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ABSTRACT

A contineous stationary phase consisting of yarns woven into a fabric is rolled and packed into mechanically stable liquid chroma-
tography columns. This work utilized yarns having a characteristic width of 200-400 pm, made from 10-20-gm fibers consisting of 25%
poly(m-phenyiene isophthalamide) and 5% poly(p-phenylene terephthalamide). Although leadings on this stationary phase were low at
4 my/g for bovine seruin albumin and 6 mg/g for fi-galactosidase, this material shows the interesting characteristic of a leveling off of
plate height at mobile phase velocities of 30-80 cm/min. This phenomenon is explained on the basis of 4 coupling argument whereby a
fraction of the mobile phase flows through the intramatrix pote space, and convective transport through the pore space dominates
transport by diffusion. A modified Van Deemter expression s derived and shown to fit plate height data for polyethylene glycol
standards having molecular weights of 200 and 20 000. The characteristics of this continuous stationary phase at high eluent velocities
are discussed and conditions which give separation of immunoglobulin G, bavine serum albumin, insulin and f-galactosidasein 12 min
are described.

INTRODUCTION chromatographic process are reduction of the num-

ber of steps, automation to reduce labor costs, and

Separation costs in the manufacture of proteins
and other biotechnology products are estimated to
be 40% or more of the production cost [1]. Key
factors which improve the cost-effectiveness of a
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reduction of media costs [2,3]. Improvements are
still needed in the separations technology itself,
particularly in reducing residence time.
Protein—stationary phase interactions and reten-
tion behavior reflect microscopic phenomena asso-
ciated directly with the chemistry of the stationary
phase, and are thus an important area of study.
However, a successful process-scale system must
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also provide high mass transfer rates at low pressure
drop. This is equivalent to a high ratio of mass to
momentum transfer. In this context, Gibbhs and
Lightfoot [4] suggested hollow fibers as possible
chromatographic stationary phases, allthough they
constdered that problems of fabrication and flow
distribution still remained. In 1989, Ding ef al. [3]
verified Gibbs and Lightfool’s suggestion by using a
bundle of hollow fibers. They coated the [ibers with
dodecanol and trioctylphosphate-dodecane and
used Lhese syslems to scparate protein mixtures,
Elucut pH valucs as high as 10 1o 11 were used in
order to accelerate clution; separalion limes of
about 30 to 80 min were obtained. Ding and Cussler
[6] also used such hollow-fiber systems for over-
loaded chromatography.

The desired characteristics of a stationary phase
for liquid chromatography of proteins are well
established. The sorbent should have high capacity
and a well defined chemistry, and be regenerable
and non-denaturing. The stalionary phase siructurc
should be rigid, and physically stable at high flow-
rates. The material must also be easy to pack and
scale up, with defined and reproducible character-
istic dimensions. Such properties are usually asso-
ciated with chromatography columns packed with
particulate sorbenls. We report another type of
malcrial where the stationary phase consists of
phenylene phthalarmide tibers which have the neces-
sary physical characteristics, as well as separation
capabilities. The fibers are assembled into yarns,
which in turn are interlaced into a continuous matrix
{or fabric). We refer to this as a continuous station-
ary phase, which when rolled into a cylindrical
configuration is readily packed into standard liquid
chromatography (1.C) columns,

This paper reports packing propertics, flow and
pressure drop characteristics, protein and activity
recovery, loadings for bovine scrum albumin (BSA)
and f-galactosidase (f-Gal), and the separation of a
mixture of immunoglobulin G (IgG), BSA, 8-Gal
and insulin for an aramid material packed in a
ralled. cylindrical configuration.

MATERIALS AND METHODS
Stationary phases

The slationary phase is an aramid fabric obtained
from DuPont (Wilmington, DE, USA). It is made
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from a 95:5 blend of producer-colored olive green
T-457 Nomex and producer-colored green Kevlar
staple fiber and is finished with an antistatic resin (a
mixture of polyglycol alkylamine and epoxy resin),
which cun be washed ofl under ordinary laundry
conditions [7]. The structurcs of Nomex, poly{m-
phenylene itsophthalamide), and Keviar, poly(p-
phenylene terephthalamide), are shown in Fig. |
with properties given in Table I. The average fiber
length 1s 45 mm and the fiber width is 16-20 yum. The
yarn is 4 ply of two single yarns with a total width of
200400 pm.

Aramid is defined by the USA TFederal Trade
Commission 4s “a manulaciured fiber in which the
fiber-forming substunce is a long-chain synthetic
polyamide in which at least 85% of the amide
( €©O-NH-) linkages are attached directly to two
aromatic rings™ [8]. Nomex and Kevlar are DuPont
trademarks of fibers that belong fo the aramid
classification [9,10].

Aramid fibers are mghly erystalline, do not melt,
and have extremely low combustibility. Their molec-
ular weights are equal to or greater than 60 000,
i.e., the degree of polymerization, DP = 250 [10].
Nomex is noted for its resistance to temperature and
flame. The fiber retains useful properties at tempera-
tures up to 370°C [8]. The chemical resistance of
aramid fibers is also very good. Nomex is resistant to
meost alkalis cxeept NaOH ar elevated temperatures
(60°C) and at concentrations above 30%. It 1s
unaffected by most organic compounds. but is
degraded by hot, concentrated acids. Typical uses
for Nomex include protective suits tor fire fighters
and racc car drivers, industrial work uniforms,
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IFig. . Chemical structures of Nomex and Kevlar,
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TABLE L
CHARACTERISTICS OF ARAMID FIBERS

Nomex Kevlar
Specific gravity 1.38 1.44
Tenacity {g/denier) dry 4.8-5.8 21.5
Moisture regain (%) 3.0 3.545
Burning characteristics Low flammability Low flammability
Meiting point Decomposes Decomposes

above 370°C
Resistance to:

Reagents Degraded by hot, concen-
trated acid and alkali
UV light Degraded after pro-

longed exposure

above 260°C

Degraded by hot, concen-
trated acid and alkal

Depraded afler pro-
longed exposure

aircraft furnishings, hot gas filtration fabrics and
selected components of space vehicles and apparel.

Kevlar auramid fiber has similar resistance to heat
(260°C) and chemicals as Nomex. Kevlar has an
extremely high tenacity, approximately 22 g/denier,
which is more than five times the strength of a steel
wire of the same weight and more than twice the
strength of industrial nylon, polyester or fiberglass
[9]. Kevlar is also flame resisiant. End uses for the
fiber include tire cord, bulletproof vests, conveyor
belts, ropes and cable, fiber reinforcement for air-
craft, space vehicles, boats, sports car bodies, and
golf clubs. Selected characteristics of aramid fibers
are summarized in Table 1 [8,11).

Packing technique

The fabric is first washed at 70°C in deionized
{D1) water, and then air dried. A very small amount
of starch is powdered onto the fabric to give it
sufficient frictional resistance so that the layers of
the fabric will *‘grab”, thus facilitating the rolling of
the fabric into a tight cylinder (Fig. 2). Once rolled,
plastic ties are placed at 2- to 3-cm intervals to hold
the roll in its compact cylindrical form. A hole is
punched or drilled through one end of the rolled
fabric, and a 10-gauge steel wire is placed through
the hole, and bent into place. The wire is then
threaded through the chromatography column, and
the rolled fabric cylinder is gradually pulled through
the column, with the plastic ties being clipped off,
one at a time. The fabric is 2 to 5 cm longer than the
column, so that when it is pulled through, the end

can be cut flush with the column, and the section
removed through which the wire was threaded.

The starch is washed out of the column during
normal column operation, although some granules
werg evident in scanning electron micrographs taken
after the column had been used.

Ligquid chromatography system

To obtain high flow-rates, two pumps (Mini-
Pump; Milton Roy, Riviera Beach, FL, USA) are
used together in parallel to pump the solvent
through an injection valve {Model 7125; Rheodyne,

P
Fabric
Warp —
-
Roling Gives

!

Pull into
Standard LC Colurmn

Fig. 2. Schematic representation of rolling and packing proce-
dures,
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Berkeley, CA, USA) into the column. The eluent
passes into a UV-VIS detector (VARI-CHROM,
Sunnyvale, CA, USA) or a refractive index detector
(Refracto Monitor Model 1107, Milton Roy) and
the stgnal is recorded on a Linear (Irvine, CA. UUSA)
1200 chart recorder. The flow-rate used is up to 17.5
mifmin, which ts the maximum flow-rate of the
combined pumps.

Operational conditions

The columns were run at ambient temperature.
Column void volumes were measured with dextran
(molecular weight, MW = 2 10°), polyethylene
glycol (PEG 20 000) (both from Sigma. St. Louis,
MO, USA) and sodium chloride (from Fisher
Scientific, Fair Lawn, NJ, USA). The void fraction
based on PEG 20 000 (MW 20 000) was 0.22 and
that based on NaCl was 0.37. These values arc
significantly lower than those obtained for columns
packed with spherical particles, where the extra-
particle void fraction ranges from .35 o 0.40 and
the overall void fraction from 0.50 to (.80

In order to limit protein consumption, a small
column {5 ml in volume) was used for obtaining
isotherm, activity, recovery, four-protein separa-
tion, and protein loading data. A 46-ml column was
also used for some separations to demonstrate the
feasibility of packing and using larger columns. The
characteristics of both columns are surnmarized in
Table 1. This fabric has about 90 000 fibers/g,
which corresponds to an external surface area of (0.2
m*/g.

The pressure drop as a function of flow-rate was

TABLE I
COLUMN PARAMETERS

Length (cm) L 50

Diameter
O.D. {in.) 38 172
1.D. {mm) 8.0 10.9
Volume (ml} 5.05 46.3
Stationary phase
Dry weight (g) 2,68 21.04
Packing density (.53 0.45

(g dry stationary phasc)

ml column volume
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measured using the 50-cm columa. Stable operation
was achicved up to the pumping limit (17.5 ml/min),
where the pressure drop was 2000 p.s.i.g. A typical
pressure drop curve is shown in Fig. 3.

Proteins and eluents

BSA, fraction V powder, anti-human IgG (whole
molecule, developed in rabbit}, insulin (from bovine
pancreas) and f-Gal {grade VHI, from E. colr) are all
from Sigma. Sodium acetate (80 mM, analytical-
reagent grade;, Mallinckrodt, Paris, KY, USA) and
%0 mM acelic acid (reagent grade, Fisher) are mixed
to give a bulfer with pH ol 4.7. A concentration of 3
mM Na,HP(), (reagent grade; I. T. Baker, Phillips-
burg, NJ, USA) is used with 5 midf KH.PO,
{reagent grudc; Matheson, Coleman & Bell, Nor-
wood, OH. USA) to give pH 7.0 buffer, and 10 mM
Na;B,0- - [0H,0 (Matheson, Coleman & Beil} is
used 1o adjust pH to 9.2, Ammonium sulfate
{purified) is from Baker.

The porosity characteristics were determined
using the following molecular probes: “H,O (MW
20); NaCl (58.5); glucose (180); dextran (2 10%);
and PEGs of molecular weights 200. 300, 400, o),
1000. 1450, 3350. 8000, 10 000 and 20 000.

(-Gal activity assay

The activity of B-Gal is determined by using
o-nitrophenyl-fi-p-gatactopyranoside  (ONPG) as
substrate. The procedure is as given by Sigma. The
absorbance measurcment 8 made 20 min after
adding all the reagents.
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Fig. 3. Characteristic pressure drop of the rolled stationary phase
in 50 cm column with agueous maobile phase at ambient
temperatwre. Colwmn: 50 cm o 109 mm LD eluent; DT water.
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Adsorption isotherm of BSA

The adserption isotherm of BSA is obtained by
frontal analysis [12]. The protein concentration is
determined on the LC system with a zero-volume
fitting substituted for the column. The concentra-
tion is calculated from the peak height using a BSA
standard curve. At a concentration of above 2
mg/ml, the relation between peak height and protein
concenfration is no longer linear. Consequently,
breakthrough curves drawn by the chart recorder
cannot be used directly for the frontal analysis. In
this case, samples are collected, appropriately di-
luted, and then measured. The adsorption isotherm
for BSA in 5 mM phosphate buffer (pH 7.0) is
monotone and concave-down, with a loading of 4
mg/g at a mobile phase concentration of 5 mg/ml

(Fig. 4).

Recovery determination

A stepwise breakthrough -washing-desorption
method is used to determine the recovery of protein.
If the volume of the breakthrough is F; with initial
protein concentration of Cy and emerging concen-
tration of C';, and if the volume and concentration of
protein in the wash step are ¥, and C; and in the
desorption step are ¥; and Cs, the recovery (R)
expressed as a percentage is

CyV5 1
CoVy —(CV + Ci¥y)

R(%) = 00 (D

Protein recovery was tested with respect to BSA
by loading the stationary phase to 4 mg protein/g in

Q (mg/m
)
| ]

0 b 1 v L] T T T T T
0 1 2 3 4 5 [
Ceq (mg/ml)

Fig. 4. Adsorption isotherm for BSA. Temperaturc: 25°C;
column size: 10 cm x & mm 1.D.; flow-rate: 1 ml/min; eluent: DI
water.
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Fig. 5. Adsorplion uand elution profiles for §-Gal. Temperature:
25°C; column size: 10 em x 8 mm 1.I2.; flow-rate: 1.1 ml/min;
other conditions indicated in figure. 5 mAM & denotes 5 mA
Na;HPO,—5 mM KH,PO,.

5 mA bisodium -potassium phosphate buffer at pH
7.0. Elution was achieved by 100 mAM NaCl (pH 7.0),
and the total eluent was collected and analyzed,
Protein recovery was 99%.

Retention of enzyme activity was checked by
adsorbing £-Gal in 5 mM buffer (pH 7.0), and
desorhing it at 0.1 M NaCl in 5 mM phosphate
buffer (see Fig. 5). The activity was checked using an
ONPG assay before adsorption and after desorp-
tion. The f#-Gal was from E. cofi and is a large
multimeri¢ protein at pH 7.0 with a molecular
weight of 520 000. The adsorption of the f-Gal was
much higher than that of BSA, with 0.88 mg/ml of
B-Gal giving a loading of 6.1 mg/g stationary phase.
The 8-Gal capacity at higher concentrations was not
determined because of the expense involved. De-
sorption of the §-Gal gave complete recovery of
specific activity based on the ONPG assay.

Plate height determination

Plate heights were determined using the 50-cm
column. Samples of PEG 20 000, PEG 200, or H,0
(volume 100 u!) were injected and eluted from the
column. Plate height was calculated directly from
the chromatogram, with peak width measured at
half-hcight.
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RESULTS

Separations

This stationary phase is capable of separating
both small and large proteins as indicated by the
fractionation of IgG (MW 146 000--165 000), BSA
(MW 60 000), insulin (MW 6100 for monomer,
12 200 for dimer}, and g-Gal (MW 320 000). shown
in Fig. 6. The multimodel nature of this stationary
phuse is related to its structure (Fig. 1) and possibly
Lo the dye in the fiber. The polymers in the aramid
fabrics have amino and/or carboxyl end groups,
depending on how the polymerizalion was quench-
ed, and thus exhibit ionic character. The aromatic
polvamides also have many benzene rings. Hydrox-
vlated adsorbates may therefore form 7 honds with
the benzene rings and adsorb.

The effect of both ionic and hydrophabic inler-
actions between aramid fibers and proteins can be
explaincd through Table III which summarizes
retenlion characteristics for the four proteins in live
diffcrent eluents. All four proteins studied in this
paper are strongly retaiged in the column using DI
water as eluent bul unretained in 0.1 A NaCl. When
I M (NH,),50, is the cluent, two of the proteins,
insulin and f-Gul, are sull strongly retained. This
indicates that, in addition w ionic interactions,
insulin and f-Gal exhibit hydrophobic inleractions
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Fig. 6. Separation of four-protein mixture at flow-rate of 4
mi/min and ambient temperature (small calumn}. Injection
volume ol 200 ul with the proteins at concentrations of [0 mg/ml
{[gG), 1 mg/ml (BSA), suturated (insulin), and 4 mg/ml (i-Gab)
{(pH 7.0, Ac = Acetyl.
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TABLE 111
STEPWISE DESORPTION PROTOCOL

+ = Retained; — = unrelained.

Fluent Protcin

1gG BSA Tnsulin

DI Watcr — + + -
{pH 3.5)

10 md Na,B,0-
{pH 9.2}

| M (NHL50, — — | +
{pH 4.5)

80 mM NaAc—80 mA HA¢
(pH 4.7)

{1 M NaCl - —
(pIT 5.5)

Porosity

Scanning electron microscopy (SEM) compares
the structures of the flat and rolled materials (Fig. 7a
and b). SEM of the flat material (Fig. 7a and ¢)
shows varns having a diameter of 200400 ym. with
each yarn consisting of many fibers having a diam-
eter of 10-20 pm. When rolled (Fig. 7b) a tightly
packed three-dimensional matrix results. Void vol-
umes which are accessible to eluent flow are shown
in the schematic diagram of Fig. 8 and include the
space between fibers. yarns and intermatrix voids,

The SEM and fiber characteristics lead to the
definition of three porosities: (1) between the yarns,
or the interyarn porosity with a void fraction g,; (2)
between the fibers within a yarn or the interfiber
porosity {e,); and (3) intraliber void fraction (&)
from pores and cracks within each fiber, enclosed
areas that arise when the fibers arc twisted around
each other to form a yurn, and trom the crossing off
varns. This description is analogous to a column
packed with particles possessing a macro- as well as
a MICroporosity. ey, &, and & then correspond,
respectively, to the interstitial. macroporous and
microporous void fractions.

The flow porosity is about 0.22 based on the
elution volume of PEG 20 000. This is low com-
pared even to the external porosity generated by the
dense packing of non-porous spherical particles,
which is theoretically 0.26 [14,15], although in
practice values around 0.40 are obtained. Since the
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Fig. 7. Scanning electron micrographs of {a) flat fabric, (b)
cross-section of rolled [ubric, (¢) varn, showing individual fibers.
Scale indicated at bolwom of picture, bar = 100 gm.

Cross-Section of Column Inlet

Continuous
Stationary
Phase

- i L

Direction of Flow Given by Arrows

Fig. 8. Schematic of the rolled stationary phase within the
column,

fabric is compressed during column packing, the
measured void fraction will be lower than the overall
permeabilities reported in the textile literature,
which were obtained by batch measurements [16—

19].
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Fig. 9. Elution volume as a functicn of probe molecular weight.
Temperature: 25°C. column size: 50 cm x 10.% mm LI}
flow-rate: 1.0 ml/min; cluent: D1 water. The probes used were
NaCl (MW 58.5); ZH,0 (MW 20); glucose (MW 180); PEGs of
molecular weight 200, 300, 400, 600, 1000, 1450, 3350, 8000,
10 000 and 20 000; and dextran (MW 2 - 10%).
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A series of molecular weight probes guave the
retention behavior of Fig. 9. At molccular weights
greater than 1000, the retention volume is essentially
independent of molecular weight. These probes see
all of theinteryarn and interfiber spaces. The smaller
probes (MW < 1000) also see some part of the
intraliber pore space. Because of the relatively large
interfiber diameters (Fig. 7b and c), even the largest
probes see all of the interfiber space, unlike in
conventional chromatography with packed parti-
cles, where the macreporous space need not be
completely accessible to the largest probes.

Pressure drop

Applied pressure drop is a linear function of
velocity over the entire experimental range of flow-
rates (Fig. 3). and follows Darcy’s law (sce refs. 20
and 21).

Modified Van Deemfer equation

The scanning electron mucrographs of Fig. 7 show
relatively large interfiber spaces (on the order of
micrometers). Thus convection is likely to occur
through both interyarn and interfiber chaanels, as
illustrated schematically in IFig. 10. The interfiber
channels have a small cross-sectional area while the
interyarn ¢channels arc large. Just as flows in parallel
pipes of equal lengihy distribute according to cross-
sectional areas. flow through these channcls are
envisioned to distribute in proportion to their
cross-sectional areas, Consequently, pore (i.e., inter-
fiber) velocity, vpore. is a small fraction of the

4

d1||l('1‘|'1‘|):,r

d

intervam

|
¥

Fig. 10, Schematic of the parallel flow patterns available,
representing flow through the inleryarn and interfiber channels.
There are numerous interfiber channels for cvery interyvarn
channel but the diagram only shows one channel of each kind. for
stmplicity.
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interyarn velocily, and therefore of the chromato-
graphic velocity, Vepem. As the eluent flow-rate
increases, both the pore and the chromatographic
velocity will increase proportionately (their ratio
will remain constant, independent of flow-rate). At
higher flow-rates, the pore velocily could become
high enough 1o make convective transport through
the inter(iber space appreciable relative to diffusive
transport. This would in turn affect the overall plate
height expression, In order to estimalte the contribu-
tion of convective intraliber transport Lo band-
spreading, we make the simplifying assumption of
plug flow. Then the effects of convection and
diffusion can be added in parallel after Guitman and
DiMarzio [22]. The convective contribution to plate
hetght for piston flow is independent of velocity:
thus, the tatal plute height due 1o the “intraparticu-
late” pore space is given by:
1 | t 1 ]

= 4 — = + . -
Hpqu:‘ total Huunv Hdiff D ( ¥

purc

where C"and D are empirical parameters. Eqn. 2 can
be rewritten as

DC Y pore

H = v
D+ T,

pore, total =

At high velocities, the convective term dominates the
expression, while the opposite is true at fow {lows.
The tolul plate count is then given by

A D(‘1vchrom

Hipm = A +— 4
total D + C\-'.-_-hmm ( J

Vihrom
which is the modificd Van Deemter cquation appli-
cable to systems involving tlow through the parti-
cles. Here, the pore velocity s replaced by the
chromatographic velocity (Vpore = Flinrom where
0 < f < ). The additiona] constant, /. has been
absorbed into 7 to give C. Note that the chromato-
graphic velocity [23] will be different for probes that
see different fractions of the total mobile phase
space.

Eqn. 4 gives the solid line fit to the data using
non-lincar regression in Figs. 1] and {2, where the
reduced plate height i, given by H .,/ dw. 15 used. An
average valuc of 300 ym was used for the character-
istic particle size (yarn width) dw. Table [V compares
values of 4, B, € and D for the classical and
modified Van Decmter equations. The maodified
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Fig. 11. Plate height as a function of chromatographic (Chrom.)
velocity for PEG 20 000. The symbols O, [ represent two
different experimental runs; the dotted line represents the best-fit
Yan Deemter expression, and the continuous line the best-fil
modified Van Deemter expression.

Van Deemter cquation follows the trend of the data
over the entire range of chromatographic velocities
[=Qi(Ae).

For PEG 20 000, the contribution due to convec-
tion within the interfiber pores dominates the con-
tribution of diffusion at high velocities, giving the
flat plate height line in Fig. 11. The velocity range in

TABLE IV

100 . [
] n ° |
< 75 oo .0 —‘
I =8
E o ._fO—EFﬁ'E’g’,-‘ 0o ‘
5 sl -
£ |
b
]
]
.
7 25
E
g
&
[ — L 1
0 30 60 90

Chromn, velocity {(¢m/min)

Tig. 12. Plate height as a function of chromatographic velocity
for PEG 200. Symbols as in Fig. 11.

which axial dispersion dominates bandspreading is
lower than that used in the present experiments, and
consequently the plate height data do not show a
minimum. The modified Van Deemter equation fits
the data well over the entire velocity range. At high
enough velocities, eqn. 4 reduces to

Hlolal ~ A+ D (5)

which corresponds to the [lat region for velocities
above 30 cm/min in Fig. 11,

COMPARISON OF FITTED CONSTANTS FOR CONVENTIONAL AND MODIFIED VAN DEEMTER EQUATIONS
Data in Figs. 11 and 12 fitted by non-linear regression using the Marquardt method (the NONLIN procedure in the statistical package

$AS). Parcentheses coniain values of asymptotic slandard error,

PEG 200 PEG 20 (00
Average molecular weight 200 20 000
Estimated 2 (cm?/sy 63-107¢ 851077
Conventional Van Dcemiter
(k =4+ 'B"’.Vchmm . (?l'chro J
A 51.5 {2.98) 474 (2.30}
B 0.81 {2.69) 0.0 -~
C 0.28 (0.063) 0.11 (0.045)
Modified Van Deemter
(eqn. 4)
A 46.7 {6.02) 39.3 (5.29)
B 3.0 (3.54) 0.0 —
< 0.77 (0.75) 2.5 (3.28)
D 385 (18.8)

» Estimated uwsing the Wilke—Chang equation (see ref. 24),

17.3 (4.68)
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Unlike PEG 20 000, which 1s too large lo pene-
trate pores inside the fibers, PEG 200 is small
enough to explore some of the intrafiber, us well as
all of the interfiber and interyarn spaces. Thus, for
PEG 200 the plate height increases slightly even at
the highest velocities (Fig. 12). There is a plate height
coniribution due to microporous diffusion which, in
contrast to diffusion in the interfiber space. does not
act in parallel with any convective term. {There s no
How through the micropores, which are tuken to be
closed.) Thus the microporous diffusion contribu-
tion is inearly proporlional Lo the veloeity [25]. In
addition, the smaller size of PEG 200 (and conse-
quently its higher diffusivily) implics Lthat the veloci-
ty range over which axial dispersion is dominant
would be higher than that for PEG 20 000. In fact,
this region is accessed over the experimental velocity
range, and a minimum is seen in the data.

A result which did not fit either the modified Van
Decmier (eqn. 4) or the classical equation was
oblained for deuterated water. The “H,O was found
to give a decreasing plate height with increasing
velocity (Fig. 13). 1L was expected that 2H,0 would
give a greater increase in plate height than PEG 200,
since 2H,O is capable of cxploring a bigger fraction
of the microporous spacc.

It is not clear what causes the decreasing plate
height. We hypothesize that at low flow-rates mass
transfer contributes to the overall plate height due to
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Fig. 13. Plate height as a function of chromatographic velocily
for 2H,0. Symbaols as in Fig. 11. Neither the Van Deemter nor the
modified Vin Decmier curves are shown because they fit the data
poerly, for reasons explained in the text,
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an external boundary layer between interstitial and
interfiber pores. However, at higher low-rates,
where convection becomes the dominant interfiber
transport mechanism, contributions due to mass
transfer across a boundary layer couid be decreased,
thus decreasing the overall piate height as described
by Van Kreveld and Van den Hoed [25]. This would
be particularly noticeable for “H,O, which as a small
molecule has a diffusivity on the order of 33 - 10°°
cm?/s compared t0 6.3 107 ° for PEG 200 and 8.5 -
107 for PEG 20 000 [24],

DISCUSSION

Other workers have considered analogues to the
“coupling” between flow and diffusion described
above. For size-exclusion chromatography. Van
Kreveld and Van den Hoed [23], considered that
eddy diffusion would extend from the interstitial
space inle the intraparticulate pores, although not
necessarily tully penetrating the pore. Here the pores
are not assumed to traverse the entire particle. They
therelore added a velocity-dependent correction,
D#*yto the pore diffusivity, D, 1o obtain an effective
diffusivily:

Dot = D, + D%y (6}
where D* is due to eddies. They reported a plate

height expresston having axtal dispersion, cddy
diffusion, and convective terms:

2Dm K )szlric :
Hyoar = I (A L
v 3001 = &Y (D, + Dy

(7

This is similar in form 1o eqn. 4. The second term.
24, in eqn. 7 is due to eddy diffusion and the last
term is the combined effect of flow and diffuston
within the particle where the external mass-transfer
contribution is neglected. At low velocitics, the
diffusive contribution (20,/v) predominates, and
plate height ts inversely proportional to the linear
veloeity. At high velocities, the convective term
dominates. resulting in a velocity-
independent plate height contribution {(47/[30(1 +
KT (2uriere PR,

A similar approach 1s described by Afevan er uf.
[26] whe report a form of chromatography where
flow occurs through the particte (which they term
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“perfusion chromatography™). They use a correc-
tion to the intraparticulate diffusivity analogous to
eqn. 6:

d article ¥
Ppar = Dy + 20 Tomee (8)

This again results in a velocity-independent plate
height contribution at high flow-rates, as in egn. 7.

These approaches, in which two mechanisims act
“in parallel,” are similar (o the coupling theory of
Giddings [27] in which contributions from flow and
diffusion act simultaneousty. However, as has been
pointed out by Van Kreveld and Van den Hoed [25),
when flow occurs across a particle, the coupling
between diffusive and convective transport across
the particle becomes significant over a much higher
range of flow-rates than the coupling described by
Giddings.

CONCLUSIONS

The concept of LC using a continuous stationary
phase, rolled and inserted into a standard LC
column, is demonstrated. This stationary phase has
the desirable attributes of mechanical stability and
high selectivily and recovery; it is non-denaturing,
and has potential for preparative protcin separa-
tions if higher capacities are attained. The plate
height is nearly constant at high chromatographic
velocities for a solute which is small enough to pass
through pore spaces which transverse the stationary
phase matrix, but large enough to be excluded from
the smaller dead-end pores. A coupling argument
based on simultaneous flow and diffusion is used to
explain this effect, apd a modified Van Deemter
expression 15 proposed which may be useful in
describing other types of stationary phases with
transecting pores.
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SYMBOLS

o

)

D
DP
Dp.eff

dintcrl'iber
dinleryarn

dparticle

dw

f
h

Heane

Hdiff
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Eddy diffusion contribution to plate
height, cm

Empty column cross-sectional area, cm?
Coefficient of axial dispersion term in
Van Deemter expressions {eqn. 4), cm?/s
Coefficient of linear velocity term in the
modified Van Deemier expression (eqn.
4y, 8

Empirical parameter representing con-
stant for convection through pores, s
Effluent protein concentration during
breakthrough, mg/mi

Concentration of protein during wash
step, my/ml

Concentration of protein during desorp-
tion step, mg/ml

Initial protein concentration
Equilibrium concentration of protein,
mg/ml

Additional term in modified Van Deemter
expression (eqn. 4}, representing A, o
cm

“Eddy diffusivity” corresponding to flow
within particles (eqn. 6), cm

Molecular diffusivity, cm?/s

Pore diffusivity, cm?/s

Effective pore diffusivity incorporating
convective effects (eqn. 6), cm?/s
Characteristic diameter of interfiber
space, cm

Characteristic diameter
space, cm

Particle diameter, cm
Characteristic distance (yarn width) for
convection and diffusion in the interfiber
channels, cm

fraction of interstitial flow-rate which
passes through the pores, dimensionless
Reduced total plate height, Hg./dw,
dimensionless

Contribution {o plate height from con-
vection through the interfiber channels,
cm

Contribution to plate height from dif-
fusion through the interfiber channels,
cm

of interyarn
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Hore 1ot Net contribution from within the inter-

H,
k&

fiber channels to the overall plate height,
cm

i Total plate height, cm
Capacity tactor (dimensionless)

0 Volumelric flow-rate, ml/min

R Recovery ol protein

., Volume of the breakthrough, ml

¥, Volume of effluent during wash step, m!

Vs Volume of efffuent during desorption
step, mi

v Linear vclocity, cm/s

Vehram Chromalographic velocity, em/s

Voore Tnterfiber velocily, cm/s

Va Retention volume, ml

Greek symbols

Iy

Interyarn void fraction, dimensionless
Intrafiber void fraction, dimensionless
Void fraction scen by non-interacting
component f, dimensionless

Interfiber void fraction, dimensionless
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