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Abstract

The behaviour of Sephadex G-25 gel packing for size-exclusion chromatography under dynamic axial compression in a
100X2.5 cm column of original design has been studied. The influence of dynamic axial compression on the bed structure
and its chromatographic performance was determined with polypeptide samples of various molecular mass. In the studied
range of compression pressure values (1.74-5.22 bar), a considerable reduction in the external bed porosity (from 0.36 to
0.20, respectively), without any collapse, is revealed. Analysis of the pressure drop on the column has shown that, under
compression, the bed permeability deviates from the relationship described by the Blake—Kozeny equation. It has been found
that packed bed consolidation involves not only a considerable decrease in the retention volumes but also a reduction in the
distribution coefficients of substances with intermediate magnitudes of the latter ones. It can be associated with particle
deformation. The influence of dynamic axial compression on the efficiency of the packed bed (zone dispersion and height
equivalent to a theoretical plate), selectivity and peak resolution was studied at different eluent velocities. Compression has
been shown to favour an overall increase in the resolution, with pressure optima observed in some cases. © 1997 Elsevier
Science BV.
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1. Introduction

The dynamic compression technique is an efficient
method of high-quality column packing in prepara-
tive  high-performance liquid chromatography
(HPLC). A number of papers dealing with detailed
studies of the phenomena in the structure of the
packing obtained by this method have been pub-
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lished [1-5]. In most studies on the subject, rigid
packing materials based on silicas, alumina, etc. are
used. Compression of soft materials is usually sup-
posed to cause progressive collapse, resulting in the
discontinuance of normal liquid phase flow (see Ref.
[5], for example).

As debates on this point are not the primary
subject of this paper, it is still worth mentioning that,
even without any additional external pressure, a
column packing experiences compression stress of
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various origins as the liquid phase flows through it.
Packed beds based on soft packing materials are
evidently more sensitive to such effects compared to
the ones based on rigid materials, because soft
materials have a lower modulus of elasticity. Practice
often provides support for this point when variations
in the flow-rate or viscosity of the liquid phase bring
about corresponding changes in a packed bed length
[6].

As regards techniques, such phenomena necessita-
te the use of columns with moveable pistons in order
to eliminate the resultant void volume. Such bed
adjustment has to be performed manually in most
available column designs for the usual types of
chromatography. Hence, it is impossible to eliminate
the resultant void volume under the operating con-
ditions. The use of columns with dynamic volume
adaptation appears to be one of the solutions to the
problem [7]. Furthermore, it would be useful to have
an idea of the direction and the magnitude of
variations inherent in the properties of soft packings
under such an influence. Data on this point are very
scarce [6,8]. Studies with the equipment realising the
dynamic mode of compression could be most helpful
in clarifying this issue.

It has been shown earlier for soft Sephadex G-25
[9] that its axial compression results not only in
packing consolidation, as with rigid materials, but
also in elastic deformation of its particles. It shows
as the decrease in both the external packing porosity
and the available pore volume inside the particles.
The separation of Blue Dextran 2000 and potassium
dichromate has demonstrated that resolution in-
creases upon compression and the process takes less
time. No dramatic reduction in the packing per-
meability has been observed in the studied range of
pressures (from 0 to 3 bar).

The susceptibility of soft packing particles to
elastic deformation upon compression and the associ-
ated changes in their inner structure can cause a
variation in the packing parameters, such as re-
tention, selectivity, etc. An investigation of the
magnitude and directionality of these phenomena is
the aim of this study. Size exclusion chromatography
(SEC) has been chosen as a model system because it
enables straightforward experimental measurement
of such packing parameters as the mobile phase and
stationary phase volumes and, hence, the values of

porosity and phase ratio. The last mentioned values
are largely decisive for the separation efficiency,
especially for SEC.

To avoid possible discrepancies, we would like to
mention a number of SEC distinctions from the other
chromatographic methods which motivate the pecu-
liar terms used for describing it [10]. Since SEC is
partition chromatography in essence, the stagnant
liquid in the pores of the packing particles should be
regarded as the stationary phase and the inter-particle
liquid should be regarded as the mobile phase. V, and
V, will further denote the volumes of the stationary
and mobile phases in a column, respectively. The
velocity of the mobile phase, u, is calculated in SEC
according to the emergence time of an unretained
component, i.e., a component that is totally excluded
from the stationary phase. Thereby, u is equal to the
mean velocity of the mobile phase outside the porous
packing particles.

2. Experimental
2.1. Apparatus and reagents

The following chromatographic system was used
in the studies: an HPLC pump type 64.00 with a
preparative head (Knauer, Germany), an automatic
injection system ACT-100 (Pharmacia, Sweden) with
a 1250-pl loop, a column (100X2.5 cm) with a
dynamic axial compression (DAC) system from
SynChro (Russia), a spectrophotometer No. 87.00
(Knauer), a Shimadzu C-R6A Chromatopac inte-
grator (Shimadzu Europe, Germany). Sephadex G-25
SF (Pharmacia) was used for column packing. The
studied polypeptides from the bee venom (phos-
pholipase A,, EC 3.1.1.4, melittin and apamin),
obtained from SynChro, contained no less than 95%
of the basic substance. The synthetic analogue of
oxytocin in the SH form with an additional C-
terminal Lys residue was obtained by the procedure
described previously [11]. Glycyl—glycine and acetic
acid were of analytical grade (Reakhim, Russia).

2.2. Design of the column with dynamic axial
compression

SEC of the polypeptide samples was performed on
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a column of original design that was developed in
our laboratory in cooperation with SynChro [12].
Fig. 1 shows the general layout of the column. The
chromatographic tube is a precision bore glass
cylinder (1000X25 mm LD.). Its inner surface is
carefully silanized to diminish friction. The key unit
of the column is a floating piston (FP), which is
steadily pressed against the gel bed via the action of
the gauge gas pressure produced above it. The
adapted bed length ranges from 350 to 950 mm. The
FP is equipped with a special system to prevent gas
penetration into the packed bed from the high
pressure region. The column is equipped with a
piston-position pickup for continuous monitoring of

Fig. 1. General layout of the SynChro column with dynamic axial
compression.

the bed length. The minimum piston travel of 1 mm
can be measured with the piston-position pickup that
makes up about 0.1% of the full scale for a 100-cm
column. All of the column parts in contact with
working liquids are made from inert materials (glass,
PTFE, titanium). The column is rated at gas or liquid
pressures of up to 8 bar.

2.3. Column packing

Initially the column was packed with a 50% (v/v)
suspension of the packing material in 0.2 M acetic
acid, the slurry being poured into the column using
an additional reservoir. A constant flow-rate of 8
ml/min was provided by the peristaltic pump at-
tached to the column outlet. The length of the packed
bed was 82.5 cm when sedimentation finished. After
that, the floating piston was inserted and the system
was assembled to completion.

2.4. Packing compression

At first, the packed bed was compressed to 1.74
bar and the pressure (P,.) was successively in-
creased to 5.22 bar. After each pressure rise, the
column was eluted at a flow-rate of 0.4 ml/min for
12-15 h, to achieve more uniform distribution of
deformation within the packed bed. The moment of
termination of bed deformation was judged by the
piston position pickup (the data are not reported).
After that, the floating piston was fixed, to eliminate
the influence of back-pressure caused by the increas-
ing flow-rate, on the established equilibrium.

2.5. Chromatography

At each pressure value, a series of runs with
separate samples was performed. The concentrations
of the samples in 0.2 M acetic acid were 2 mg/ml
for phospholipase A, (Pla), 4 mg/ml for apamin
(Apa) and melittin (Mel), 2 mg/ml for the oxytocin
analog (Oxy) and 10 mg/ml for glycyl-glycine
(GG). A three-component mixture of Pla—Apa-GG
(1.6, 1.6 and 4 mg/ml, respectively) was tested as
well. The samples were eluted with 0.2 M acetic acid
at a constant flow-rate (FR) of 3.2 ml/min (hereafter
the data are for FR=constant). At 3.54 and 5.22 bar,
two additional series of similar runs were performed
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with decreasing flow-rates for each of these pressure
values. The results of these additional experiments
were used to interpolate the data on the retention and
dispersion of the chromatographic zones, adjusted to
the values of an eluent linear velocity of 1.78 cm/
min, corresponding to the value of the latter one
under an initial compression pressure of 1.74 bar
(hereafter the data are for u=constant). The exact
flow-rate value was determined by the gravimetric
method before and after each series of the experi-
ments. The eluate adsorption was monitored at 226
nm.

2.6. Data processing

Data acquisition and initial processing was per-
formed on the Shimadzu C-R6A Chromatopac inte-
grator, with data being stored using a tape recorder.
Dispersion of the chromatographic zones was calcu-
lated using the standard integrator function as a ratio
of the peak area to its height (which is approximately
equal to the peak-width at half height, w ). With
constant integration parameters (as was the case), this
method yields somewhat underestimated peak-width
values for wide peaks, and overestimated values for
narrow peaks. The random error according to the
data on repeated experiments does not exceed 0.5%
for the retention times and volumes, or 3% for the
peak widths. The w,,, value was also corrected for
the experimentally assessed instrument contribution
(non-zero injection volume, broading in the capil-
laries). In the calculations of peak deviation, o, it
was supposed that w,,,=2.355¢. When determining
the errors in the calculated values, we used the
method of propagation of errors.

3. Results and discussion
3.1. Structure of the packed bed

The data accounting for the changes in the struc-
ture of the packed bed with successively increasing
compression pressures are shown in Fig. 2. For
Sephadex G-25, the retention volume of GG (the V,
curve) and that of Pla (the V, curve) are practically
equal to the total volume of the liquid and mobile
phases in the column, respectively. The V., curve is
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Fig. 2. Variation in the column volume (V,), the total volume of the
liquid phase (V,), and the volumes of the mobile (V,) and stagnant
(V,) phases for Sephadex G-25 gel by the action of DAC (see
Section 2 Section 3 for conditions).

representative of the variations in the total column
volume, derived as the product of the packed bed
length and the cross-sectional area. The curve,
denoted by V. in the figure and derived as the
difference between V, and V,, accounts for the change
in the available volume of the stagnant mobile phase
inside the packing particles. As seen from the figure,
the reduction in the column’s volume upon compres-
sion is caused not only by bed consolidation with the
resultant decrease in V,. As mentioned above (see
Ref. [9]), compression also induces deformation of
the soft particles that account for the V, decrease,
with a value that is equal to 8% of the initial V. As
this takes place, the difference between V, and V, (i.e.
the solid fraction of the bed) hardly changes.

Fig. 3 illustrates the resultant influence of com-
pression on the mean external porosity, &, derived as
V. /V.. As the compression pressure increased from
1.74 to 5.22 bar, the & value decreased from 0.36 to
0.20. Such a marked porosity reduction results in a
corresponding increase in the column’s resistance to
the liquid flow. The values of the specific packing
permeability, B,, given in Table 1, were calculated
by the Darcy formula [13].

q= —B,Ap/nL (1)

where ¢ is the flow-rate per unit cross-sectional area
of the column, L is the bed length and 7 is the
dynamic viscosity of the eluent. The pressure drop
across the column, Ap, specified in Table 1, was
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Fig. 3. Compression effect on the external porosity of the gel bed
packed with Sephadex G-25. See Section 3 for conditions.

measured at a constant eluent flow-rate of 3.2 ml/
min. The Blake—Kozeny equation relates B, to the
values of the external porosity, & and the specific
surface area, a, (m*/ m’) of the particles [13]:

B,=¢&'lha(l— &’ 2)

where h, is the empirical coefficient. Analysis of the
permeability dynamics shows that for this equation
to hold, the observed decrease in B, and £ must be
accompanied by a reduction in the hka]zJ value (see
Table 1). Thereby, when the compression pressure
increases from 1.74 to 5.22 bar, the calculated a,
value is almost halved (see Table 1) if A, is taken to
be constant. On the other hand, as Sephadex particles
are spherical initially, their a, has its minimum value
of 6/d, where d, is the particle diameter. Any
variation in the shape of particles upon deformation

Table 1
Effect of DAC on the Sephadex G-25 bed porosity and related
parameters

P. & Ap* B, " ha, * Relative a, *
(bar) (bar)  (pm’) (um ™)

1.74 036 3 0.25+0.04 046+0.08 =1

357 027 4 0.1280.017 0.30%0.04 0.81x0.09
522 020 6 0.093+0.007 0.13%0.01 0.53x0.05

“Measured accurate to 0.5 bar at a constant flow-rate of 3.2
ml/min,

*< Calculated by the Darcy and Blake—Kozeny equations, respec-
tively (see Section 3). N

¢ The ratio of the value \/hkai to its magnitude at a compression
pressure of 1.74 bar.

can cause only an a, increase. Hence, our data do
not fit the Blake—Kozeny equation if we assume that
a,, and consequently the particle’s external surface,
are independent of pressure.

This contradiction can be explained if a combina-
tion of particles inside the packed bed is considered
instead of separate particles. A schematic view of the
cross-section of a flow channel formed by three
contacting particles is illustrated in Fig. 4 for the
undeformed particles (a) and those deformed under
compression (b), respectively. It may be suggested
that the area of the channel walls in contact with
liquid will decrease faster than the channel volume,
upon compression, due to the reduction in space near
the places of particle contact. Therefore, the external
surface area decreases with increasing pressure.
Allowing area to change with P leads to the data in
Table 1.

From the physical standpoint, it is equivalent to
the reduction in the specific surface area, to which
the kinetic energy of the mobile phase is dissipated.
It occurs mainly by elimination of narrowing sec-
tions between adjacent particles, these sections being
unfavourable for the flow. Though actual changes in
the bed structure are only roughly approximated by
the scheme shown in Fig. 4, it enables one to explain
the absence of a dramatic rise in the eluent’s pressure
drop when the observed external porosity decreases
appreciably.

3.2. Retention
Deformation of the packed bed, accompanied by a

reduction in the values of V, and V,, must obviously
cause the corresponding changes in the retention of

(a) (b)

Fig. 4. Cross-section of the flow channel formed by three
contacting particles: (a) undeformed particles and (b) particles
deformed by the action of DAC.
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substances with intermediate values of the distribu-
tion constant, K, as V, =V_+ K V.. The compression
effect on the K value is less evident. According to
the calculations (see Fig. 5), a reduction in the
distribution constant is observed for all of the
substances eluted in the range between V, and V,
with increasing compression pressure. K_ is known
to depend on the interrelation between the pore
diameter and the size of molecules of a fractionated
substance. For example, in the simplest model with
cylindrical pores and the molecules approximated by
solid spheres, the distribution coefficient will be as
follows ( [14], p. 32):

K,=(1-2 3

where A is the ratio of the molecular diameter to the
pore diameter. Therefore, the observed changes in
the distribution constants indicate a reduction in the
apparent pore size, since molecules do not change in
size under these conditions. In fact, the type of
mechanism responsible for the reduction in V, is thus
clarified. Narrowing of intra-particle pores upon
packing contraction is most probable, and such
narrowing is not necessarily uniform. Moreover, in
places of particle contact, some pores probably close,
i.e. particles can become inhomogeneous to some
extent.

Let us consider variations in column selectivity in
the process. The calibration curves, corresponding to
compression pressure values of 1.74, 3.57 and 5.22
bar, are shown in Fig. 6. In addition to the shift of
the curves, caused by a reduction in the retention
volumes, changes in their slopes are observed, due to
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Fig. 5. Distribution coefficient vs. compression pressure.
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Fig. 6. Calibration curves obtained at a compression pressure of
1.74 bar (W), 3.57 bar (@) and 5.22 bar (A). The straight lines
correspond to a linear regression fit of the data on Mel, Apa and
Oxy.

variations in the distribution coefficients. Two por-
tions of the presented curves with the opposite
tendencies may be distinguished in this case. The
slope of the curve portion with practically linear
proportionality between V; and log M increases with
rising compression pressure. It means that the sub-
stances are eluted closer to each other in this range.
In contrast, the portion corresponding to substances
with K values that are close to unity becomes flatter,
indicating an increase in the column’s selectivity in
this range.

3.3. Packing efficiency and band broadening

The classic approach to the analysis of the ef-
ficiency of chromatographic packing suggests the
absence of any correlation between the purely exten-
sive parameter of bed length and the parameter
characteristic of the packing quality, i.e. the height
equivalent to one theoretical plate. Besides, in most
cases, the height equivalent to a theoretical plate
(HETP) is supposed to depend little on retention,
i.e., the former value is practically constant for all of
the separated components. It means that the width of
a particular chromatographic peak is proportional to
the product of the square roots of the HETP and the
column length:

H
o= VRV[Z— 4)
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as the retention volume, V,, is proportional to the bed
length. Under the conditions of this experiment, a
considerable change in both the bed length and the
retention volumes is observed (see Figs. 2 and 6),
while the net packing quantity remains constant. The
peak widths change correspondingly. Their values,
expressed in terms of w,,,, are shown in Fig. 7 as a
function of axial compression, as it determines
variations of all the parameters mentioned. As seen
from the figure, in most cases bed compression
causes a reduction in peak widths, except for the
peak of GG, which has a distinct minimum at the
intermediate compression values. The differences in
the dynamics of the curves, shown in Fig. 7, are
evidently caused by the dissimilar effect of packing
compression on the corresponding HETP and V
values.

The dependence of HETP on retention, i.e. the X
value, is a peculiarity of SEC among other chromato-
graphic methods. It is due to dissimilar distribution
of various substances in the system of the stationary
and mobile phases (which does make the separation
possible) as well as to large (up to several orders of
magnitude) differences in their molecular masses
and, accordingly, in their diffusion coefficients. In
the SEC of polymers with low diffusion coefficients,
the processes of mass transfer in the stationary and

0 T T T 1
1 2 3 4 5 6

pressure [bar]
u Pla ¢ Mel 4 Apa v Oxy ¢ GG

Fig. 7. Variation in peak widths caused by the action of DAC: (a)
at u=constant (b) at FR=constant. See Section 2 for details.

the mobile phases mainly determine the HETP value
( [14], p. 723

H=H +H, 5)

where H stands for the stationary phase diffusion
contribution and H,, for that of the mobile phase
diffusion.

With no adsorption, the contribution of the station-
ary phase diffusion to the total plate height for
porous spherical particles that are filled with the
stagnant liquid phase is described with sufficient
accuracy within the framework of the non-equilib-
rium Giddings theory [15]:

R(1-Ryd,;

Hs="3p, ©6)

where R, d, and Dy are the relative velocity of the
zone migration, the mean particle diameter and the
coefficient of the intra-particle diffusion, respective-
ly. Since R=V_/(V,+K)V,), the above-mentioned
equation is rearranged to give:

BK, 4, d, o
U=Cc* 37 U
S DS

H.=
S 30(B+K,)’ Ds

where 8=V /V, is the phase ratio. The absolute Hj
value can not be obtained because it is hard to
measure the D value experimentally. However,
possible tendencies of H variation can be estimated
if changes in d,, are disregarded. The cg value is a
function of 8 and K,, which can be determined
directly from the experimental data.

¢ reaches its maximum value equal to 1/120 at
B=K,. The values of the phase ratio and the
corresponding ¢ values for the studied substances as
a function of the compression pressure are reported
in Table 2. cg appears to vary in different ways
depending on the K value: it increases for small K
(Mel, Apa) and decreases for K,=1 (GG). In the
case of Oxy, B approaches its K, upon compression
and the cg value rises correspondingly at first and
begins to decrease, having gone through a maximum.

As mentioned above, pore narrowing is observed
under axial compression resulting in an increase in
the ratio of the molecular diameter to the pore
diameter, A. The following expression, accounting
for the friction of molecules against pore walls, can
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Table 2
Effect of DAC on the parameters 3, ¢, A and relative Dy values.
P, (bar) 1.74 3.57 522
B 0.88 0.59 0.39 +0.9%"
€ X30 +1.4%"°
Mel 0.133 0.166 0.194
Apa 0.209 0.231 0.247
Oxy 0.241 0.250 0.244
GG 0.249 0.233 0.202
A *0.5%"
Mel 0.595 0.604 0.625
Apa 0.391 0.422 0.442
Oxy 0224 0.254 0.271
Relative Dy * +29"
Mel =] 0.98 0.95
Apa =1 0.95 0.92
Oxy =1 0.96 0.94

* The ratio of the Dy value to its magnitude at a compression
pressure of 1.74 bar.
" The relative error.

be used to estimate possible variations in the intra-
particle diffusion coefficient [16]

Dy =Dy, /7(1 = 2.104A + 2.09A° — 0.951°) (8)

where D, is the diffusion coefficient in the liquid
phase and 7 is the factor of pore curvature (2.1-2.4).
For A estimating, it can be related to the K variation
using Eq. (3), for example. The corresponding A
values and the relative variations in Dy are reported
in Table 2. Hence, the Dy value decreases upon
compression of the packing particles, which, in its
turn, must cause an increase in Hg.

The second term in Eq. (5), descriptive of the
eddy diffusion contribution to HETP, is determined
by the formed packing structure, i.e. its homogeneity.
According to the coupling theory ( [17], p.54), H,, is
the following:

H —[—1—+L]_1— LI 9)
v H, H, N ad, = ¢, d’u (

P

where f and D subscripts denote the particular
contributions to HETP of the mass-transfer processes
controlled by flow and diffusion, respectively. a and
¢y are parameters conditioned by the internal bed
geometry. With small D,, values, the magnitude of
the second term in Eq. (9) is insignificant and H,;~

@ —a—Pla
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Fig. 8. HETP value vs. u: (a) at 3.57 bar and (b) at 5.22 bar.

H,. It is also supported by the experimental results
on the HETP dependence on the velocity of the
mobile phase (see Fig. 8). Specifically, the HETP
value remains practically constant for Pla totally
excluded from the packing pores (and H=H,).
Following on from the coupling theory of eddy
diffusion, the H,, value must be reduced for the rest
of the substances, as the molecular mass decreases
and the corresponding diffusion coefficient increases
at the constant velocity, u.

The case of the low-molecular-mass GG is worthy
of special note. With the retention time expressed in
terms of the eluent linear velocity and the packed
bed dimensions, there is no difficulty in obtaining the
expression:

te = Ve LIV,u = (1 + K V,/V,)Liu

and in the case of GG, r,=(1+1/8)L/u. At u=
constant, the rise in compression pressure in the
course of chromatography involving a reduction in
the bed porosity is accompanied by a considerable
increase in 1/8. As this takes place, a considerable
rise in the GG retention time from 92.7 min to 183.3
min is observed, in spite of diminishing L (see Fig.
10a and Fig. 10c). Thus, the enhancement of the
HETP value can be brought about due to the
longitudinal diffusion in the stagnant phase. In
accordance with the random-walk theory ( [17], p.
36), the corresponding value is:
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Dy 1-R Dy 1
u

" (10)

where b is the obstructive factor. Hence, this HETP
term must increase with decreasing phase ratio (see
Table 2).

The experimental HETP values are shown in Fig.
9. 1/¢ and 1/B have been chosen as abscissas for
plotting the data obtained at the constant linear
velocity and constant flow-rate, respectively, for the
following reason. These values, which increase with
compression, account for the integrated effect of the
stress applied to the packing. Hence, the data, plotted
versus 1/¢ and 1/8, are less sensitive to the inac-
curacy caused by the partial friction compensation
for the load applied to the packing. In addition, such
HETP curves account for the process physics more
adequately. Thus, the linear velocity is proportional
to the 1/e value at a constant flow-rate and the
observed HETP increase is mostly due to its increase
under these conditions. So, at a constant linear
velocity of the eluent, the HETP variation is related
either to the Hg value [for substances with inter-
mediate magnitudes of K, see Eq. (7)], or to the H,
value [GG, see Eq. (10)], with these two values
being dependent mainly on the 1/8 parameter. The
dampened rise in the HETP characteristic of the
curves for Mel, Apa and Oxy lends support to the
above considerations.

= Pla « Mel « Apa + Oxy + GG

HETP [cm]

/e

Fig. 9. HETP variation caused by the action of DAC: (a) at
u=constant and (b) at FR=constant. See Section 3 for an
explanation.

3.4. Resolution.

The resolution characteristics of a column may be
assessed by various methods in SEC. Traditionally,
the column performance has been expressed in terms
of the resolution factor, R, for a pair of peaks

Ver = Ve
RS—2(0'|+0'2) an

Packing compression causes a decrease both in the
retention and peak variance values. Therefore, it
would be convenient t0 express Rg using parameters
that are independent of each other. In SEC, the
difference in the retention volumes of two peaks can
be represented by AV, =V(K ,—K_,). The standard
deviation of the peak can be expressed corre-
spondingly in the same variables as o= (VK /
VN,;) where N, =(V, —V,)’/o” is the effective
plate number. Then, for two closely eluted peaks, the
resolution factor becomes

KOZ_KOI __l_(a_])
Re=2&, vk, YNen =2 @x1) VNer
- VN, (12)

where fﬁ is the mean of the N, values of these
peaks, and a=K_,/K,, is their selectivity coeffi-
cient. In the latter equation, the @ value accounts
just for the packed bed selectivity, which Is in-
dependent of the dynamic separation conditions, and
the N, value is the efficiency of the bed formed.
The & value is constant for undeformed particles
and depends on the packing material and the nature
of the separated substances. As indicated above, the
distribution coefficients of substances change upon
compression and can result in a variation in the
selectivity coefficient, « (see Table 3). As can be
seen from Table 3, the & value changes moderately
under the present experimental conditions (increas-
ing or decreasing within several percent) for the
substances with intermediate K, values and increases
(up to 25%) for the pair of peaks with K ,=1.

When K, =0 and the « coefficient is not defined,
the resolution factor can be described by an equation
similar to Eq. (12), if it is remembered that o, <o,.
Then

l\)|—-
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Table 3
Selectivity performance of the Sephadex G-25 bed upon DAC.

a
P a

(bar)

Apa—Mel Oxy-Apa

GG-Oxy

¢b

Apa-—-Mel Oxy-Apa GG-Oxy

1.74 227 1.62 1.66
3.57 2.13 1.67 1.80
522 222 1.71 1.88

0.39 0.24 0.25
0.36 0.25 0.29
0.38 0.26 0.31

* Selectivity coefficient, the relative error is =~ 1.4%,
*@=(a—1)/(a+1) and the relative error is ~2%.

ViKoz _ 1

20, ) VNetr

Table 4 indicates the N, values for different
values of compression pressure at a constant flow-
rate and a constant linear velocity. When the dy-
namics of the @ and N,, parameters are compared
with the behaviour of the resolution curves (Fig. 10),
it is apparent that N, exerts major control over Ry
variations for the pairs of peaks with K close to
zero. In this case, the maximum increase in res-
olution is observed for the pair of peaks with K, =0
(Pla—Metl). The increase in @ contributes basically
to the rise in the Ry value for the pairs of peaks with
K,,=1 (Oxy-GG). A maximum is typical for the
curves descriptive of the resolution factor at FR=
constant in the range of 3—4 bar (see Fig. 10).

SEC is traditionally used not only for separation
but for the analysis of molecular mass distributions
of polymers as well. In this regard, estimation of the
column’s performance appears to be more useful
than the resolution factor for a specified pair of
peaks. The linear portion of the calibration curve (see
Fig. 5) obtained for similar polymers with different
molecular masses can be approximated by a curve

Ry~ (13)

Table 4
Effect of axial compression on the effective plate number®

—a—Pla-Mel —e—Mel-Apa
~—a—Apa-Oxy —v—QOxy-GG

{a)

pressure [bar]

Fig. 10. DAC effect on the resolution factor for the pairs of peaks:
(a) at u=constant and (b) at FR =constant.

with a slope, A, and a constant, B: log M=AV,+B
or AV, =(A log M)/A. Inserting the latter expression
into the equation for resolution and neglecting o
variations, we obtain:

Puc at u=constant’ at FR=constant*
(bar)

1.74 3.57 5.22 1.74 3.57 5.22
Mel 6 9 11 6 7 6
Apa 29 31 36 29 27 25
Oxy 61 67 78 61 58 46
GG 362 424 369 362 394 298

* The relative error in the calculated values is =6%.
®1.78 cm/min.
“3.2 ml/min.
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R = A, AdlogM _ loo (M. /M
ST 20, +oy)  doA  doA 108 ML/M))
= Ry, log (M,/M,) (14)

The latter expression complies with the resolution of
peaks corresponding to similar polymers, their mo-
lecular masses differing by a factor of M,/M,. The
specific resolution factor R, peculiar to SEC, equal
to 1/40A, practically does not depend on the molec-
ular masses of the substances used for the tests. It is
numerically equal to the resolution of a pair of peaks
having a molecular mass difference of one order of
magnitude. Ry, can be used for estimating and
comparing the performances of different SEC col-
umns. R, can be normalised to the bed length, thus,
a certain resolution parameter corresponding to a
1-cm column is obtained:
R 1

Sp

VL 40AVL

* —
RSP_

(15)

This criterion is helpful for comparing columns
with different or varying bed lengths. The Rg, and
R¥, values for this experiment are reported in Table
5. Interestingly, the column resolution factor R¥,
increases upon compression, not only at a constant
linear velocity of the eluent, but even when it rises at
a constant flow-rate.

In conclusion, the elution profiles for the three-
component mixture (Pla—Apa—GG) are shown in
Fig. 11, to illustrate the net effect of axial compres-
sion on the SEC parameters. The (a) profile corre-
sponds to the initial conditions, while the (b) and (c)
profiles demonstrate the optimum in the separation
time with good resolution and the optimum in peak
resolution with a longer separation time, respective-

ly.

Table 5
Variations in packing performance by the action of DAC.

113

51.2
96.5 P . 174 bar
Pla FR - 3.2 mmin
Apa
50 U - 1.78 cm/min
(c)
0 M 1 T T 1
22.0
Pla P - 4,35 bar
- FR - 3,2 mUmin
50 4 U -2.81 cmymin
< 68.3
GG
E (b)
0 T T 1 T 1
435
P - 5,22 bar
Pla FR - 1.7 mémin
50 - U - 1.78 cm/min
(a)
0 T T 1 T 1
0 100 200 300 400
mi

Fig. 11. Elution profiles of the three-component polypeptide
mixture under the following conditions: (a) —P,.=1.74 bar,
FR=3.2 ml/min; (b) —P,.=4.35 bar, FR=3.2 ml/min and (¢)
—P,.=5.22 bar, FR=1.7 ml/min. The sequence of the com-
ponents eluted is as follows: Pla, Apa, GG; the values above the
peaks denote the retention times (min), see Section 2 for other
conditions.

4. Conclusion

The experiments performed and the analysis of the
obtained data have shown that the dynamic axial
compression technique is applicable for packings
based on soft materials. In this case the “‘softness™
of a packing material can be estimated according to
its ability to deform by the action of the pressure

P, at u =constant® at FR = constant”
(bar)
1.74 3.57 5.22 1.74 3.57 5.22
Ry, 4.01*0.14 4.20+0.15 4.55%0.16 4.01*0.14 3.97*0.14 3.88*0.14
RE, 0.46+0.016 0.51£0.018 0.60+0.021 0.46x0.016 0.49x0.017 0.51x0.017

#1.78 cm/min.
®3.2 ml/min.
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applied. Although Sephadex G-25, which was used
in this study, is considered to be rather rigid, its
particles have been shown to deform in the studied
range of compression pressure. The following dis-
tinctions between this packing and those based on
rigid materials have been revealed in the process (see
Section 3.1): (i) A considerable reduction in porosity
is caused not only by bed consolidation, but by
particle deformation as well; (ii) the observed devia-
tion of the permeability—porosity relationship from
the one given by the Blake—Kozeny equation seems
to be responsible for the absence of a dramatic
increase in the pressure drop in the column.

For SEC, a decrease in the packing porosity, phase
ratio and deformation of packing particles induce
qualitative and quantitative variations in the retention
parameters and column efficiency. As this takes
place, a reduction in dispersion of the chromato-
graphic zones is observed for practically all of the
substances studied (except GG with K =1), due to
the decrease in retention volumes in spite of the
regular increase in HETP values. This, in turn, is
responsible for a rise in the resolution of the column
under negligible changes in selectivity.

In conclusion, one more argument can be ad-
vanced in support of the possibility of compression
of soft packing materials. About 100 separations
have been performed for the above experiments, and
the column has been in continuous operation for
about 500 h without repacking. It is essential that the
packing has preserved its chromatographic properties
in the process.
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