) are from BioSepra.

Procedures

The experimental conditions are summarized in Table 1. The aprotinin

solutions were prepared by dissolving the acetate buffer and NaCl and adding

5N HCl to reach pH 5. The tyrosine solutions were prepared by dissolving

NaCl and adding 5N NaOH to reach pH 11. The high pH used in the tyrosine

experiments was selected to have a total charge close to22. Calculation of the

Bjerrum[13] diagram for tyrosin shows that it is almost fully dissociated at pH

11. The pH meter was calibrated using standard solutions at pH 4.01 and 7.00

or 7.00 and 10.01. All solutions were filtered through 0.45mmfilters. The pulse

response curves were measured at 254 and 280 nm. Solutions for injection

were prepared by dissolving the solute in the buffer used as mobile phase.

The solute concentrations were 1 g/L for aprotinin and 0.3 g/L for tyrosine.

The injection volume was approximately 100mL. A series of experiments

with different injection volumes was performed at low to moderate salt

concentrations to verify that the isotherm could be considered linear at

these conditions.

Plate Height Retention in Ion-Exchange Chromatography 2017
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Data Reduction

The first and second moments were determined by fitting the response

curve to the exponentially modified Gaussian function. The retention volume

was calculated by subtracting the dead volume from the first moment.

The peak variance was calculated by subtracting the variance of the system,

measured without a column, from the second moment. Finally, the plate

number N was calculated from the retention volume and the variance. The

bed porosities 1 for the Resource 15S (1mL) and S HyperD 20 columns

were determined form injections of a dextran conjugate (MW 8 � 106) dis-

solved in 1M NaCl. The total porosity 1t ¼ 1þ (12 1)1p of a column was

determined from the retention volume measured by injection of a very

small volume of water using a 1M NaNO3 buffer. We have assumed that

the porosities for the Q and S form of a resin are identical and that the two

Resource 15S columns have identical porosities.

Table 1. Parameters and experimental conditions.

Tyrosine Aprotinin

Buffer None 50 nM NaAc

pH 11 (NaOH) 5 (HCl)

cfeed (g/L) 0.3 1

D � 106 (cm2/sec) 10 1.3

Resin Resource

15Q

Q HyperD

20

Resource

15S

S HyperD

20

Vcol (mL) 6 1.7 1 and 6 1.7

dp (mL) 15 20 15 20

1 0.48 0.37 0.48 0.37

1p 0.51 0.54 0.51 0.54

v0 (cm/sec) 0.05–0.2 0.1–0.5 0.008–0.2 0.1–0.3

csalt (M) 0.02–1 0.02–0.3 0.15–2.05 0.25–1.05

Kd 1 1 1 0.74

B (Mv) 0.16 0.13 0.01 0.13

v 1.86 1.87 5.52 4.34

l 1.9 1.2 1.9 1.2

a � 103 (cm/sec)12b 55 13 9.4 2.2

b 1/3 1/3 1/3 1/3
kp � 103 (cm/sec) 11 11 3.2 0.36

kq � 103 (cm/sec) 2.2 1.4 0.58 0.15

Dp � 106 (cm2/sec) 1.7 2.2 0.48 0.073

Dq � 106 (cm2/sec) 0.33 0.28 0.087 0.031

Hansen and Mollerup2018

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The retention volume at linear adsorbing condition is[14]

VR ¼ Vcol1½1þ k0� ¼ Vcol½1þ ð1ÿ 1ÞKd1pð1þ AÞ�

¼ Vcol½1þ ð1ÿ 1ÞKd1pð1þ BC
ÿny
s
Þ� ð6Þ

The three solute dependent retention parameters Kd, B, and n were determined

by fitting Eq. (6) to the experimental retention volumes at all counter ion

concentration (Naþ or Cl2). For the cation exchange of aprotinin a concen-

tration of 50mM Naþ, originating from the acetate buffer, was added to the

nominal salt concentration.

The mass transfer and axial dispersion coefficients were determined

by fitting the van Deemter model, Eq. (1), with the parallel diffusion

model, Eq. (4), to the experimental data for h ¼ L/Ndp at all the counter

ion concentrations and velocities using the smoothed expression for

A obtained from Eq. (5). The film mass-transfer coefficient was correlated

by the expression kf ¼ avb, where a and b are constants. In the fitting

procedure, global values of the exponent b and the axial dispersion parameter

l were applied.

RESULTS

Tyrosine

Figure 2 shows the variation of the experimental retention volumes

with the salt concentration for tyrosine and aprotinin and the fit obtained

with the model, Eq. (6). The retention volumes are scaled with the retention

volume measured at nonretained conditions, i.e., at a high salt concentration.

The porosities and retention parameters are reported in Table 1. The relative

charge n corresponds to the numerical value of the binding charge since

the counter ions are monovalent. For tyrosine, the value of n for both resins

is close to the theoretical value of 1.9 at pH 11. This indicates that the entire

charge of the amino acid molecule is involved in the adsorption. Figure 2

shows that the retention behavior for tyrosine on the two resins is almost

identical.

The experimental plate height data and the fitted model at three velocities

are shown in Figs. 3 and 4. The values for l and the mass-transfer coefficients

are shown in Table 1. The results obtained on the Resource 15Q resin exhibit

the characteristic shape of parallel diffusion shown in Fig. l. The results

obtained on the Q HyperD resin are somewhat scattered, which is often

observed when the peak variance of a small solute molecule is determined on

a column with a small volume, although the column–particle diameter ratio is

Plate Height Retention in Ion-Exchange Chromatography 2019
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Figure 3. Experimental reduced plate heights for tyrosine on resource 15Q at super-

ficial velocities of v0 ¼ 0.05 (†), 0.1 (P), and 0.2 cm/sec (B). The lines are the parallel
diffusion model.

Figure 2. Experimental retention behavior of tyrosine (5) and aprotinin (†) on

Resource 15 (solid) and HyperD 20 (open) as a function of the counter ion concen-

tration, [Cl2] for tyrosine and [Naþ] for aprotinin. The lines are the retention volume

model, Eq. (6).

Hansen and Mollerup2020
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above 200. The results show that neither the pore nor the solid diffusion model

can describe the observed variation of the plate height with the equilibrium

ratio. Only the parallel diffusion model fits the data satisfactorily.

Aprotinin

The relative binding charge for aprotinin is significantly larger than for

tyrosine, therefore, the retention volumes for aprotinin increase more rapidly

with decreasing salt concentration, as shown in Fig. 2. The difference in the

retention on the two resins is more pronounced for aprotinin than for tyrosine

owing to the difference in the charge ratio n for aprotinin on the two resins, as

reported in Table 1. Although it indicates that adsorption of aprotinin on the

two resins does not involve the same number of charges, it is noted that the

model parameters B and n are strongly correlated and the true binding charges

might therefore be more alike.

The variation of plate height with the equilibrium ration for aprotinin is

shown in Figs. 5 and 6. Since aprotinin is a much larger molecule than tyrosine,

a lower rate of mass transfer corresponding to a larger plate height is expected.

Comparision of Figs. 5 and 6 with Figs. 3 and 4, shows that the plate height

Figure 4. Experimental reduced plate heights for tyrosine on Q HyperD 20 at super-

ficial velocities of v0 ¼ 0.1 (5), 0.2 (†), and 0.3 cm/sec (V). The lines are the parallel
diffusion model.

Plate Height Retention in Ion-Exchange Chromatography 2021
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increased approximately by a factor of 3 on the Resource resin and a factor of 10

on the HyperD resin. For both resins, a maximum in the plate height is observed

and a satisfactory fit is obtained using the parallel diffusion model. The 1mL

Resource column was used for A . 40 and the 6mL column for A , 40,

which may explain the discrepancies between the model and the data.

Figure 7 shows a comparison of experimental and correlated reduced plate

heights for aprotinin on Resource 15S at three different salt concentrations.

DISCUSSION

Evidently, when comparing the experimental results for tyrosine and

aprotinin to the characteristic behavior of the three mass-transfer models,

only the parallel diffusion model can describe the data satisfactory. The

pore diffusion model predicts a monotonic increase of the plate height with

retention approaching asymptotic values at strong and low retention; whereas,

the solid diffusion model predicts a monotonic decrease of the plate height

approaching an asymptotic value at strong retention.

In ion-exchange chromatography, the isotherms are linear at high salt

concentrations but when the load is sufficiently high, they become nonlinear

at moderate to low salt concentrations. The effect of nonlinearity of the

Figure 5. Experimental reduced plate heights for aprotinin on Resource 15S at super-

ficial velocities of v0 ¼ 0.05 (†), 0.1 (P), 0.2 cm/sec (B). The lines are the parallel

diffusion model.

Hansen and Mollerup2022
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isotherm was, therefore, investigated. As expected, the experiments showed

that a nonlinear isotherm has a much larger impact on the variance of the

peak than on the retention volume. A significant increase in the load

could reduce the retention volume by 5–10%, whereas, the variance could

be increased by as much as 50%. Thus as the retention volume decreases

and the variance increases and it will cause a significant increase in the

plate height. This is in contrast to the decrease observed at moderate to

strong retention shown in Figs. 3–6. Therefore, nonlinear effects cannot

explain the observed plate height behavior. Figure 8 shows the shape of

two aprotinin peaks at v0 ¼ 0.1 cm/sec on S HyperD 20 at cs ¼ 0.25M cor-

responding to A ¼ 55 and on Resource 15S at cs ¼ 0.17M corresponding to

A ¼ 196. Even though the retention volumes are large, the peaks are almost

symmetric.

Mass Transfer Behavior

The nature of solid diffusion is difficult to assess. In the solid diffusion

model, the driving force is a concentration difference in the adsorbed state

either at the inner surface of the porous particle (surface diffusion) or in the

polymeric network of the gel-filled particle. It is not obvious whether solid

Figure 6. Experimental reduced plate heights for aprotinin on S HyperD 20 at super-

ficial velocities of v0 ¼ 0.1 (5), 0.2 (B), and 0.3 cm/sec (V). The lines are the parallel
diffusion model.
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diffusion is a physical phenomena or just a conceptual mechanism for

describing a mass-transfer behavior deviating from pore diffusion. This

issue should be considered in context with the fact that the models do not

account for the principle of adsorption, in this case, ion exchange.

In the parallel diffusion model, the effective mass-transfer coefficient

kpþ Akq in the adsorbent depends on the equilibrium ratio and thus on the

salt concentration. The diffusion coefficient of a charged solute depends on

the salt concentration. Therefore, the parallel diffusion might instead originate

from a concentration dependent diffusion coefficient. To investigate this possi-

bility, we consider a model where the mass transfer occurs by pore diffusion

and the diffusion coefficient in free solution is calculable from the Nernst–

Planck equation

Deff ¼
DADBðz

2
AcA þ z2BcBÞ

DAz
2
AcA þ DBz

2
BcB

ð7Þ

A and B are the diffusing ion pairs, which in the present case, is either tyrosine

and Naþ or aprotinin and Cl2. We assume that the relative change in the pore

diffusion coefficient corresponds to the change in Deff/DA calculated from

the Nernst–Planck equation. For aprotinin, the diffusion coefficient deter-

mined from the correlation by Young et al.[15] is 1.3 � 1026 cm2/sec and Cl2,

Figure 7. Experimental reduced plate heights for aprotinin on Resource 15S at salt

concentrations of (†) 0.55, (P) 0.30, and (B) 0.17M NaCl. The lines are the parallel

diffusion model.
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it is 20.3 � 1026 cm2/sec.[13] The net charge z of aprotinin is 11. The largest

value of the diffusion coefficient ratio is obtained when the solute concen-

tration is high and the counter ion concentration low. Therefore, we inserted

the feed concentration of aprotinin, 1 g/L ¼ 0.15mM, and the lowest chloride

concentration was applied, which is 100mM. Inserting these numbers the

diffusion coefficient ratio Deff/DA for aprotinin becomes 1.54. For tyrosine,

the diffusion coefficient, determined from the Wilke–Chang correlation, is

10 � 1026 cm2/sec and the value for Naþ is 13.3 � 1026 cm2/sec.[13] The
lowest Naþ concentration applied was 20mM and the feed concentration of

tyrosine was 0.3 g/L ¼ 1.7mM. Inserting these concentrations and a charge

of 21.9 for tyrosine, the calculated diffusion coefficient ratio Deff/DA is

1.06. In comparison, the effective mass-transfer coefficient kpþ Akq, which

is proportional to the effective diffusion coefficient for the particle, varies

by a factor of 20 for tyrosine on the Resource resin when the equilibrium

ratio varies from 0 to 100. Thus, a concentration-dependent pore diffusion

coefficient, as calculable from the Nernst–Planck equation, cannot account

for the observed variation of the plate height.

Experimental studies of the plate height behavior of BSA on source 30Q

in the range pH ¼ 6–9 showed that the plate height depends on the equili-

brium ratio but the mass-transfer coefficients kp and kq were shown to be

independent of pH and the counter ion concentration.[14] A result that is

Figure 8. The shape of two aprotinin peaks at v0 ¼ 0.1 cm/sec on S HyperD 20 at

cs ¼ 0.25M corresponding to A ¼ 55 and on Resource 15S at cs ¼ 0.17M correspond-

ing to A ¼ 196.
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consistent with the model presented. The parallel diffusion model was used

to describe the plate height behavior of organic solutes on reversed phase

resins, where the adsorption mechanism is based on hydrophobicity and the

mobile phase contains water, polar organic solvents, and modifiers.[11,16]

Thus, the concept of parallel diffusion seems generally applicable and neither

electrostatic effects (ion-exchange) nor hydrophobic effects (reversed phase)

can explain the characteristic plate height behavior. It seems to depend on

how strong the solute is attached to the ligands in the porous particles.

Parameter Evaluation

The estimated value for the axial dispersion parameter l is between 1 and

2 corresponding to plate height contribution of 2–4 particle diameters. From

the present experimental data, it was not possible to estimate robust para-

meters for a and b in the expression for the film coefficient kf ¼ avb because

the film resistance is minor, except at strong retention, and because the

variation of the velocity was not substantial enough to ensure a decoupling

of a and b in the fitting procedure. Thus, the global value of b ¼ 1/3 is some-

what arbitrary, although consistent with correlations[17,18] commonly used.

The ratio of the a-parameters for tyrosine of aprotinin depends on the column

characteristics only and should, therefore, be alike. The values in Table 1 show

that this ratio is 4.2 for both solutes, which indicates that a has some physical

significance and is not merely a fitting parameter.

To compare the two resins, the diffusion coefficients were calculated from

the mass-transfer coefficients for the pore and solid phase using the relation

ki ¼ 10Di/dp. The values are shown in Table 1. The solid diffusion coeffi-

cients are lower than the pore diffusion coefficients, which are significantly

lower than the diffusion coefficients in free solution. The intraparticle

diffusion coefficients for tyrosine in the Resource and the HyperD resins

were similar, as indicated by the similar plate height behaviors, shown in

Figs. 3 and 4. The diffusion coefficients for aprotinin in HyperD were smaller

than the diffusion coefficients in Resource, especially the pore-diffusion

coefficient. Although many factors influence the pore diffusivity, it is not

unlikely that the diffusion of large molecules is more hindered in a gel-filled

pore than in a nongel-filled pore. To ensure that the apparently low intra-

particle diffusivities did not originate from the assumption that the Q and S

media have the same porosities, experiments with tyrosine on S HyperD 20

at 1M NaCl where performed. The retention and the plate height at 1M NaCl

on the S and the Q media were very similar, justifying the assumption of

identical porosities. A significant difference in the apparent diffusion coeffi-

cients in the Resource and the HyperD resins was not only observed for
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aprotinin. Similar studies with BSA showed that the maximum reduced plate

height at a velocity of 0.1 cm/sec was approximately 150 in Resource 15Q and

500 in Q HyperD 20.[14]

Saunders et al.[19] used a batch up-take technique to investigate the pore and

solid diffusion of tyrosine in an Amberlite 252 cation-exchange resin with a

particle diameter of 800. Their estimated values are Dp
0
¼ 2.3 � 1026 cm2/sec

sec and D 0
q ¼ 0.018 � 1026 cm2/sec, where D0

i ¼ Kd1pDi. Using the same

experimental approach, Jones and Carta[20] determined solid-diffusion coeffi-

cients for various amino acids on seven different Dowex resins with particle

diameters in the range of 450–850mm. Their values of D 0
q for phenyl alanine,

which resembles tyrosine, are in the range of 0.02–0.1 � 1026 cm2/sec, with
one exception of 3 � 1026 cm2/sec. Our values for tyrosine are D 0

p ¼ 0.84

and 1.2 � 1026 cm2/sec and D 0
q ¼ 0.17 and 0.15 � 1026 cm2/sec in Resource

and HyperD, respectively.

The primary application of the van Deemter equation is to characterize

and, thereby, compare different resins, and often, approximate shortcut

methods with a minimum number of experiments are needed. In regard to

this, an interesting observation can be made from the present study: If an

approximate expression for the plate height as a function of the velocity and

the retention factor is needed, it is better to use the van Deemter equation

in the simple form H ¼ Aþ Cv, where A and C are constants, than to use

Eq. (1), with a constant overall mass-transfer coefficient Km. The reason is

that the term [k0/(1þ k0)]2 varies to a much greater extent than the experi-

mental plate height because Km varies with the retention. If Kmwas a constant,

the variation of the plate height with retention would correspond to the pore

diffusion model in Fig. 1, and this is not what we observed experimentally.

The experimental data in Figs. 3–6 indicate that an appropriate average

number for C can be determined from a flow rate study at a retention in the

range of k 01–2. For many proteins, this corresponds to a NaCl concentration

in the range of 0.3–0.4M

CONCLUSION

The mass-transfer behavior of the polypeptide aprotinin and the amino

acid tyrosine was investigated on the porous resin Resource 15 and the

gel-filled resin HyperD 20 by determining the plate height as a function

of the equilibrium ratio and velocity. The observed variation of the plate

height with retention cannot be described by a model containing either

pore or solid diffusion as the rate mechanism. But when combining the

two mechanisms into a parallel diffusion model, a satisfactory agreement

between the model and the experimental data was obtained. Although
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it is not obvious whether parallel diffusion is a physical phenomena or

just a conceptual mechanism for describing mass-transfer behavior in

chromatographic media, we find the use of two intraparticle mass-transfer

coefficients for modelling the intraparticle mass-transfer substantiated by

the experimental work.

SYMBOLS

A Equilibrium ratio

B Lumped equilibrium parameter (Mv)

c Solute concentration in the mobile phase (M)

cpore Solute concentration in the pores (M)

cs Salt ion concentration (M)

D Diffusion coefficient in free solution (cm2/sec)
Dp Pore diffusion coefficient (cm2/sec)
Dq Solid diffusion coefficient (cm2/sec)
K Equilibrium constant

K0 Retention factor

Kd Steric exclusion factor

kf External mass-transfer coefficient (cm/sec)
Km Overall mass-transfer coefficient (cm/sec)
kp Pore mass-transfer coefficient (cm/sec)
kq Solid mass-transfer coefficient (cm/sec)
p Constant, 1/(12 1)Kd1p
q Adsorbed phase concentration (M)

v Interstitial velocity (cm/sec)
v0 Superficial velocity (cm/sec)
VR Retention volume mL

VNR Retention volume at non-retained conditions, i.e., A ¼ 0 (mL)

Greek Letters

a External mass transfer parameter

b Velocity exponent

1 Bed porosity

1p Particle porosity

L Capacity

l Axial dispersion parameter

v Charge ratio
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