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SYNOPSIS

Cellulosic hydrogels in bead form were prepared by dropwise addition of cellulose solutions
in N,N-dimethylacetamide (DMAc) and lithium chloride (LiCl) to azeotropic methanol or
isopropanol as nonsolvent. Bead properties were examined in relation to cellulose solution
concentration, viscosity, and molecular weight. Bead properties were defined in terms of
solids content, flow characteristics, mechanical strength, bead size, and pore dimensions.
Results suggest that (a) beads can be prepared with solids content ranging from 2 to 12 wt
%, depending on solution concentration; (b) uniform spherical shapes require a viscosity
range between 100 and 300 cS; (¢) beads can be produced in different sizes, within the
diameter range of 100 to 1,500 um; (d) linear flow velocities of packed bead columns are in
the range of 70 to 350 cm/min; and (e) pore sizes of beads vary between 8 to 200 A. Beads
with low cellulose concentration show a wide fractionation range of up to 200,000 g/mol

for polyethylene oxide. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

Purification and recovery of recombinant protein
products can account for as much as 80% of total
manufacturing costs for the biopharmaceutical in-
dustry.l? Because most isolation and purification
involves large-scale liquid chromatography, the
availability of cost effective and efficient chromato-
graphic support materials is of critical importance
for advancements in bioprocessing technology. A
general consensus for an ideal matrix is that it
should exhibit the following requirements: high
specificity (implying a surface charge content ap-
proaching zero); absence of hydrophobic binding
sites; good chemical stability; good mechanical ri-
gidity; high binding capacity; good recoverability;
high reproducibility; and low cost.?™

Hydrophilic polymers such as agarose and dex-
tran have traditionally been used as supports for
chromatographic procedures in biosciences and bio-
technology.%” During the early days of chromatog-
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raphy, microcrystalline cellulose was used in powder
form; however, this was found to be limited by poor
flow characteristics and high pressure drops during
column operation.? Since then, several techniques
have been developed to replace the powder form by
a more adequate particle shape, especially that of
the spherical bead.®!' According to Stamberg,!
spherical cellulose beads have been produced by a
variety of processes, all having in common the fol-
lowing steps: (a) solvation of cellulose or cellulose
derivative; (b) formation of a spherical droplet from
the solution; (c¢) stabilization of the droplet; (d)
phase inversion of the droplet so as to produce a gel;
and (e) washing.

The major problem facing bead production was
a lack of neutral cellulose solvents. Cellulose insol-
ubility was overcome by using cellulose derivatives,
such as cellulose acetate or xanthate (i.e., viscose),
as starting material. The advent of novel solvent
systems, such as DMAc/LiCl for cellulose, allowed
the exploration of hydrogel production from unsub-
stituted cellulose.'®'® This made it possible to take
advantage of the exceptional rigidity of the cellulose
backbone, which is the primary basis for hydrogel
strength.
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Cellulosic hydrogels in bead form have long been
recognized for their superior strength properties
under dynamic flow conditions. However, it was only
recently that a rigorous and fundamental under-
standing of the interrelationship between pressure
drop, flow velocity, solids content, and pore dimen-
sions began to surface.!*

In a study of the material aspects of beaded cel-
lulosic hydrogels, Kaster et al.!* introduced a design
model for hydrogel-based immunosorbents that
sought to optimize intraparticle protein transport,
physical strength, pressure-flow characteristics, and
dynamic capacity by manipulating bead size and
solids content. Cellulose beads with solids contents
of greater than about 9% dramatically reduced the
permeability of large proteins such as thyroglobulin
and beta-amylase into the gel matrix. Additionally,
the amount of permeation by thyroglobulin at 3%
bead solids content was about 10-fold larger than
predicted by conventional diffusion models. A 1,000
um diameter beaded cellulose immunosorbent hav-
ing 3% solids content gave equivalent capacity to a
140 um diameter beaded, crosslinked agarose sup-
port containing 4% solids. The authors concluded
that the rapid intraparticle transport of large pro-
teins in the 3% cellulose beads was evidence for an
intraparticle transport regime symptomatic of both
convection and diffusion.*

It was, therefore, the objective of the present
study to examine production, flow, and separation
capabilities of cellulosic hydrogels using the novel
DMAc/LiCl solvent system in relation to polymer
and materials characteristics.

EXPERIMENTAL

Cellulose Sources

Cellulose samples from different sources and rep-
resentative of a large molecular weight range were
used in this study. Cellulose powder (DP, 200 and
DP,, 300) was obtained from Whatman Paper Ltd.
(CF-11); cellulose powder (DP,, 100 and DP,, 300)
was obtained from Aldrich Chemical Company;
chemical-grade wood pulp with DP,, averages of 900
(DP,, 2500), 1200 (DP,, 3000), 1400 (DP,, 5300),
and cotton linters with DP, 2100 (DP,, 4000) were
obtained from Eastman Chemical Company, Kings-
port, TN. Cellulose samples were carbanilated, then
dissolved in THF, and analyzed by gel permeation
chromatography with a differential viscosity detec-
tor ( Viscotek Model No. 100) and a differential re-

fractive index (concentration) detector (Waters
410) in sequence. All the calculations were based on
a universal calibration curve.

Solvents

N,N-Dimethylacetamide (DMAc) reagent grade
was obtained from Fisher Scientific. Methyl and
isopropyl alcohols were purchased from Baxter Sci-
entific Products, and used without further purifi-
cation.

Others

Polyethylene oxide (PEQO) and polyethylene glycol
(PEG) were used as polymer probes, and they were
procured from both Aldrich Chemical and Scientific
Polymer Products, respectively. Lithium chloride
(LiCl) certified grade was obtained from Fisher Sci-
entific.

Cellulose Dissolution

The dissolution of cellulose was based on the pro-
cedure of McCormick and Lichatowich.!? Cellulose
samples were solvent exchanged in DMAc for at
least a week. Excess solvent was removed by filtra-
tion, and the dry weight was determined. The “ac-
tivated” cellulose was stored for use. To dissolve
cellulose, first a weighed amount of LiCl (8-10%,
w/v) was dissolved in DMAc at 80°C. After com-
plete dissolution of LiCl, a weighed amount of “ac-
tivated” cellulose was added under continuous stir-
ring. The mixture was kept at 80°C for 1 h, before
it was cooled to room temperature with stirring con-
tinuing for 1-15 h or until complete dissolution was
achieved.’® Cellulose solution concentration varied
from 0.5 to 8%, w/v.

Beading Process

A solution of cellulose was atomized to form droplets
using the apparatus shown schematically in Figure
1. Two nozzle types, with single and with multiple
tips, were used. The former was able to handie small
volumes (100-200 mL) of solution, and the latter
could process up to 4 L per batch. In both cases, the
cellulose solution was transferred from the solvent
reservoir to the nozzle by applying pressurized ni-
trogen. The solutions were atomized into droplets
by means of pressurized air jets pointed at the tip
of the needle from which the solution protruded.
The droplets were collected in a beaker containing



Extrusion

Nozzle U
Air __>\ < N
E@ﬁ N
M

| pressure

bR, tank ——

Figure 1l Schematic representation of the instrumental
beading setup. Bead formation is related to solution vis-
cosity and air velocity as described by Su et al.'®

isopropanol /water (azeotropic mixture, 8.8 : 1.2),
or methanol/water after traveling several inches
through open air. Solvent phase inversion was in-
stantaneous, and the beads retained their spherical
droplet shape.

DMACc/LiCl were removed first by washing with
alcohol (isopropanol or methanol ), and secondly by
exhaustive water washing. The beads were kept in
water and stored in a refrigerator.

Pressure Drop Measurements

The mechanical strength of the beads was measured
using a chromatographic column (Pharmacia, C 16/
40, 16 mm X 40 cm), linked to an IBM-PC that
controlled the pump speed and read the pressure
from a pressure transducer (Fig. 2). Degassed water
was pumped continuously from a reservoir through
a 7 um filter, a pulse dampener, the column, and a
flow meter. A pressure transducer at the inlet of the
column measured the change in pressure across the
column bed. Water flowed upstream through the
bead column, then through a flowmeter and back to
the reservoir. Flow was programmed to increase
continuously by less than 0.2 mL /min. An experi-
ment was performed on dextran (Sephadex) beads
and used as control. The results were presented in
a plot of pressure drop, as given by

Pressure drop [psi cm™]

_ Pressure [psi]
column height {cm]

(1)

vs. linear velocity, expressed as
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Linear velocity [cm min ]

_ Flow rate [mL /min]
column cross-section [cm?]

(2)

Solution Viscosity

The intrinsic viscosities of the cellulose solutions
and the polymer probes were determined using a
Cannon-Ubbelohde type of viscometer. All mea-
surements were made in DMAc/LiCl solvent system
at 22°C for the kinematic viscosity, and at 25°C for
the intrinsic viscosity. The intrinsic viscosities, as
well as the molecular weights and molecular diam-
eters of equivalent spheres of the polymer probes
used are given in Table 1.

Solids Content

The dry weight of the “activated’ cellulose was cal-
culated after methanol Soxhlet extraction of DMAc
and drying the sample in a vacuum oven at 60°C
until constant weight was achieved. The cellulose
content of the beads was determined by either ly-
ophilization or thermogravimetric analysis.

Bead Size Distribution

Bead size distributions were determined using a
computer imaging system that included a Carl Zeiss
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Figure2 Schematic representation of the instrumental
setup for measuring pressure drop and crush velocity. The
apparatus is programmed for dynamic flow rate variation
and continuous pressure drop measurements.
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Table I Molecular Weights, Intrinsic Viscosities,
and Molecular Diameters of Equivalent Spheres
of the Polymer Probes Used

Molecular Molecular
Weight, [IV] Diameter
Polymer M, MWD  (cm®/g) (A)
PEO-300 305,400 1.08 176.7 403.2
PEO-200 200,000 — 128.1 318.4
PEO-95 95,700 1.02 104.5 231.8
PEO-67 67,000 — 72.5 178.2
PEG-20 20,000 335
PEG-17 19,700 1.34 29.6 86.2
PEG-15 15,000 1.2 25.5 78.4
PEG-11 10,900 1.18 18.0 61.1
PEG-9 9,000 1.1 20.1 61.1
PEG-6.8 6,800 — 18.8 54.4
PEG-5 5,000 1.03 10.3 40.2
PEG-3 3,070 1.06 11.7 35.3
PEG-1.5 1,490 1.05 5.0 21.0
PEG-0.6 629 1.1 — 12.0
Methanol 32 1.0 — 3.1

Axioskop, and a DAGE MTI CCD-72 video camera
linked to a PC fitted with an Image 1 A/T digital
image analysis program. Each sample contained
more than 100 beads taken randomly from a sample.
The mean diameter of the beads was measured, and
the standard deviation was calculated.

Pore Size Analysis

The pore sizes of the beads were analyzed by gel
permeation chromatography (GPC). This was per-
formed using a Waters solvent delivery system with
a Waters Model 650 sample injector. The column
was from Pharmacia (C10/40, 10 mm X 40 cm).
Column effluents were monitored by an Erma 7512
refractive index detector. The separation system is
schematically illustrated in Figure 3. The cellulose
beads were packed into the column forming a bed
volume of 32 mL. The column was operated at con-
stant speeds of 0.3, 0.5, and 1.0 mL /min. The fol-
lowing equation was used to calculate the chro-
matographic distribution coeflicient, Kp,

Ve — Vo mi
K = e e, min 3
b Ve, max Ve, min ( )

where V, is the elution volume; V, ..., the elution
volume of a totally excluded sample; and V4, is
the elution volume of a totally permeating sample.
K, is related to the elution volume; it can have a

value between 0 and 1. The relationship between
distribution coefficient and molecular weight was
displayed as a plot of log MW vs. K;,. Because mo-
lecular weight is directly related to molecular radius
for any polymer in a given solvent, the log MW vs.
Kp curve was adapted to show the dependence of
Kp; upon molecular radius. Polyethylene oxide
{PEO) and polyethylene glycol (PEG) were used as
molecular weight standards for column calibration.
Their molecular diameter in water was calculated
from the expression

R, = 0.54(M[n])/? (4)

where R, is the radius of a hydrodynamically equiv-
alent sphere based on solute viscosity; M is molec-
ular weight, and [#] is the intrinsic viscosity. The
molecular weights and sizes of the standards are
given in Table 1.

The pore volume distribution was obtained by dif-
ferentiating the K, curve
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Figure3 Schematic representation of the instrumental
setup for determining pore characteristics.
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Figure 4 Typical size distribution of cellulose beads as determined by image analysis.
The bead sample shown in the inset had an average size of 467 um, with a standard deviation

of 112 based on a sample size of 149 beads.

(Kp, — Kps3) Zp
Pore Volume = (5)
(log ¢, — log ¢,)

where ¢, and ¢, are the molecular diameter of two
consecutive standards; and Zp is the pore volume
fraction. 2 was calculated by dividing the pore vol-
ume (Vp = V0 — Vomin) by the empty column
volume.

RESULTS AND DISCUSSIONS

Formation

Conventional methodology for the formation of
spherical polysaccharide hydrogels (“beads™) in-
volves the dispersion of a polysaccharide solution in
a medium of nonsolvent liquid phase. Bead size is
thereby controlled by the creation of shear forces,
and this involves efficiency of mixing during dis-
persion and the addition of surface active sub-
stances. In the present study, a solution extrusion
method was adopted from Su et al. for sodium al-
ginate solutions.'® The breakup of the extruding fluid
stream into spherical particles is thereby assisted
by an air jet creating turbulence and shear at the

point of extrusion. This method of atomization is
critical for cellulose solutions, which otherwise tend
to form fibers. Parameters important for efficient
droplet formation include viscosity, surface tension,
and shear forces applied to the fluid stream. The
transport of the fluid stream through turbulent air
helps in the formation of spherical particles as shown
in Figure 1. The droplets form an outer, permeable
membrane following contact with a nonsolvent, such
as aqueous methanol or isopropanol. Solvent ex-
change through this membrane (phase inversion)
creates spherical gel particles, beads, with sizes that
depend primarily on the dimensions of the atomizing
nozzle. Cellulose beads were produced in a wide
range of sizes, varying from 100 to 1,500 ym in di-
ameter, with a skewed distribution for a target av-
erage size. A typical size distribution of cellulose hy-
drogel beads (Fig. 4) reveals a more (in case of single
tip nozzles) or less (in case of multiple tip nozzles)
uniform distribution of 500 um size with a standard
deviation of 100 um. The solids content of the water-
washed, ash-free beads is related to both the solution
concentration of cellulose (Fig. 5) and the compo-
sition of the nonsolvent (Fig. 6). Owing to the speed
of phase inversion, no density gradient is expected
to exist within the large hydrogel beads. In general
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Figure5 Relationship between bead solids content and
cellulose solution concentration.

it is possible to predict the final cellulose content in
the beads through a relationship (Fig. 5) observed
between the concentration of the cellulose in the
solution with the actual cellulose concentration in
the final bead. The relationship varies with the na-
ture of the nonsolvent used.

Although it is possible to solubilize cellulose in
DMAc/LiCl in concentrations up to 15% by
weight, !® solution viscosities of greater than 700 ¢S
become too high for successful bead making. In fact,
viscosity is the primary parameter determining
“beadability.” The relationship between the highest
solution concentration of cellulose and cellulose
molecular weight allowing bead production (Fig. 7)
reveals an upper solution viscosity limit beyond
which cellulose extrudes as filament rather than as
bead. For instance, with DP,, 200-cellulose (CF-11;
M, 90,000 daltons), it is possible to produce beads
from solution concentrations of up to 5% by weight,
whereas DP, 1,220-cellulose (M,,, 635,000 daltons)
is hardly ‘“‘beadable” at concentrations as low as
0.6%. Beads could only be produced at solution vis-
cosities below 700 ¢S, regardless of molecular weight
(Table II). Solution viscosities above 700 ¢S could
not be handled for beadmaking in the apparatus
used. Therefore, the term “beadability” defines the
viscosity boundaries for beading. Although beads
with extremely low solids content can be produced,
their mechanical strength is poor. The lowest so-
lution viscosity allowing bead production was found
to be around 20 ¢S. In order to increase bead strength
and bead solids content, cellulose of lower molecular
weight must be used. Based on Figure 7, it is pre-
dicted that with cellulose of DP 100 solutions having
a concentration of up to 10% by weight can be
beaded. Such low DP celluloses are typically ob-
tained by partial hydrolysis or by steam explosion.”
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Figure 6 Comparative cellulose bead characteristics
using (A) methanol and (B) isopropanol-based nonsol-
vents. The balance of alcohol content is water.

In all cases, the preferred viscosity range for pro-
ducing uniformly sized spherical beads is between
100 and 300 ¢S. Given constant solution viscosity
and constant cellulose molecular weight, the process
of bead generation is highly reproducible. Both bead

Concentration, (%, wt./v)

0 500 1000 1500 2000 2500 3000

Cellulose DP_

Figure 7 Relationship between cellulose molecular
weight and maximum allowable cellulose solution con-
centration for bead production. The area under the curve
represents the region where beads can be made using the
beading device shown in Figure 1.



Table II Viscosity and ‘“‘Beadability”’
of Cellulose Solutions

Viscosity Bead
(cS) Formation
Cellulose, M,, = 89,300
Solution Concentration
(%, w/v)
5.5 — No
5.0 — No
4.0 479.2 Yes
3.0 150.8 Yes
2.0 34.1 Yes
1.0 25.8 Yes
0.5 15.7 No
Cellulose, M,, = 634,800
Solution Concentration,
(%, w/v)
0.80 3670 No
0.75 2820 No
0.70 1800 No
0.65 1470 No
0.60 940 No
0.55 710 Yes

size and bead solids content are highly predictable,
and no uncontrollable differences in bead specifi-
cations have been noticed in more than 20 repeti-
tions of bead making on the 1 to 4 L scale.

Mechanical Strength

One of the most important properties of the cellulose
beads is their mechanical strength, their ability to
support fast flow of fluids without deformation, or
without the development of high back pressures. The
mechanical strength of cellulose beads in terms of
the relationship between linear velocity and pressure
drop reveals the pressure exponentiation behavior
typical of hydrogels!* (Fig. 8). The primary
strength-determining variable is the solids content
of the beads. Sephadex G-50 beads (source: Phar-
macia LKB Biotechnology) were also analyzed un-
der the same conditions for comparison. Flow rates
as high as 350 cm/min can be sustained by cellulose
beads without significant back pressure and without
physical degradation. As a general rule, the higher
the cellulose content of the hydrogels, the stronger
the beads. In fact, beads with solids contents greater
than 11% by weight failed to yield entirely to flow
rates of 600 mL min ™ (max. capacity of pump) cor-
responding to linear velocities of 300 cm min~!. On
the other hand, Sephadex G-50 revealed the lowest
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strength characteristics, about seven times lower
than the cellulose beads with an equivalent solids
content. In all the experiments, the bead size was
greater than 350 um on average, one reason why
Sephadex G-50 (300 um) was selected for compar-
ison.

The relationship between linear flow velocity and
pressure drop across a 40 cm column reveals that
most beads produce a nearly linear rise in linear
velocity with pressure rising before pressure expo-
nentiation is experienced (Fig. 8). The fact that the
linear portion of the velocity vs. pressure drop re-
lationship closely follows, without being identical,
to theoretical expectations has been pointed out by
Kaster et al.'* (The deviation of experiment from
theory, which suggests a faster rise of pressure drop
as linear velocity increases, was attributed to particle
deformation during flow).!

The second observation from the velocity vs.
pressure drop relationship (Fig. 8), that of pressure
exponentiation above a threshold flow velocity, in-
dicates mechanical crushing of the chromatographic
support. The relationship between crushing velocity
(defined as the point where the flow rate crushes
the beads) and bead solids content reveals an almost
exponential rise with solids content (Fig. 9). The
relationship between crushing velocity and bead di-
ameter for cellulose beads with 4.8 and 8.9 % solids
content, respectively, reveals linearity between
crushing velocity and bead diameter (Fig. 10). In
general, within a series with constant solids content,
the higher the bead diameter, the higher the bead
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Figure 8 Flow characteristics of cellulose beads (350
um) in comparison with Sephadex G-50 (300 um). The
flow rates were determined on a column (40 X 1.6 cm i.d.,
Pharmacia) with distilled water as mobile phase. Supports:
(a) Sephadex G-50, (b-e) cellulose beads with increasing
amounts of solids content: (b) 4.5%; (c) 5.9%; (d) 7.3%;
and (e) 11.2%.
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Figure 9 Variation in the crushing velocity of cellulose
beads as a function of cellulose solids content. Also shown
in the figure is the crushing velocity of Sephadex G-50
with 11.5% solids content at comparable bead size.

strength. As the bead solids content doubles, its re-
sistance to crushing also increases; and this effect
is more dramatic for larger than for smaller beads.
Figure 11, similarly to Figure 7, establishes the limits
of bead strength achievable under current beading
conditions. Surprisingly, this relationship implies
that cellulose with the highest molecular weight
produces the beads with the lowest strength. This
is, of course, related to the concept of “beadability”
defined above. Cellulose with high molecular weight
is not “beadable” at elevated solution concentra-
tions. Therefore, beads cannot be produced with
higher solids content. The strongest beads are those
made from solutions with highest cellulose content,
and this requires celluloses of low molecular weight.

Bead Morphology and Pore Size Distribution

The evaluation of bead morphology was attempted
by scanning electron microscopy (SEM). Beads
carefully dehydrated by (slow) freeze drying fol-
lowed by desiccation in vacuum over P,0; exhibited
SEM micrographs typical of hard glasses, without
any sign of morphological differentiation. Attempts
to gain insight into never-dried beads by environ-
mental SEM failed on account of low solids content
and insufficient distinctiveness of the carbohydrate
molecules in water. Experiments with stained hy-
drated beads are currently underway using trans-
mission electron microscopy. The results of these
morphological studies by optical means will be re-
ported in a forthcoming communication.

The measurement of bead porosity or pore volume
distribution was performed by GPC. A typical chro-
matogram of a series of molecular probes on a cel-
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Figure 10 Effect of size and solids content on flow
characteristics of cellulose beads. Supports: cellulose beads
with (+) 4.8% solids content; and (A) 8.9% solids content.

lulose bead column is shown in Figure 12. The peak
on the top (i.e., PEO-300) represents the upper limit
of separation, or V, ;.. The peak on the bottom (i.e.,
methanol) represents V, ..., or the volume of a fully
permeated molecule.

The complete molecular weight calibration curve
and pore volume distribution (Fig. 13) was obtained
by using several molecular probes of very low poly-
dispersity. The interpretation of these curves can
be regarded as the integral and the differential pore
size distribution of a cellulose bead column. The K,
values are plotted against the logarithm of the mo-
lecular weight for different PEO and PEG standards.
From the K curve (Fig. 13), the mean pore diameter
can be determined chromatographically by taking
the molecular diameter at K, 0.5. Figure 13 also
shows the pore volume distribution obtained by tak-
ing the first derivative of the K, curve. The results
reveal pores capable of accommodating molecules
sized between 10 and 1,000 A following a uniform
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Figure 11 Effect of cellulose molecular weight on flow
characteristics of cellulose beads. The curve shows the
predicted highest crushing velocities as a function of cel-
lulose molecular weight for beads produced under the con-
ditions described in the text.
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Figure 12 Elution profile of methanol, polyethylene
glycol (PEG), and polyethylene oxide (PEO) on 200 pum,
10.2% solids content cellulose beads. Chromatographic
conditions: column dimensions: 32 X 1 ¢m; flow rate: 1
mL/min; and 20 uL. sample volume.
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Figure 13 Exclusion chromatographic calibration curve
for cellulose beads with 5.1% solids content. The pore size
distribution curve is obtained by differentiation of the
calibration curve.
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Figure 14 Exclusion chromatographic calibration
curves for cellulose beads with (®) 2.6%; and (W) 8.9%
solids content.

distribution that peaks at 200 A. The upper limit of
the fractional range of this column for PEG was
about 100,000 g/mol. Examples of calibration curves
for beads with solids contents of 2.6 and 8.9% are
shown in Figure 14. The higher the cellulose content,
the smaller the pore size. Both the pore dimensions
and the pore volume distribution vary with bead
solids content, as illustrated in Figure 15.

Resolution capacity expressed as height equiva-
lent to theoretical plates (HETP) is linearly related
to linear flow velocity, and exponentially to particle
diameter according to chromatographic theory.!®
Peak width at half height measurements of various
molecular markers with respect to bead size and lin-
ear flow velocity reveal a deviation from expected
behavior above a bead diameter of ca. 300 um (Fig.
16). Similar results were reported by Regnier et al.'®
for perfusable sorbents, and by Kaster et al.* for
ion exchange beads (DEAE-cellulose).
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Figure 15 Effect of bead solids content on pore size
distribution. Supports: cellulose beads with increasing
cellulose content: (a) 2.6%; (b) 4.5%; (c) 6.5%; (d) 8.9%;
(e) 10.4%; and (f) 33.7%.
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Figure 16 Column resolution efficiency (expressed as
height equivalent to theoretical plates) and bead diameter.
The independence of HETP on size above 300 um indi-
cates intraparticle convective transport.

Transport Mechanism Considerations

Whereas convective flow favors the use of chro-
matographic particles with large diameter, resolution
(e.g., height equivalent to theoretical plates, HETP)
requires small particle dimensions and low linear
flow velocity. Intraparticle, convective through-pore
transport (e.g., “eddy diffusion,” “perfusion”) dem-
onstrated that resolution capacity may remain in-
dependent of particle size and linear velocity. Using
polystyrene-divinylbenzene as porous chromato-
graphic support material with bimodal pore size dis-
tribution, Regnier et al. described beads with con-
stant resolution capacity as bead diameter in-
creased.® Such a behavior is observed also with
cellulose beads of > 300 um diameter (Fig. 16). Per-
fusion was achieved by the employment of diffusive
pores having dimensions of 800 to 1,500 A with a
depth of > 10 A, and convective through-pores in
the range of 6,000 to 8,000 A.'® Convective cellulose
beads by contrast were found to have uniformly dis-
tributed pores ranging in size from 10 to 300 A (Fig.
14). This observation supports the conclusion that
intraparticle convective flow does not require bi-
modal pore distribution, but that this phenomenon
can be observed as well with porous materials having
uniform pore structure. It remains to be demon-
strated whether the existence of two different pore
geometries is required for achieving (dynamic) sep-
aration capacity. This will be the subject of a forth-
coming study.

CONCLUSIONS

1. Cellulose can be regenerated from DMAc/

LiCl-solution in the form of spherical hydro-
gel beads using azeotropic isopropanol or
methanol as nonsolvent.

2. Bead solids content depends on solution con-
centration (primarily) and nonsolvent mois-
ture content (secondarily).

3. Beadability in the particular instrument used
(Fig. 1) is limited to solutions having a vis-
cosity range between 30 and 700 ¢8S. This im-
pacts the range of useful cellulose molecular
weights.

4. Flow behavior of cellulosic beads depends on
solids content and diameter. Strength (crush
resistance) increases with both solids content
(almost exponentially) and size (linearly).

5. Celluloses with low DP, around 250, are re-
quired for beads with high strength. This is
a consequence of both solution viscosity and
bead solids content constraints.

6. Pore size distribution of cellulosic beads var-
ies dramatically with bead solids content.
Beads of < 3% solids content have pores
ranging from 50 to 200 A in size, whereas
beads with > 10% solids content have pores
in the range of 20-50 A.

7. Resolution capacity is found not to depend
on bead size for beads having diameters in
excess of 300 um. This suggests intraparticle,
convective through-pore transport reminis-
cent of perfusion.
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