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The peak spreading of DNAs of various sizes [12-mer, 20-mer, 50-mer and 95-mer poly(T)] in linear
gradient elution (LGE) chromatography with a thin monolithic disk was investigated by using our method
developed for determining HETP in LGE. Electrostatic interaction-based chromatography mode (ion-
exchange chromatography, IEC) was used. Polymer-based monolithic disks of two different sizes (12 mm
diameter, 3 mm thickness and 0.34 mL; 5.2 mm diameter, 4.95 mm thickness and 0.105 mL) having anion-
exchange groups were employed. For comparison, a 15-pm porous bead IEC column (Resource Q, 6.4 mm
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gie;gmwgldsti?e diameter, 30 mm height and 0.97 mL) was also used. The peak width did not change with the flow velocity
Monolith for the monolithic disks where as it became wider with increasing velocity. For the monolithic disks the

peak width normalized with the column bed volume was well-correlated with the distribution coefficient
at the peak position Kg. HETP values were constant (ca. 0.003-0.005 cm) when Kg > 5. Much higher HETP
values which are flow-rate dependent were obtained for the porous bead chromatography. It is possible
to obtain 50-100 plates for the 3 mm monolithic disk. This results in very sharp elution peaks (standard
deviation/bed volume =0.15) even for stepwise elution chromatography, where the peak width is similar

to that for LGE of a very steep gradient slope.

© 2011 Elsevier B.V. All rights reserved.

Although M (=mol/dm3) is not a SI unit, it is used in this paper
for the sake of convenience.

1. Introduction

It has been shown since late 80s that convection-controlled
chromatography allows separation at high flow velocities (high-
speed separation) [1-7]. However, for preparative and process
scale separations the advantages of convection-aided chromatog-
raphy are not clear as there are many constraints such as low
pressure drops and large particle diameters of chromatography
media.

Theoretically, the pressure drop across the chromatography
packing particle causes the intra-particle convection (through
pores) [1-7]. The key parameter is therefore, the ratio between the
particle diameter to the effective through pore diameter, dp/dsp.
Smaller dp and large d¢p can enhance the intra-particle convection.
However, smaller particles are not preferred for the process scale
separations as the pressure drop increases and the cost of packing
is high. Mechanical stability of particles basically decreases with
increasing dip.
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When large particles such as 90-100 pum are used, the flow
velocity must be high enough so that the intra-particle convection
occurs. In most cases such high flow velocities are unrealistic for
process scale separations.

On the other hand, real convection-controlling chro-
matography, in which diffusive pores are almost negligible
and most pores are convective flow-channels, is available
as membrane chromatography or monolithic chromatogra-
phy [8-20]. Several thin membranes such as 100 wm must
be stacked for membrane chromatography in order to obtain
reasonable thickness of the chromatography bed [8,9]. How-
ever, this causes additional problems such as mal-flow
distribution or extra zone spreading. Monolith, by defini-
tion, is a continuous phase chromatography so that the bed
is uniform and the flow channels are continuous like the
inter-particle space of the packed bed bead chromatography
[13-20].

Currently, most membrane-based chromatography or adsorber
is aimed for single-use flow-through chromatography appli-
cations such as removal of DNAs and host cell proteins
(HCPs) [11,12]. Eventually, desorption (elution) is not considered
important.

On the other hand, as shown previously monolith chro-
matography is best suited for purification of large biomolecules
or bioparticles such as Immunoglobulins, plasmid DNAs and
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Nomenclature

A KeAB

Ac cross-sectional area [cm?]

A0 first term in Eq. (14) [cm]

B the number of binding sites

B0 second term in Eq. (14) [m?2/s]

Co initial concentration [mg/mL]

a third term in Eq. (14) [s or min]

Dy axial dispersion coefficient [m?/s]

Ds stationary phase diffusion coefficient [m?2/s]

Do fourth term in Eq. (14) [s or min]

dp particle diameter [cm]

F volumetric flow rate [mL/min]

G normalized gradient slope =(gVy) [M]

g gradient slope = (It — Ip)/Vg = (It — Ip)/(Ftg) [M/mL]

GH normalized gradient slope=(g Vy)H=g(V: — Vy) [M]

H phase ratio=(V; — Vy)/Vo =(1 —¢)/e

HETP Plate height, Height equivalent to a theoretical plate
[cm]

I salt concentration [M]

If final salt concentration [M]

Iy initial salt concentration [M]

Ir peak salt concentration [M]

] absolute value of dK/dI at I=Ig [M~1]

K distribution coefficient

K distribution coefficient of salt

Ke equilibrium association constant

Kr Katl=Ig

kr film mass transfer coefficient [m/s]

L zone spreading factor defined by Eq. (9)

M dimensionless variable defined by Eq. (10)

ty gradient time [min]

tr retention time [min]

u linear mobile phase velocity = F/(Ace) [cm/min]

%4 elution volume [mL]

Vv elution volume for the salt [mL]

Ve gradient volume [mL]

Vo column void volume (interstitial volume) [mL]

Vr retention volume [mL]

Vi column volume [mL]

w peak width at the base line [min]

Wy peak width at the base line [mL]

w peak width measured at 0.368 x peak height [min]

wy peak width measured at 0.368 x peak height [mL]

e void fraction of column = V/V;

A total ion exchange capacity [mequiv/mL]

o standard deviation of the peak [min]

oy standard deviation of the peak [mL]

vaccines [19]. For these applications both adsorption and
desorption performance must be high and well-understood. We
have analysed the zone spreading behavior in linear gradient elu-
tion (LGE) ion exchange chromatography (IEC) of oligo-DNAs and
reported that the oligo DNA peak is quite narrow due to the large
binding site and the zone sharpening effect [20].

The purpose of this paper is therefore to understand the
zone spreading in a short-monolithic layer or disk during elu-
tion. Several studies were reported on the zone spreading in
monolithic chromatography mainly by using isocratic elution
(or pulse response method) under non-tight binding conditions
[13,15-18]. However, the data in LGE (under tight binding and
elution conditions) have not yet been fully analysed. The method
for measuring HETP from linear gradient elution (LGE) curves

[21] was applied to the data with monolithic disks as well
as conventional porous bead chromatography. As a compari-
son, the data with conventional porous 15pum particle bead
packed bed chromatography was also analysed. The model samples
were DNAs of different sizes and electrostatic-interaction based
chromatography mode (ion-exchange chromatography, IEC) was
used.

2. Experimental

The method and equipment are essentially the same as those in
our previous study [22].

2.1. Chromatography column

Poly(glycidyl methacrylate-co-ethylene dimethacrylate) disks
(12 mm diameter x 3 mm thickness, total volume V; = 0.34 mL) with
strong anion exchange group (QA) were contained in a specially
designed disk holder column from BIA Separations (Ljubljana,
Slovenia). This disk is called hereafter CIM std. A smaller unit
(5.2mm diameter x 4.95mm thickness, V;=0.105mL) from the
same supplier was also employed (hereafter, it is called CIM
mini).

As a comparison a porous-15wm particle strong anion
exchange chromatography column (Resource Q, 6.4 mm diame-
ter x 30 mm, V;=0.965 mL GE-Healthcare, Uppsala, Sweden) was
employed.

2.2. Materials

Oligonucelotides (DNAs) 12-mer poly (T), 20-mer poly (T), 50-
mer poly (T) and 95-mer poly (T) (purified by C18 HPLC) were
purchased from Tsukuba Oligo Service (Tsukuba, Japan). The sup-
plier attached the chromatogram by C18 HPLC for each product.
Prior to use for chromatography oligonucleotide samples were
thermally pretreated according to the following temperature pro-
gram: from 25°C to 95°C (20min), 95°C (3 min), from 95°C to
40°C (20min) and from 40°C to 25°C (45 min). We also tested
the following simple pretreatment method. The sample solution
was placed in a boiling water bath for 5min and then cooled
on ice. The elution curves by the two methods were superim-
posable. Without pretreatments small peaks were observed as
well as the main peak. These small peaks may be due to aggre-
gation. When the sample solution stored in a freezer was used,
very small peaks and small tailing were sometimes observed.
Therefore, the sample was freshly prepared and thermally pre-
treated before experiments. Other reagents were of analytical
grade.

2.3. Chromatography setup

Chromatography experiments were carried out on a fully auto-
mated liquid chromatography system AKTA Explorer 10S (GE
Health Care, Uppsala, Sweden). As AKTA system is not designed
for a small high performance column, the dead volume is relatively
large. The dead volume due to the connection tubes was reduced
as much as possible. The CIM disk holder was directly connected
to the UV cell (UV-cell volume 0.008 mL). As for the inlet line, the
tube between the disk holder inlet and the injection valve was
connected with a short and narrow tube (tube diameter 0.5 mm,
volume 0.07 mL).

2.4. Linear gradient elution experiment

The column was equilibrated with a starting buffer (buffer A)
containing a specified concentration of NaCl (in most cases 0.2 M).
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The same buffer solution containing 0.5-2.0 M NaCl was used as a
final elution buffer (buffer B). The linear gradient elution was per-
formed by changing the buffer composition linearly from buffer A to
buffer B with time. Namely, the NaCl concentration was increased
with time at a fixed pH and buffer compositions. The gradient slope
g is shown in M/mL. The linear mobile phase velocity u was cal-
culated with the cross-sectional area Ac and the column bed void
fraction € as u=F/(Ac-¢) where Fis the volumetric flow rate. The col-
umn bed void fraction ¢ was determined from the peak retention
volume of Dextran T 2000 pulses. For the CIM disks, the void fraction
was assumed to be 0.60 [13,14]. The experiments were performed
at 25+ 1°C. We examined the effect of pH by using different buffer
A solutions, and found the peak retention volume does not change
in the range of pH 7-9. In this study 14 mM Tris-HCI (pH 7.7) was
chosen as buffer A. Unless otherwise noted, the volumetric flow-
rate Fwas from 0.5 to 3.0 cm3/min for Resource Q, 1.0-2.0 cm3/min
for CIM std and 0.28, 0.5 and 1.0 cm?/min for CIM mini. The sample
injection volume was 0.01 cm3. Experiments were carried out for at
least four different gradient slopes. Each run was at least repeated
twice.

3. Theoretical

3.1. A and B parameter determination from linear gradient
elution curve

The outline of our model for determining the two parameters
A and B [19-24] from linear gradient elution (LGE) experimental
data is briefly explained below. The peak retention volume is a
function of gradient slope in LGE-IEC. The peak salt concentration
Ig increases with increasing gradient slope. The Iz values can be
correlated with the following normalized gradient slope,

Vi—Vo

GH = (gV0) |~ 72 | = 8(Ve~ Vo) (1)

V¢ is the total bed volume, Vj is the column void volume (inter-

stitial volume of the bed), and g is the gradient slope of the salt.

H=(V; —Vy)/V=(1-¢)/e is the phase ratio. £ = V/V; is the bed void

fraction. The gradient slope g is defined by the following equation.
I

8=V, " H (2)

It is the final salt concentration, Iy is the initial salt concentration,
Vg is the gradient volume, F is the volumetric flow rate, and g is the
gradient time. Linear gradient elution experiments are performed
at different gradient slopes (GH values) at a fixed pH. The salt con-
centration at the peak position Ig is determined as a function of
GH. The GH-IR curves thus constructed do not depend on the flow
velocity, the column dimension, the sample loading (if the over-
loading condition is not used), or the initial salt concentration I
[19-24]. The experimental GH-Ig data can commonly be expressed
by the following equation [19-24].

IB+1
_ R
CH = AB+1) 3)
From the law of mass action (ion exchange equilibrium or
stochastic displacement model) [23-29], the following relationship
can be derived.

A=K.AB (4)

here, B is the number of sites (effective charges) involved in elec-
trostatic interaction, which is basically the same as the Z number
[25,26] and the characteristic charge [27,28], Ke is the equilibrium
association constant, and A is the total ion exchange capacity.

From the ion-exchange equilibrium model and Eq. (4), the following
equation is derived [19-24].

K —K' =K.ABI"B (5)

here K is the protein distribution coefficient, K’ is the distribu-
tion coefficient of salt, and I is the salt concentration (counter ion
concentration). The SMA model equation [27,28] is reduced to Eq.
(5) when the sample loading is low (A is not affected by sam-
ple adsorption). More detailed analysis on multivalent interaction
in chromatography has been reported by Velayudan and Horvath
[29].

3.2. HETP determination from linear gradient elution curve

The conventional method for determining HETP (a height equiv-
alent to a theoretical plate) cannot be applied directly to linear
gradient elution. We therefore developed a method for deter-
mining HETP from linear gradient elution curves [21]. A similar
method, which was developed based on a different concept has
been proposed by Snyder [30]. These two methods are explained in
[31].

The usual definition of HETP (isocratic elution at constant K) is

HETP = % :z(g)z :Z(W/fR)z :Z(W/tR)Z :Z(UV)Z

tr 3 16 VR
L wy/RY (W /WR)
=7 s =7 16 (6)

The subscript Vimplies the volume based value.The elution volume
Vg canberelated to the distribution coefficient K and the phase ratio
H.

VR = Vo(1 + HKR) (7)
The plate number N is given by

- () - [t

(8)

In isocratic elution Ky is constant. However, in linear gradient elu-
tion it changes with time or elution volume. In addition, the zone
sharpening effect makes the peak narrower.

The degree of zone sharpening effect defined as L is correlated
with the dimensionless variable M.

B W(gradient elution) 9)
" W(isocratic elution at constant K)
le 1+ HKR =1+HI<RB+1 (10)
2GHJ(1+HK’) 1+HK 2B
atl=Ig
dK
=5 ()
3.22M
L = T33.13M 0.25<M <12
= MOS M <0.25 (12)
= 1 M> 12

Once the A and B values are determined by the GH-IR curve as
explained above, Kg can be calculated from Eq. (5) with the Ig value
for a given GH. Then, HETP (or N) in linear gradient elution (LGE)
can be determined from the peak width o, ;g and the I of the LGE
curve by the following equation.

2
V4 1 %y 16E zZ

(HETP)LGE:r:7 1/2 P E—
e L* V§ (1+HKR)

(13)
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Fig. 1. Elution curves as a function of flow velocity in linear gradient elution. (a)
Monolith chromatography: CIM-QA std (Z=3 mm, dc = 12 mm, V; =0.34 mL). Sample:
95-mer poly (T), Vg =20mL, GH=0.005M, Ip =0.2 M. (b) Porous bead chromatog-
raphy: Resource Q (Z=30mm, d. =6.4 mm, £=0.39, V; =0.965 mL). Sample: 95-mer
poly (T), Vg=92mL, GH=0.005M, I =0.2 M.

here Kg is the K value at I = Ig. This method was already verified by
Carta et al. [30].

3.3. van-Deemter HETP equation

A standard van-Deemter HETP equation is expressed as follows
[10,23,31-35]

HETP = A° + B®/u + C%u + DOu (14)

A% =2D; Ju is the axial dispersion term, which is a function of
particle diameter d,, for packed bed chromatography.

B®/u is the molecular diffusion term, which is not important for
the present case.

C®u=(1/30)[HK/(1+HK)?] (d3/Ds) u is the stationary phase dif-
fusion term, which governs the HETP for separation of large
molecules.

DOu=(1/3)[HK/(1 +HK)?|(Kdp k¢)u is the stagnant mass transfer
term, which does not contribute to the HETP significantly for large
molecule separations.
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Fig. 2. GH-Iz curves. The numbers in the figures 12, 20, 50 and 95 indicate 12-
mer poly (T), 20-mer poly (T), 50-mer poly (T) and 95-mer poly (T), respectively.
Ip=0.2 M, Flow rate F: 1.5 mL/min for CIM disk std, 0.28 mL/min for CIM disk mini,
2 mL/min for Resource Q

For chromatography of proteins and DNAs, Eq. (14) becomes
HETP = A° + C%u (15)

For pure convection-controlling chromatography, A° is domi-
nant in Eq. (14).

HETP = A°? (16)
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Fig. 3. Relationship between binding site B and DNA size. The numbers in the fig-
ures 12, 20, 50 and 95 indicate 12-mer poly (T), 20-mer poly (T), 50-mer poly (T)
and 95-mer poly (T), respectively. The B values and the asymptotic standard error
values are as follows: CIM QA std B=10.19+0.14 (12T), B=15.31+£0.55 (20T),
B=36.24+1.39 (50T), B=60.20+1.96 (95T), CIM QA mini B=12.04+0.76 (127T),
B=19.26+0.76 (20T), B=37.83+4.06 (50T), B=65.91+2.83 (95T), Resource Q
B=9.28+1.05 (12T), B=11.54+0.75 (20T), B=21.39+2.19(50T), B=27.73+1.34
(95T).

4. Results
4.1. Linear gradient elution curves

Typical linear gradient elution (LGE) curves as a function of
flow velocity are shown in Fig. 1 for monolithic disk (CIM std) and
porous bead chromatography (Resource Q). LGE curves in mono-
lithic chromatography are not affected by the flow velocity whereas
the peak width in porous bead chromatography become broader
with increasing u even though the particle diameter dp is small
(15 pm). In all cases the peak retention volume Vg was not affected
by u. This flow-velocity dependent peak spreading was more signif-
icant compared with the data for smaller DNAs such as 12-mer and
is due to the stationary phase (pore) diffusion resistance. The peak
width for CIM std is quite narrow (ca. 0.5 mL), and small tailing and
leading are observed. The tailing and leading might be mainly due
to the spreading in the column housing [13].

4.2. GH-Ii curves

In order to analyse the LGE peak width data by our method, it is
needed to obtain GH-Ig curves from LGE experiments. Fig. 2 shows
GH-Ig curves for the three columns. As already reported in our pre-
vious studies [20,22], the slope becomes steeper and shifts to larger
Ir values with increasing DNA size. This means that the binding site
Bvalue increases and higher salt concentration is needed for elution
when DNA becomes large.

The binding site B (effective charge) values obtained from these
GH-Ig curves are shown in Fig. 3. The B values for CIM std and CIM
mini are similar irrespective of DNA size. Compared with the data
for the CIM disks the B value for Resource Q is slightly lower for
12- and 20-mer DNAs, and considerably lower for 95-mer DNA.
The B values were determined by the least square fitting method.
The correlation coefficient was quite high (12 >0.9). However, for
such high B values as B >40 the exact value does not have a physical
meaning. It simply implies that a very large number of binding sites
is responsible for the interaction.

4.3. Peak width as a function of distribution coefficient at the
peak retention volume

As explained previously, a simple method for measuring HETP
is not applicable to LGE curve as the retention volume Vg is not
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Fig. 4. Peak width normalized with the bed volume as a function of the distribution
coefficient at the peak Kg. The numbers in the figures 12, 20, 50 and 95 indicate 12-
mer poly (T), 20-mer poly (T), 50-mer poly (T) and 95-mer poly (T), respectively. The
data encompassed by circles are for the same gradient slope. Io =0.2 M, Flow rate F:
1.5 mL/min for CIM disk std, 0.28 mL/min for CIM disk mini, 2 mL/min for Resource

Q.

directly connected with the constant distribution coefficient like
isocratic elution.

Therefore, we correlated the peak width with the distribution
coefficient at the retention volume, Kg. Our previous study has
shown a good correlation between the peak width and Kg [20].
However, in this study in order to understand the zone spreading
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mechanism quantitatively, the peak width normalized with the bed
volume V; was correlated to Kg as shown in Fig. 4. For Resource Q,
although the peak width changes with the flow velocity as shown
in Fig. 1 the data at F=2.0 cm3/min (the residence time ca. 30s) are
shown. Good correlation is found for the three chromatography
columns. However, the relative peak width values for the mono-
lith disks are much smaller than those for Resource Q especially for
large DNAs. For monolith chromatography the relative peak width
values for DNAs of different sizes are similar whereas the values for
large DNAs are larger for Resource Q.

As explained in detail in our previous study, for monolith
chromatography the relative peak width becomes narrower with
increasing DNA size in LGE with the same slope. This can be easily
confirmed in Fig. 4. For Resource Q porous bead chromatography
this effect is not valid due to the pore diffusion resistance of large
DNA:s.

4.4. HETP from linear gradient elution curves

In order to understand the peak width data more precisely
apparent HETP values were calculated according to our method
[21], and plotted against the Kg values (Fig. 5). HETP values are
almost constant (ca. 0.0025 cm) when K > 5 for CIM std. As for CIM
mini similar HETP values were obtained when Kg > 15. However, a
significant increase of HETP is observed when Kg decreases from 10
to 1. This is mainly due to the contribution of extra column broaden-
ing as the actual peak width becomes very small as shown in Fig. 4.
Constant HETP values mean that the peak width increases with the
retention volume, which is related to the distribution coefficient
(see. Eq. (13)). We did not subtract the zone spreading due to the
extra-column as it is difficult to assess the realistic value. The peak
is quite sharp for steep gradient slopes where Kg values are low (<2).
A typical baseline peak width for the 0.34 mL disk was ca. 0.2 mL
at Kr =1 (see Fig. 4). When the gradient slope is shallow, it was ca.
1 mL or larger. For these shallow gradient slope data HETP values
were precisely calculated. We did isocratic elution experiments for
relatively large Kg values. The data are shown in Fig. 5a, where both
the data from LGE and those from isocratic elution are similar. The
HETP values from both isocratic and linear gradient elution exper-
iments for Kg >5 are constant since mass transfer does not affect
the peak spreading and the contribution due to the extra-column
broadening is not significant.

As HETP is a function of flow velocity for Resource Q column
data, itis not easy to understand the data shown in Fig. 5. However,
as is clear from the figure HETP values are much higher than those
for monolithic chromatography.

5. Discussion

There are many different approaches for understanding the
zone spreading in convection-aided (perfusion) or convection-
controlling chromatography [1-10,16-18,33]. Expanded or modi-
fied van-Deemter equations for convection-aided chromatography
are based on the assumption that the rate model considering the
axial dispersion and the stationary phase diffusion can describe the
zone spreading in convection-aided chromatography when addi-
tional parameters for the perfusion effect are incorporated into the
model [1,3-7,10,33]. Therefore, the contribution of axial dispersion
and stationary phase diffusion to the total zone spreading is sig-
nificant even when the perfusion effect dominates (HETP or peak
width remains constant at high flow velocities). Therefore, it is not
possible to obtain sharp elution peaks at high flow velocities for
process-scale chromatography due to their large particle size.

On the other hand, zone spreading in convection-controlling
chromatography like monolith chromatography is not affected
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Fig. 5. HETP determined from linear gradient elution curves as a function of the
distribution coefficient at the peak Kg. The numbers in the figures 12, 20, 50 and
95 indicate 12-mer poly (T), 20-mer poly (T), 50-mer poly (T) and 95-mer poly (T),
respectively. Ip =0.2 M, Flow rate F: 1.5 mL/min for CIM disk std, 0.28 mL/min for CIM
disk mini, 2 mL/min for Resource Q. The open circle symbols are data by isocratic
elution experiments for 20-mer poly (T).

by stationary phase diffusion even at low flow velocities. HETP
does not change with flow-velocity and is a function of axial
dispersion in the bed. The axial dispersion mechanism is rather
difficult to understand. Flow-channel irregularities due to stacked
membranes and/or mal-flow distribution might cause the axial
dispersion [8,9]. More detailed and rigorous models considering
a bed as a bundle of capillaries have been proposed [36]. How-
ever, for monolith chromatography as the bed is continuous and
is regarded as a pseudo-packed bed of non-porous beads. It is rea-
sonable to assume that the axial dispersion is similar to that for
the packed bed. Frey et al. [8] has investigated the axial disper-
sion in stacked membrane chromatography along with the data by
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Briefs and Kula [37]. The normalized HETP (=HETP/membrane pore
diameter) ranges between 100 and 250. Our data shows that HETP
is 0.003-0.005cm, which corresponds to the normalized HETP
(=HETP/monolith pore diameter) 20-33 assuming that the pore
diameter is ca 1.5 um (the total number of plates for the 3 mm disk
is ca. 100). These data clearly indicate much smaller peak spreading
in monolithic chromatography compared with stacked membrane
chromatography.

The normalized HETP with the pore diameter was reported to
be around 20 for a silica monolith rod [15]. Similar data were
reported also for analytical scale silica monolith chromatogra-
phy [17,18]. The continuous phase structure of monolith rather
than discontinuous stacked membrane structure results in much
smaller dispersion in the bed. The HETP values determined from
linear gradient elution (LGE) curves are more reproducible as the
(self) zone sharpening effect can improve the distorted zone ini-
tially formed near the column inlet. The sample volume also does
not affect the peak spreading due to the tight (strong) binding at
the initial mobile phase conditions. The HETP values for relatively
large Kr values by isocratic elution experiments were similar to
those obtained by LGE experiments as shown in Fig. 5. It should
be noted here that the peak width at 0.368 x peak height, was
measured in order to determine the peak variance. We did not
employ the moment method as it is quite sensitive to a small
amount of tailing and leading for such sharp peaks [23,31,33].
When the sample has a micro-heterogeneity and the column per-
formance is high, the peak shape does not become symmetrical
and may have leading and/or tailing. Aggregation might cause
such leading and tailings although all samples were thermally
pretreated prior to use. When HETP is constant the peak width
normalized with the bed volume should increase with the cor-
rected elution volume according to Eq. (13). This is clearly shown
in Fig. 4. However, for small Kg values both the peak with and the
retention volume become smaller. Therefore, even a small con-
tribution due to the extra-column broadening affects the HETP
values. This is the reason why HETP values for small Ky values are
larger.

Currently most membrane-based chromatography is aimed for
removal of contaminants [11,12]. Therefore, the desorption or elu-
tion performance is not considered important. When monolith
chromatography is employed for purification of bioparticles such
as pDNA and vaccines, it is important to obtain sharp elution
peaks [38]. Stepwise elution chromatography can be also anal-
ysed based on our model [23,24]. As explained in our previous
studies [23], stepwise elution under complete desorption condi-
tions can be regarded as LGE with a very sharp gradient slope
(type I elution). The normalized peak width of type I stepwise
elution in monolith chromatography (CIM std) was ca. 0.13-0.15,
which agrees well with the value shown in Fig. 4 (the value at
Kr=1).
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