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SEPARATION SCIENCE AND TECHNOLOGY, 32(14), pp. 2237-2266, 1997 

A Study Toward the Scale-Up of Size-Exclusion 
Separations by Stagewise Countercurrent Contact 

PARTHA ROY and JOHANNES M. NITSCHE 
DEPARTMENT OF CHEMICAL ENGINEERING 
STATE UNIVERSITY OF NEW YORK AT BUFFALO 
BUFFALO, NEW YORK 14260, USA 

ABSTRACT 

This paper presents a theoretical and experimental exploration of the prospects 
for performing separations on size- or shape-polydispersed solutions of macromol- 
ecules or colloidal particles via multistage countercurrent contact between liquid 
and porous phases. Fractional extraction is shown to yield an arbitrarily sharp 
cut with sufficiently many stages. It is therefore possible in principle to sharpen 
a particle size distribution about any prescribed size (which can be varied by 
adjusting the liquid flow rate without changing the porous phase), and to achieve 
molecular shape-selective separations. Experiments are reported that demonstrate 
the relatively rapid attainment of partitioning equilibrium for colloidal polystyrene 
particles within a single-stage fixed-bed contactor packed with controlled-pore 
glass. A comprehensive convection-diffusion model explains a decaying temporal 
oscillation in the particle concentration arising in the experiments. Implications 
of the results for the large-scale processing of macromolecular and particulate 
dispersions are discussed. It is noted that the scale-up potential of the present 
technique is not restricted to separations by size-exclusion, and applies equally 
well in principle to affinity-based and other separations. 

1. INTRODUCTION 

The purpose of this paper is to explore theoretically and experimentally 
a separation system relying upon the partitioning of molecules or colloidal 
particles between a fluid phase and a porous solid phase by size exclusion 
(1).  In practice, this and other microscopic partitioning phenomena are 
usually harnessed by two methods, both referred to by the name “chroma- 
tography”: (i) true chromatography, which resolves a multicomponent 
mixture into separate traveling bands or peaks corresponding to the mo- 
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2238 ROY AND NITSCHE 

tion of solutes down a column or within an annulus at different speeds 
(2-4); and (ii) adsorption in a packed or fluidized column, which selec- 
tively removes one or more components (either the desired product or 
impurities) from the mixture (5,6); cf. Ref. 7. The inherently multicompo- 
nent fractionation capability of (i) is ideal for analytical purposes, but 
carries with it the limitations of inherently batchwise operation [except 
in continuous annular systems (4)l and relatively small capacities in prepa- 
rative applications (see Ref. 8, p. 460). Indeed, although the O(lO0L) 
packed volumes of some gel permeation columns fractionating O(20-50) g 
of polymer or protein (3; 9, pp. 87-89) are certainly enormous by analytical 
standards, they represent capacities orders of magnitude smaller than typi- 
cal unit operations, such as extraction (lo),  in chemical engineering. It is 
therefore not surprising that the largest-scale applications of gel permea- 
tion in pharmaceutical and foodstuff industries have often employed 
method (ii) (see Ref. 6, p. 203). Important examples include “desalting” 
(removal of low-molecular weight compounds) of whey and human serum 
albumin (5, 6). Here the column usually acts primarily to achieve a single 
cut between low- and high-molecular weight solutes, and thus performs 
one “group fractionation” as opposed to a full multicomponent resolution 
(6, 9). 

There is some precedent for enhancement of the selectivity of this latter 
type of separation using multiple stages. Thus, for instance, Chang et al. 
(7) described protein extraction with a train of four mixer-settlers, al- 
though selectivity occurred here by affinity partitioning between two liq- 
uid phases. Also, continuous multistage countercurrent contact between 
fluid and solid phases is well developed within the context of adsorption 
processes, based either on actual motion of the solid phase or on simulated 
solids transport through cyclic motion of the fluid feed and product points 
(see, e.g., Refs. 11-13). 

The specific objective of this paper is to investigate the possibility of 
achieving an arbitrarily sharp cut in a size- or shape-polydisperse solution 
of macromolecules or colloidal particles via multistage countercurrent 
contact between liquid and porous phases. Calculational methods from 
fractional extraction are applied in Section 2 to determine the required 
number of stages as a function of the desired sharpness of separation at 
a given molecular size, or between given molecular shapes. Experiments 
are reported in Section 3 on a single-stage contactor that achieves a rela- 
tively rapid partitioning equilibrium for spherical polystyrene particles 
within controlled-pore glass. Section 4 develops a model that explains the 
observed transient behavior, and yields an estimate of the particle Peclet 
number. Prospects for large-scale separations are discussed in Section 5 .  
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2239 

2. SOLUTE SIZE- AND SHAPE-SELECTIVE EXTRACTION 
VIA PERMEATION 

Since we apply classical concepts in extraction (10, 14), it is only neces- 
sary to outline very briefly the outcome of mass conservation and equilib- 
rium relations as they apply here to a stagewise separation by permeation, 
depicted in Fig. 1. A feed stream with one (or more) dissolved solutes 
enters a cascade with oppositely directed flows of a solvent phase (volu- 
metric flow rates S, 3) and a wetted porous phase (volumetric flow rates 
P, B representing total liquid plus solid volume). For the moment we 
shall observe the behavior of a single solute (drawing conclusions about 
multicomponent separations later) so there is no present need to distin- 
guish different solutes (e.g., using a subscript i )  in the dilute limit where 
one solute does not affect the permeation equilibrium of another. The 
phases enter pure (solute-free), and the desire is to predict and control the 
respective solute concentrations P I  and yr1] (moles or mass per volume) in 
the exiting 3 and P streams. Interphase contact occurs in stages, for which 
concentrations in the exiting streams satisfy a relation for permeation 
equilibrium, assumed for simplicity to have the form y = 1yx. The flow 
- rate of the solvent phase generally exhibits an abrupt increase (from S to 
S = S + F )  between sections immediately fore and aft of the stage where 
the feed is introduced, whereas P = P .  Small variations in flow rates 
caused by stage-to-stage changes in the solute concentrations are ignored, 
as is usual for dilute solutions. 

Material balance and equilibrium relations for arbitrary stages m and n 
in the left and right sections, and for the feed stage, are expressible as 

y[ll + (s/p)n[m], y'"1 = KX["l (1) yLm+ll = z;.. I 
Y Y Y  

I 

M 

FIG. 1 Flow sheet for countercurrent contact between particle-bearing solvent and porous 
phases. 
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2240 ROY AND NITSCHE 

(2) x l n + l l  = x[1I + (F/S)j$nI, x l n l  = -[nl Y lK 
and 

SXLMI + Fxlfl + pjj"1 = PyLM+ll + $$N+11 7 y[M+Il = KF[N+11 

(3) 
These equations can be combined to produce explicit formulas (represent- 
ing variants of the "Kremser equation" (10, pp. 173-174, 235-237; 14, 
pp. 512-515) for the outlet concentrations, viz., 

y[ l l  = Fdfl [(sf ,  - SfM-I)/K f fM(P - B f N - l / f N ) ] - '  (4) 

(5 )  x"1 = t11 Y fMlfNK 

where for brevity f M  = . f M ( S / P K ) ,  f N  = f N ( F K / s ) ,  and f k ( a )  denotes 
the function 

fk(a) = (1 - ak+l) / ( l  - a) (6)  
[see Roy (lS)]. The numerical values of Z[ll and y [ l l  depend critically upon 
the flow rates, the numbers of stages, and the partition coefficient K .  
In particular, the left-hand exiting solute concentration y [ l l  can be made 
arbitrarily small with sufficiently many stages if K < S/P,  and X['] can 
similarly be made arbitrarily small if K > x/p. 

Fractionation of a dilute multicomponent mixture occurs because spe- 
cies with K < S/P exit predominantly on the right and species with K > 
SIP exit predominantly on the left. In the interest of obtaining a sharp 
split, the ratios SIP and J/F should be very close, i.e., the flow rate F of 
feed should be small relative to S. In practice, this requirement would be 
easy to meet by concentrating the incoming mixture so that only a little 
solvent is added to the countercurrent flow. Alternately, pure solvent 
could be extracted just before the feed stage by filtration to make S = 3. 
Thus, we shall usually regard S and 

-- 

to be effectively identical. 

2.1. Partition Coefficients for Porous Glass 

Experiments reported below utilize a fixed bed packed with granules 
of glass that are themselves microporous, a common type of two-scale 
structure characterizable in terms of two distinct porosities. The symbol 

is used here to denote the ratio of interstitial volume between the 
grains to the total packed volume (i-e., the interstitial or macroscopic 
porosity); emicro represents the microscopic porosity of the grains them- 
selves. In terms of these quantities, the overall porosity E (i.e., the fraction 
of the total volume occupied by fluid in a wetted packing) is given by 
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2241 

e = €macro + (1 - Ernacro)Emicro (7) 
Our porous glass has = 0.49 and €micro = 0.69 (see Section 3), which 
makes E -= 0.84. As introduced above, the partition coefficient K gives 
the ratio of the superficial solute concentration [moles or mass of solute 
per total (liquid + solid) volume] in a porous phase to the bulk concentra- 
tion in an adjacent fluid phase at equilibrium. It is given by the expression 

(8) K = Emacro + (1 - Emacro)Emicro(a))(a) 

which is very similar to Eq. (7). The crucial difference is the fact that K 
contains the single-pore partition coefficient @(a, R,), representing the 
fraction of the total volume of a micropore of radius R, accessible to the 
center of a solute of size a. It is this factor which imbues K with solute 
size and shape dependence, and thereby provides the basis for selectivity. 

For a spherical solute of radius a within a circular cylindrical or spheri- 
cal pore of radius R,, a) is given by 

(cf. Refs. 15, 16). For an infinitesimally thin rod of half-length a,  @ may 
be approximated to reasonable accuracy by the expressions 

acyi pore(a, R,) = { (1/8)(a/R,) -3 + (1/64)( u / R , ) - ~ ,  
1 - (dR,) + (1/8)( u / R , ) ~  + (1/64)( uIR,)’, dRp 5 1 

a/R, 2 1 

(12) 
1 - (3/2)(dR,) + (1/2)(~/R,)~, dR, 5 1 

@sph pore(ar Rp)= a/R, 2 1 

derivable via straightforward considerations of analytic geometry (17, 18). 
The angle brackets ( ) in Eq. (8) denote an average overall pore radii 

R,. Our porous glass has such a narrow pore size distribution that negligi- 
ble.error is incurred in replacing (@)(a) by @(a,R,) based upon the nominal 
(mean) pore radius R, = 526.5 A (see Section 3 below). We estimate the 
single-pore partition coefficient to reasonable accuracy as the average 

@(a, Rp) = ( ~ @ c y ~  pore(a9 Rp) + (1 - a)@sph pore(a, Rp) (13) 
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2242 ROY AND NITSCHE 

with equal weighting (a = 0.5), although either pore model (a = 0, a = 
I )  would also be acceptable. Figure 2 shows the solute size dependence 
of the partition coefficient K predicted by Eqs. (8)-(13) for spherical and 
thin rodlike solutes. The sizes of both are characterized in terms of the 
mean projected radius rmr which equals a for the sphere and a/2 for the 
rod. 

2.2. Examples of Size- and Shape-Selective Separations 

The operation of the basic fractional extraction scheme is quantified by 
Fig. 3(a), which shows the exiting solvent- and porous-phase concentra- 
tions (Erll and y"], respectively) produced by a 21-stage extractor (M = 
N = 10) from a polydisperse feed having a uniform number distribution 
over particle diameters from 0 to 1000 A. The notation P 1 ( a ;  SIP, . . .), 
y"](a; SIP, . . .) will be used to indicate explicitly the dependencies of 
3?1 and y['l upon the particle size u ,  as well as other operating parameters 
such as the ratio of flow rates SIP. In the present case SIP = s / p  = 
0.5636, which matches the value of the partition coefficient K = 0.5636 

0 . 4 4  I 

2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  
2rm 

0 

FIG. 2 Dependence of the partition coefficient K upon the mean projected radius (in A) 
r,,, for spherical (solid curve) and rodlike (dashed curve) solutes, based upon Eqs. (8)-(13) 

with a = 0.5. 
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2243 

for 500 A particles. The split therefore occurs at a diameter of 500 A; 
particles smaller than this are concentrated in the (lower left) porous phase 
and particles larger than this are concentrated in the (upper right) solvent 
phase. Figure 3(b) shows the corresponding stream concentrations 
throughout the cascade. The maxima observed at the feed stage are a 
common feature of fractional extraction (10, pp. 232, 234). 

A measure of the sharpness or selectivity of the split is provided by the 
maximum slope of the S-shaped curve giving X['] as a function of the 
particle diameter 2u, i.e., the slope of this curve at its point of inflection. 
Moreover, the abscissa at the inflection point indicates the location of the 
split. Therefore, in all that follows we consistently use the equation 

d2( SP/Fx[f') 
( a o ;  SIP, . . .) = 0 da2 

to determine the value of SIP (or other parameters) needed to achieve a 
split at the prescribed particle size ao. The selectivity of the split is then 
correspondingly defined as 

1 d(SX["lFx'fJ) y e -  (ao; SIP, . . .) 2 da 

In the case of Fig. 3,  Y = 1.52 x A- I .  Figure 3(c) shows the increase 
in selectivity with increasing numbers of stages. 

By performing two successive extractions it is possible to selectively 
strip a prescribed size fraction from a polydisperse suspension. The solid 
curves in Fig. 4 correspond to the situation where a first extractor (SIP 
= S/P = 0.5802) is used to strip particles smaller than 450 A in diameter 
from the exiting solvent (,['I) stream. This stream plays the role of feed 
for a second extractor (SIP = = 0.5490) which then strips away 
particles larger than 550 A from the exiting porous-phase (yfil) stream. 
The peak in y [ ' ]  centered at 500 A becomes sharper as the number of 
stages increases. The dashed curves describe the corresponding outcome 
of two successive extractions with splits at 330 and 270 A (flow rate ratios 
SIP = SIF = 0.6587 and SIP = ??IF = 0.6291, respectively) designed 
to recover particles of diameter 300 ? 30 A. These results suggest two 
interesting observations. First, within limits, the selected particle size can 
be changed simply by changing the ratio of flow rates SIP. It is unneces- 
sary to alter the pore size of the packing. Second, a given packing operates 
best at a particle size corresponding to the mean of the extreme values 
of K .  For the present porous phase, K ranges from 0.84 for effectively 
point-sized particles to 0.49 for 1053 A (or larger) particles. Thus, it is 
most effective when it is used to strip particles with K = 0.66, which 
corresponds to a diameter of roughly 260 A (dashed curves). Stripping of 

-- 
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1.0 

0 . 7  

0 . 5  

0 . 2  

0.0 
2 0 0  400 600 800 1000 

2a 
0 

(a) 

-- FIG. 3 Fractional extraction of a polydispersed mixture of spherical particles with SIP = 
SIP = 0.5636. (a) Solute fractions S . t [ ’ l / F ~ [ ~ l ,  P~[’]/Fx[~’ in the exiting streams as functions 
of spherical solute diameter 2a for operation with M = N = 10 stages. (b) Solute fractions 
S X [ “ ‘ ~ / F X [ ~ ~  and S$nlIFx[f’ in the solvent streams throughout the extractor for 500 A (solid 
curve), lo00 A (dot-dashed curve), and point-sized (dashed curve) solutes, for operation 
with M = N = 10 stages. (c) Selectivity 9’ (ordinate) as a function of the number M = N 

of stages. 

500 A particles (solid curves) is possible, although suboptimal in the sense 
that the peak shows a marked asymmetry (indicative of significant contam- 
ination of the product by large particles) if the number of stages is not 
sufficiently large. 

Figure 5 addresses the separation of an equimolar mixture of spherical 
solutes with diameter 2a = 500 A and thin rodlike solutes with length 2a 
= 1000 A. These two solutes have equal mean projected radii (19) (i.e,, 
equal “sizes”); selectivity therefore rests upon the shape difference. The 
ratio of the concentrations of spheres and rods in the exiting solvent phase 
is plotted as a function of the number of stages M = N for SIP = 0.5409, 
which corresponds to the mean value of K for these two solutes (see Fig. 
2 at abscissa r,,, = 500 A). 
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2246 ROY AND NITSCHE 

0 . 2 5  

0.00 
0 2 0 0  4 0 0  6 0 0  2s 8 0 0  1000 

FIG. 4 Solute fraction PyrllIFx[f~ in the exiting porous phase from the second extractor as 
a function of solute diameter (in A) for operation of two extractors in series. Solid curves: 
Firgsxtractor (SIP = SIP = 0.5802) produces a cut at 450 A and second extractor<SIP 
= SIP = 0.5490) produces a cut at 550 A.  Dashed curves: FJrg extractor (SIP = SIP = 

0.6587) produces a cut at 270 A and second extractor (SIP = SIP = 0.6291) produces a cut 
at 330 A. Results are shown for M = N = 20 stages (broader peaks) and M = N = 50 

stages (sharper peaks). 

With the flow sheet of Fig. I the only way to enhance the selectivity 
Y is to increase the number of stages (Fig. 3c). However, minor modifica- 
tions of the scheme can, in principle, yield increases in Y at a fixed number 
of stages, as is discussed in detail by Roy (18). One technique for achieving 
this end is suggested by the practice of liquid extraction, namely return 
of a fraction of each exiting flow to the cascade as reflux. Reflux ratios 
of order 100 are required to increase selectivity by a factor of 2 (18). This 
improvement comes at the expense of a much larger stage size (by a factor 
of the order of the reflux ratio) for given feed and product flow rates 
(needed to accommodate the larger volumes arising from recycle) and 
of higher particle concentrations throughout the cascade. An alternate 
approach for enhancing selectivity involves withdrawal of clear solvent 
at an intermediate stage. In the simplest case clear solvent is withdrawn 
only at the middle of the cascade (i.e., immediately to the left of the feed 
stage), which means that we allow S and to differ. This approach en- 
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0 1 0  2 0  3 0  4 0  5 0  
M = N  

FIG. 5 Shape-selective separation carried out with SIP = 0.5409. The ratio of sphere to 
rod concentrations in the exiting solvent stream is plotted as a function of the number of 

stages M = N .  

hances selectivity by making the xy operating line for the left section of 
the cascade steeper than that for the right section, in the parlance of liquid 
extraction, thereby widening the gap between the operating lines and the 
equilibrium curve (y = Kx). It has no literal counterpart in liquid extrac- 
tion, where clear solvent cannot be removed from a chemical solution by 
filtration or centrifugation, as it can from a particulate dispersion. With- 
drawal of clear solvent at an intermediate stage typically leads to enhance- 
ments in Y by a factor of order 2 (18). 

3. EXPERIMENTS WITH A SINGLE-STAGE CONTACTOR 

Practical realization of the preceding developments hinges upon the 
ability to achieve a partitioning equilibrium between significant volumes 
of liquid and porous phases. It is essential to harness convection or mixing 
effects in order to transport solute particles to the surfaces of the porous 
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2248 ROY AND NITSCHE 

grains, because diffusion of colloidal particles over macroscopic distances 
is exceedingly slow. Although a mixer-settler would seem a priori to be 
a good contactor, we encountered difficulties in the respect that agitation 
produced unwanted fines by mechanical breakage of the porous solid. We 
therefore resorted to a contacting scheme based upon flow through a fixed 
bed. This section documents our preliminary experiments aimed at char- 
acterizing the operation of this equipment, regarded as a single stage of 
a cascade. 

3.1. Materials and Instrumentation 

Controlled pore glass was obtained from CPG, Inc. (Lincoln Park, NJ) 
for use as the porous phase. This material (product number CPGOIOOOC, 
lot number 08C025) had the form of a white powder comprising roughly 
35-70 pm grains possessing an essentially monodisperse distribution of 
micropores with diameter 1053 A +- 4.3%. It was used in “as is” condition 
as supplied by the manufacturer. Electron micrographs roughly confirmed 
the stated micropore diameter and grain size. Porosity values were esti- 
mated by soaking 30 g of dry glass overnight with excess water, decanting 
off the supernatant water, and then reweighing to determine the amount 
of absorbed water. This total water content comprised interstitial and 
microporous contributions, the latter given as 1.06 cm3/g of dry glass by 
CPG, Inc. The dry glass volume was estimated assuming a pure glass 
density equal to that of silica, i.e., 2.2 g/cm3 (cf. Ref. 20). This mass-based 
procedure yielded the values cmacro = 0.49 and ( 1  - E ~ ~ ~ ~ ~ ) E ~ ~ ~ ~ ~  = 0.35, 
and indicated a total (liquid + solid) volume consistent to within 0(1%) 
of a direct measurement of the total volume. 

Polystyrene latex microspheres of three different sizes (diameters 
roughly 160, 520, and 1000 A) were obtained from Bang’s Laboratories, 
Inc. (Carmel, IN) to serve as model colloidal solutes. The particles were 
supplied in the form of aqueous suspensions stabilized with an anionic 
mixed sulfonate surfactant (520 A) or an anionic fatty acid surfactant (160, 
1000 A) at concentrations below the critical micelle concentration (CMC). 
For 160 and 1000 A particles, some sodium dodecyl sulfate (SDS) was 
added (below the CMC) to stabilize the solutions and prevent any particle 
agglomeration, in response to anomalies in the measured partition coeffi- 
cients (see below). The particle suspensions were diluted down to concen- 
trations lying in the dilute concentration range (50.1% by weight) (21). 

Purified water from a Millipore Milli-Q U F  Plus system was used for 
all solutions and experiments. 

A Hach model 2100N turbidimeter was used to measure particle concen- 
trations. The optical reading I in nephelometric turbidity units (“n.t.u.”) 
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2249 

was calibrated against particle concentration (x or y in mg/mL). Calibra- 
tion curves obtained from known dilutions in the 0.125-1.0 mg/mL range 
were linear. Measured concentrations in the experiments reported below 
yielded turbidities lying well within the operative range of the instrument 
(0 to 4000 n.t.u.), for which the accuracy of measurements is +2% of the 
reading and repeatability is & 1% according to the manufacturer. 

Further details on materials and instrumentation are given by Roy (18). 

3.2. Single-Stage Contactor 

Fixed beds were constructed in a Buchner funnel fitted with a perforated 
ceramic plate and a I .O-wm pore size filter paper, and placed on top of a 
750-mL glass column with a stopcock and a hose leading to a pressure 
gauge and aspirator pump (Fig. 6). The funnel was filled with water, and 
a known weight of dry glass was poured gently into the slowly draining 
pool to form a wetted packed bed after draining off the excess water. 

Packed beds of two sizes were used, respectively identified as “small” 
or “large.” The small bed was made with a 5.5-cm diameter funnel, con- 
tained approximately 30 g of dry glass, and had a packed height of about 
3.2 cm. A pressure drop of roughly 10 in.HzO was needed to maintain a 
liquid flow rate through it of QS = 8-10 mL/min. The large bed was made 

colloidal solution 
packed CPG bed 
perforated plate 

1 1 I k- toaspiratorpump 

FIG. 6 Schematic diagram of the experimental apparatus. 
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2250 ROY AND NITSCHE 

with a 9-cm diameter funnel, contained approximately 90 g of dry glass, 
and had a packed height of about 4.5 cm. The required pressure drop for 
a flow rate of Qs = 30 mL/min was roughly 8 in.H20. The preceding 
pressure drops are consistent with the Leva correlation (22, p. 5-53). Be- 
fore use, the beds were washed repeatedly until most of the glass fines 
were removed and the turbidity of the exiting washwater dropped below 
0.2 n.t.u. 

The experiments conducted are typified by the following steps (in terms 
of amounts appropriate to the small bed): (i) preparation of approximately 
40 mL of fresh colloidal suspension and measurement of its turbidity; (ii) 
addition of half this suspension (i.e., 20 mL) to the top of the bed, followed 
by vacuum-driven flow for one-half cycle time (TnOw/2) until the liquid 
level dropped to the surface of the glass packing; (iii) release of the liquid 
(20 mL) collected in the glass column, combination with the remaining 20 
mL of fresh suspension, and measurement of its turbidity over a time 
period T,, (iv) addition of the resulting 40 mL of liquid to the top of 
the bed, followed by vacuum-driven flow for one full cycle time (TflOw) 
until the liquid level dropped to the surface of the glass packing; (v) release 
of the liquid (40 mL) collected in the glass column, and measurement of 
its turbidity over a time period T,, flow. Steps (iv) and (v) were repeated 
until two successive turbidity readings were within 2% of each other. The 
purpose of dividing the initial charge of liquid, and of recycling the liquid, 
was to enhance mixing and reduce the time needed to  reach partitioning 
equilibrium, as is discussed further in Section 4. Cycle times Tfl,, of both 
3 and 5 minutes were tried; no significant difference in the value of K 
accompanied the change in cycle time. The results represented in Fig. 10 
below refer to experiments with 520 A particles carried out in the small 
bed (with Tn,, = 3 and 5 min) and the large bed (with Tfl,, = 3 min). 
Experiments with 160 A particles were carried out in the large bed (with 
Tfl,, = 5 min) and experiments with 1000 A particles were carried out in 
the small bed (with TnOw = 5 min). Details are given by Roy (18). 

3.3. Results 

Figures 7 and 8 show typical results for the measured turbidity during 
the approach to partitioning equilibrium, and during regeneration of the 
small bed, for 520 A particles. It is seen that equilibrium is effectively 
reached after approximately 6-7 cycles. The oscillatory nature of the 
curve in Fig. 7 arises from a mixing phenomenon explained in Section 4. 
A comparison was made of the mass of particles in the original suspension 
and the mass of particles in the solvent and porous phases after partition- 
ing had been allowed to occur. All masses were computed from turbidimet- 
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I 

70 

5 5  

40 

2 5  

10 1. 

0 1 2 3 4  5 6 7  
1C.q c 1 e s 

FIG. 7 Volume-averaged turbidity ( I )  of the exitingosolution as a function of the number 
of cycles (passes through the bed) for 520 A particles in the small bed. 

I 

3 0 ’  

2 0- 

1 0 -  

O., . 
1 

1 2 3 4 5 6 
W a s h  3 y c l e  

FIG. 8 Bed regeneration by washing. Volume-averaged turbidity as a function of the num- 
ber of washes for 520 A particles in the small bed. 
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2252 ROY AND NITSCHE 

ric measurements, and the particle content of the porous phase was deter- 
mined during bed regeneration by washing. The particle material balance 
was found to be satisfied to within 5%. Figure 9 is the counterpart of Fig. 
7 for the large bed, and shows that the operation proceeds in essentially 
the same way at three times the volume. 

Initially, the measured turbidities for the 160 A particles rose slowly 
with increasing number of cycles following the initial rapid drop and oscil- 
lations, and therefore did not appear to settle down to an equilibrium 
value. Conversely, the measured turbidities for the 1000 A particles 
dropped slowly [see Roy (18)l. Both these undesired phenomena were 
eliminated by adding sodium dodecyl sulfate (SDS) (below the CMC of 
2.5 mg/mL, at concentrations ranging from 0.5 to 1.5 mg/mL), and all data 
reported here for 160 and 1000 A particle sizes refer to suspensions treated 
with SDS. All the 160 A particles absorbed by the bed could be accounted 
for to within roughly 5% in the washwater. The 1000 A particles seemed 
to elute from the bed slowly, judging from the fact that the washwater 
showed significant turbidity even after 8-10 washes. Curiously, however, 
the turbidimetrically determined particle content of the bed was appar- 

I 

- ,  

0 1 2 3 4 5 6 I 
C y c l e s  

FIG. 9 Volume-averaged turbidity of !he exiting solution as a function of the number of 
cycles for 520 A particles in the large bed. 
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0 . 6 0 '  

K 

0.58- 

0.56- 

ently too large, violating mass conservation by as much as 40% in one 
experiment. These anomalous phenomena observed during washing of 
lo00 A particles from the bed remain to be resolved and are discussed by 
Roy (18). It is worth noting, however, that partition coefficients deter- 
mined for these particles (see below) are nevertheless roughly consistent 
with theoretical expectations. 

Values of the partition coefficient K were calculated from the equation 

zovo - ZfVf 
VJf 

K =  

where Vo and lo denote the volume and turbidity of the initial (fresh) 
suspension, Vf denotes the final volume of collected solution, Zf denotes 
the average of the last two turbidity readings, and V,  denotes the porous 
phase volume. The volume Vf of solution collected at the end of a run 
was somewhat smaller than the initial volume Vo due to losses in liquid 
transfers, but only by about 1-2%. 

P 

A 

0 

0 A 

A 

0 . 5 2 4  I 

0 . 1  0 . 2  0.3 0 . 4  0 . 5  0.6 0 . 7  
Concentration (mg/ml) 

FIG. 10 Partition coefficient K versus concentration (mg/mL) for 520 8, particles. The 
experimental data are represented by triangles for the small bed and circles for the large 
bed. Horizontal lines correspond to theoretical predictions for cylindrical (solid line) and 

spherical (dashed line) pore models. 
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2254 ROY AND NITSCHE 

Figure 10 shows 13 individual determinations of Kfor the 520 A particles 
at various dilute concentrations (obtained from the calibration of turbidity 
against concentration) in the two packed beds, and gives an indication of 
the degree of scatter observed. Data at concentrations of roughly 1 mg/ 
mL or higher showed more scatter, and are not given here [see Roy (lS)]. 
Five determinations of K for the 160 A particles in the large bed and four 
determinations of K for the 1000 A particles in the small bed showed 
greater scatter than that evident in Fig. 10. The large bed was used to 
determine K for the 160 A particles due to better flow control in the bed 
and less glass fines. The presence of small amounts of glass fines can 
significantly affect the turbidity readings in the range of 0-2 n.t.u., at 
which the 160 A particles are detected, and thus contributed to the larger 
scatter observed in the K values. Figure 1 1  compares the average values 
of K determined for each of the three particle sizes with the theoretical 
predictions of circular cylindrical and spherical pore models (cf. Eq. 13 

0.8 
I< 

c . 7  

0.6 

0 . 5  

0.4 J 
0 2 0 0  400 6 0 0  800 1000 

2a 

FIG. I 1  Average values of the partition coefficient K determined experimentally for the 
160, 520, and lo00 A particles (indicated with circles). Theoretical curves represent Eq. (13) 
with a = I (dashed curve, cylindrical pore model), a = 0 (dot-dashed curve, spherical pore 

model), and a = 0.5 (solid curve, equal weighting of the two pore models). 
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with a = 1 and a = 0, respectively). Both models seem to represent the 
results to within experimental uncertainty, which is greatest for the 160 
A-particles. We regard Eq. (13) with equal weighting d the cylindrical- 
and spherical-pore inputs (a = 0.5) as a reasonable descriptor of the parti- 
tioning data. 

We conclude that it is feasible to achieve a partitioning equilibrium 
between significant volumes of a particle-laden fluid phase and a porous 
solid phase within a few contacting cycles. 

4. A MODEL OF THE SINGLE-STAGE CONTACTOR 

The recycle flow used in the experiments to achieve contact between 
solvent and porous phases gave rise to an oscillatory dependence of the 
particle concentration in the eluted liquid upon the number of cycles. The 
basic underlying mechanism for this behavior can be understood with 
reference to the simple hypothetical case of zero dispersion and impermea- 
ble grains. The initial charge of particle-laden suspension (concentration 
Cbulk) simply displaces clear (particle-free) solvent from the bed. There- 
after, recycle of this clear eluant to the top of the bed leads to a displace- 
ment of the particle-laden suspension. Thus, if the recycle volume equals 
the interstitial volume, then the concentrations of succeeding batches of 
eluted liquid must alternate interminably between 0 and Cbulk. The pur- 
pose of adding only half of the initial charge of particle-laden suspension 
to the bed, and of mixing the remaining half with the eluted liquid, in the 
fwst cycle is to help break up this displacement process by providing an 
opportunity for mixing to occur outside the bed. It is shown elsewhere 
(18) that the measured eluent concentrations are bracketed by curves rep- 
resenting the limiting cases of zero dispersion and perfect mixing. This 
fact serves as an overall check on the experimental procedure, and indi- 
cates that a quantitative model must account for a finite degree of disper- 
sion. We now develop such a model. 

Each cycle comprises a period of duration Tfl,,/2 or Ta0, during which 
a volume of liquid VS undergoes gravity- and pressure-driven flow through 
the bed, and a subsequent period of duration T,, flow during which the 
bed sits idle (while the turbidity of the collected drained liquid is being 
measured). In both periods, particles undergo transport between the inter- 
stitial voids and the porous grains (taken to be spherical). The particle 
contents of these two phases are quantified in terms of the respective 
concentrations Ci and C,  (solute per liquid volume), both of which vary 
with time T and axial position 2. The intragrain concentration field C ,  
depends, in addition, upon the microscopic radial coordinate R. 
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2256 ROY AND NITSCHE 

Now Conditions. During flow through the bed, the two concentration 
fields are governed by the equations [see, e.g., Yau et al. (23); cf. Yang 
(24, pp. 101-104)] 

aci aci 1 a2ci 
- + - - -  -5 = -&, t ) ,  0 < z < 1 ,  t > 0 (17) at az Pe a~ 

cast in terms of the dimensionless quantities 

t = TVIL; z = ZIL; r = RIA ; Ci = Cc/Cbulk ; cP = CplCbulk ; Pe = VLID, 

(19) 
where L denotes the length of the bed, A is the radius of the grains, V is 
the mean fluid flow velocity through the bed, Di is the dispersion coeffi- 
cient, and Cbulk is the concentration of the starting colloidal suspension. 
The dimensionless group Pe has the significance of a Peclet number for 
mass transfer. The group p is given by 

p = LD,IA2V (20) 
with D, the effective diffusivity of the particles within the grains. The 
symbol q, discussed below, represents the volumetric rate of particle flow 
into the porous grains. 

The initial distributions 

C i k ,  0) = fi(z>; cp(~, Z ,  0)  = f p ( ~ t  Z )  (2 1) 

defined over the interval 0 < z < 1 are either identically zero (at the 
beginning of the very first cycle) or else determined by the evolution of 
the previous cycle. The boundary conditions imposed upon the interstitial 
and porous-phase concentrations for all times t > 0 are 

1 dCi 
C i ( 0 ,  I )  - - - (0, t )  = 1 Pe az 

(24) a c P  - ( 1 ,  z ,  t )  = dci(z, c )  - cp(l, z ,  t ) ]  ar 
cp finite at r = 0 (25) 

Use of the “Danckwerts boundary conditions” (25) (Eqs. 22 and 23) is 
discussed, e.g., by Brenner (26) and Novy et al. (25), and we adopt them 
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2257 

here as a simple description of mass transfer processes occumng at the 
ends of the bed. Equation (24) couples the interstitial and porous-phase 
concentrations by equating, at each locale z ,  the flux of particles from the 
grain surfaces to their interiors and from the bulk interstitial fluid to the 
grain surfaces. The latter is expressed in terms of a mass transfer coeffi- 
cient k, and 

K = kA/DpE,,,icro@ (26) 

represents a dimensionless version of this coefficient. The volumetric rate 
q appearing in Eq. (17) is proportional to this common flux, viz., 

(27) 

The dimensional concentration of the accumulated eluent from the bed 

3(1 - Emacro) 

€macro 
Emicro@PdCi(Z,  t )  - ~ p ( 1 ,  Z, t)l - - 

is given by the average 

No-Flow Conditions. In the absence of flow, molecular diffusion pro- 
duces negligible z-directed transport over macroscopic distances. Thus, 
the interstitial concentration changes solely by local molecular diffusion 
of particles into or out of the porous grains. This state of affairs is de- 
scribed by the differential equations 

aci 
- =  -q ( z ,  t ) ,  0 < z < 1, t > 0 
at 

O < r <  l , O < z <  1 ,  t > O  (30) 
at 

The dimensionless time r and the group p are here redefined as t = TDJ 
A* and p = D,/D,, with D, the bulk particle dfisivity, because a con- 
vective time scale ceases to exist in the absence of flow. All other dimen- 
sionless variables are as given by Eq. (19). The initial distributions in Eq. 
(21) now derive from ci and c, at the end of the immediately preceding 
flow period. Boundary conditions are not imposed upon ci because Eq. 
(29) is an ordinary differential equation in which z enters only as a parame- 
ter. Equations (24) and (25) still apply. 
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2258 ROY AND NITSCHE 

impermeable Grains. If the particles are too large to permeate into 
the porous grains, then q is identically zero, and all transport equations 
pertaining to the porous phase are ignored. This means, in particular, that 
the interstitial concentration undergoes no changes during the no-flow 
period. 

The Washing Process. The process by which the bed starts out satu- 
rated with solute and is washed with clear solvent is described by the 
preceding equations with the modifications that Eqs. (21) and (22) are 
replaced with the following initial and boundary conditions: 

(31) Ci(Z, 0) = 1,  c,(z, 0) = 1 ,  0 < z < 1 

Here c i  is made dimensionless with the saturated bed concentration. 
Phenomenological Coefficients. The Peclet number Pe is here re- 

garded as a numerical coefficient to be estimated empirically on the basis 
of our experimental data. It is worth noting that at large values of the 
microscopic Peclet number 

Pemicro = VAID, (33) 
based upon the grain size A ,  the ratio DJD,  scales roughly with the first 
power of Pemicro [see, e.g., Yang (24, Eq. 4.15, p. 107); cf. Koch and 
Brady (27)], whence Di itself is independent of the value of D,. This state 
of affairs is consistent with the concept of “mechanical dispersion” (27). 
Thus, since Pemicro is large (roughly 170) in our experiments, values of 
Pe estimated with particles of a given size should apply for all particle 
sizes. 

The effective diffusivity for particle transport within the porous grains 
is given by an equation of form 

D ,  = D,HIT (34) 
where 7 and H denote tortuosity and hydrodynamic hindrance factors, 
respectively. As a very rough estimate, we take T = 2 (23, p. 89) and 
approximate H in terms of the hindrance factor for axial motion of a sphere 
within a straight circular cylindrical pore, as discussed by Lewellen (28) 
[see also Deen (29)]; on this basis H is 0.189 for a particlelpore size ratio 
of 0.5. 

The mass transfer coefficient for particle transport from the bulk inter- 
stitial fluid to the porous grain surfaces is estimated assuming a micro- 
scopic Sherwood number of unity, 

kAID, = 1 (35) 
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SCALE-UP OF SIZE-EXCLUSION SEPARATIONS 2259 

representing the low-microscopic-Reynolds number limit of standard 
mass-transfer correlations (24, p. 106) (since the microscopic Reynolds 
number is of order 0.01 in the small bed). 

Solution of the Governing Equations. The solution cp(r, z, t) of the 
microscopic porous-phase transport problem (see Eqs. 18,21,24,25, and 
30) is expressible analytically in terms of the (as yet unknown) interstitial 
concentration field ci(z, t) by the equations (cf. Ref. 30, p. 91) 

cJr, Z, t )  = Ci(Z, t )  + c A n k ,  t)(Anr)-' sin(Anr) 
m 

(36) 
n= 1 

An(z, t )  = e-BA"[An(z, 0) + KnCi(z, O)] 

- Knci(z, t )  + K,PA? Jof e~~f(~'-r)ci(Z, t ' )  dt' (37) 

Here A,, denotes the nth solution of the transcendental equation 

tan&) = AnI(1 - K) (38) 
and A,(z, 0) and K,, respectively denote the nth Fourier coefficients of 
cp(r, z ,  0) - ci(z, 0) and 1 with respect to the orthogonal sequence of 
functions {(Ant-)- ' sin(A,r)}, the latter given by 

K n  = 2Khn sin(A,)[A; (K - 1) Sin2 An]-' (39) 
Thus, the permeation rate q(z, t )  is given directly in terms of ci(t, z) by 

The solution of the resulting macroscopic transport problem (see Eqs. 
17,21-23, and 29) is approximated using the method of f h t e  differences 
with simple Euler time stepping, as is detailed elsewhere (18). Numerical 
calculations, which use the final condition for each flow (or no-flow) step 
as the initial condition for the subsequent no-flow (or flow) step, utilize 
rounded parameter values based on the experimental conditions as listed 
in Table 1 .  

Reconcilietion of Model with Experiments. The Peclet number Pe 
for the small bed is determined by matching the preceding model with the 
measured decaying oscillations in the particle concentration during the 
approach to partitioning equilibrium (cf. Fig. 7). As is shown by Figs. 12 
and 13, the data for lo00 and 520 A particles are rou y consistent with 
the numerical value Pe = 5. Figure 12 pertains to lo00 P particles, modeled 
assuming impermeable grains, and Fig. 13 corresponds to 520 A particles, 
modeled assuming permeable grains with H/T = 0.1. Figure 14 shows the 
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2260 ROY AND NITSCHE 

TABLE 1 
Rounded Parameter Values Used 

in Numerical Calculations 
with the Convection-Dispersion- 

Permeation Model 

@ (for 520 A particles) 
tflow 0.9 
i"0 flow 4.0 
p (in flow conditions) 

0.19 

4.4 HIT 

K 7.6 / (Hh)  

effect of grain permeability and hindrance upon the predicted transient 
behavior. 

As a check on the value of Pe, Fig. 15 compares predicted eluant con- 
centrations during washing of 1000 particles from the small bed, assum- 
ing Pe = 5 and impermeable grains, with a corresponding set of wash 

0 . 2 5 4 ,  I I I I I 

0 1 2 3 4 5 6 7  
Cyclcs 

FIG. 12 Experimental data for 1000 A particles (solid lines) and model prediction (dashed 
line) with Pe = 5.  Il l0  as a function of the number of cycles. 
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0 . 4 -  

0 . 2 4  1 I I I 1 I 1 

0 1 2 3 4 5 6 7  
Cycles 

FIG. 13 Two sets of experimental data (solid lines) for 520 di particles and model prediction 
(dashed line) based on parameter values listed in Table 1. I/& as a function of the number 

of cycles. 

0 . 2 5 4  I 1 I I I I 

0 1 2 3 4 5 6 7  

FIG. 14 Model predictions for 520 8, particles with Hlr = 0 (dashed curve), Hlr = 0.1 

Cycles 

(solid curve), and HIT = 1.0 (dot-dashed curve). 
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1.001 

1 3 * Wash Cyclc 
4 

FIG. 15 Predicted (dashed line) eluent concentrations during washing of 1000 A particles 
from the bed (Pe = 5.0) compared with experimental data (solid line). 

data (selected on the basis of good agreement of the saturated bed concen- 
tration with the mean measured partition coefficient K ) .  The rough agree- 
ment indicates that the estimated value Pe = 5 is of the proper order of 
magnitude. [This value is evidently much smaller than the theory of Koch 
and Brady (27) would suggest based on a microscopic Peclet number of 
roughly 170, although it is worth noting that their theory is strictly applica- 
ble only to dilute packed beds.] 

5. DISCUSSION 

The preceding work has established the operating characteristics of 
countercurrent fractional extraction, based on contact with a porous 
phase, as a technique for macromolecular or particulate separations. Size 
and shape exclusion was considered here as the basis of selectivity be- 
cause of the simplicity of the underlying microscopic physics (simple steric 
exclusion). Selectivity by this mechanism is low (i.e., differences in parti- 
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tion coefficient between different particles are small). This difficulty is 
exacerbated by the fact that part of the porosity of the porous phase 
derives from the nonselective interstitial voids, although selectivity is 
maximized through the use of a material with an essentially uniform pore 
size distribution (see Ref. 17). It is important to emphasize that the tech- 
nique advocated here is applicable to any partitioning mechanism, and 
would require fewer stages for cases of affinity-based, ion-exchange, or 
other separations for which selectivity is generally much higher. The key 
observation to make is that stagewise countercurrent contact does not 
suffer the scale-up limitations that limit chromatographic systems. The 
development of large-scale multicomponent protein and particle separa- 
tions by fractional extraction represents a promising and rich area for 
technological advancement, toward which this work represents a step, 
and which has already seen considerable investigation [e.g., Chang et al. 
ml. 

A number of specific conclusions can be derived from the present inves- 
tigation. First, it seems to be possible to achieve complete equilibration 
between substantial volumes of liquid and porous phases within a few 
contacting cycle times. Second, reflux and concentration of an intermedi- 
ate stream offer improvements in selectivity, although only by a factor of 
2 or so and at the expense of practical penalties (such as a much larger 
stage size needed in the case of reflux). It may therefore be best to increase 
selectivity simply by increasing the number of stages. Third, dispersion 
in the bed is intermediate between the extremes of plug flow and perfect 
mixing, and can be described to reasonable accuracy by a one-dimen- 
sional, time-dependent convection-dispersion model. The Peclet number 
characterizing our experiments with the small bed seems to be approxi- 
mately 5. 
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SYMBOLS 

characteristic solute size 
radius of grain 
Fourier coefficient 
particle concentration in interstitial voids 
particle concentration in pores of porous grains 
particle concentration of initial suspension 
dispersion coefficient 
effective diffusivity of particles within the grains 
particle diffusivity in bulk fluid 
volumetric flow rate of feed 
hydrodynamic hindrance factor 
turbidity in nephelometric turbidity units (n.t.u.) 
mass-transfer coefficient 
partition coefficient 
Fourier coefficient 
length of packed bed 
total number of stages to the left of the feed stage 
total number of stages to the right of the feed stage 
volumetric flow rate of wetted porous phase 
Peclet number 
rate of mass transfer 
flow rate of solvent 
microscopic radial coordinate 
micropore radius 
volumetric flow rate of solvent phase 
selectivity 
time 
time of flow through bed 
time of no flow through bed 
mean fluid flow velocity 
interstitial bed volume 
porous phase volume 
initial volume of suspension 
solute concentration in solvent phase 
solute concentration in porous phase 
axial position in packed bed 

Greek Symbols 

P dimensionless group defined by Eq. (20) 
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€ overall porosity 
€macro macroscopic porosity 
€micro microscopic porosity 
K 

A, 
0 
7 

1. 

2. 

3. 

4.  

5. 

6. 

7. 

8. 

9.  

10. 
1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

. -  

dimensionless mass transfer coefficient defined by Eq. (26) 
eigenvalues defined by Eq. (38) 
single-pore partition coefficient 
tortuosity 
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