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9a 

Sedimentation Phenomena 

GALEMBECK AND PIRES 

Mass transfer occurs in every uniform, many-component system 
The net result of submitted to a gravitational or inertial field. 

this mass transfer is a lowering of the mass center of the system 
and the concurrent formation of concentration gradients. 
lower-density components move upwards, the higher density compo- 
nents move downwards, until every component reaches a uniform 

1 chemical potential, throughout the system . 

The 

Uniform chemical potentials in gravitational or inertial 
fields require the existence of concentration gradients, according 

to the "barometric" equations ; in an ideal solution: 2 

d(Rn xi) Mi(l-vip)g 

dz RT 
- (under gravity) 

and 
d(Rn xi) Mi(l-vip)w 2 

- (under centrifugation) 
dr2 2RT 

which describe changes in componentimol fraction, x 
tion of either z, the depth within the solution c o l g  or 
squared distance from a point within the solution to the centri- 

fugation axis. 

as a func- 

, the i 2  

Concentration gradients at sedimentation equilibrium have 
been very useful, throughout this century. Some examples of this 
assertion are the fundamental work of Jean Perrin3'4 on the 
kinetic behavior of the matter and constant evaluation, and the 
extensive use of equilibrium sedimentation in the determination of 

5-10 macromolecular EIw's, MW distributions and virial coefficients . 
However, in most of the actual sedimentation or centrifuga- 

tion experiments currently performed by chemists, biochemists, 
molecular biologists, colloid scientists and other workers, sedi- 

mentation equilibrium state is not actually reached. 
large number of non-equilibrium preparative and analyticalmethods, 

There is a 
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OSMOSEDIMENTATION METHODS 99 

for polymer and particle fractionation, separation, concentration 
and characterization which are fast, effective and thus widely 
used. 

Sedimentation Kinetics 

Equilibrium sedimentation thermodynamic equations (such as 
eqs. 1 and 2) apply to every conceivable fluid system, either gas 
or liquid, particle dispersion, macromolecular or micromolecular 
solution. However, the concentration gradients predicted by equa- 
tions l and 2 are seldom observed, due to the usually slow kinetics 
of sedimentation, in liquid solutions and colloidal sols. 

We may consider, as a first approximation, that sedimentation 
kinetics is described by Stokes' law: the rate of vertical displa- 
cement of a spherical particle in an inertial or gravitational 
field is given by the ratio between its buoyant weight and friction 
with the surrounding fluid . Under gravity, equation 3 holds: 1 1  

where the last equality holds for spherical particles, only. 
As a result, sedimentation rates for a substance of a given 

p. will depend on particle radius a. and on the fluid medium 
2 density and viscosity. 

substituted for 8,  in eq. 3. 

-1 -1 
In the case of an inertial field, is 

Using eq. 3 we can verify that particles having, for in- 
stance, pi = 2, in water, have high sedimentation velocities under 
gravity, if their radii exceeds 1 pm; otherwise they settleslowly; 
1 nm particles settling velocity is negligible", of the order of 
8 nanometers per hour. 

Rate of approach to sedimentation equilibrium has beenexten- 
sively dealt with, in the literature; fundamental work done by 

Mason and Weaver", Archibald13, Van Holde and Baldwin14 led to 
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100 GALEMBECK AND PIKES 

equations useful for predicting the times taken by a given system 
to approach sedimentation equilibrium, to a given extent. 

If a centrifuge is run so as to satisfy the following ine- 
quality: 

RT 

M2 ( 1-y2 p)u2Th 
> 0.6 

where 7 is the distance between the rotation axis an, the midd 
of the solution column, h is the solution column height, the fol- 
lowing equation can be used 14,15. 

(5) 
2 

z 0.7 h /D 

where is the time required to reach concentrations within 
0.1X of the equilibrium values, at any point in the cell. 

-6 This shows that a typical macromolecular solute (D = 10 - 
2 - 1  cm s ) will take many hundred hours to equilibrate in a 

1-cm tall aqueous solution column. Many-centimeter or meter-long 
columns are obviously useless, for this purpose. This explains 
why we can keep protein and other polymer solutions in containers, 
without observing the fairly large concentration gradients pre- 
dicted by the thermodynamic relationships. For instance, dissolved 
proteins are not concentrated by centrifugation, even though eq. 1 
predicts a large concentration gradient for, let say, bovine serum 
albumin spun at 3000 rpm, at 4 O C ,  in aqueous solution: 

-2 d (Rnc) 
~ = 0.036 cm 
d(r2> 

which means that 32% of the albumin should be found within the 
lowest 20% of the solution column at this speed. Unfortunately, 
it will take ca. 9 years for equilibrium attainment in an albumin 
solution within a standard, 10 cm tall centrifuge tube. 

Sedimentation of small particles and of macromolecules gives 
thus good examples of thermodynamically spontaneous but kinetically 

restricted phenomena - many conceivable experiments are not feasi- 
ble because they will occur but in excessively long times. 
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OSMOSEDIMENTATION METHODS 101 

Osmosedimentation: Early Observations 

Porter, from the University of London, in the early twenties, 
concerned himself with the problem of equilibrium sedimentation in 
colloidal sols16. 
volved but made an important contribution: he demonstrated theo- 
retically that osmotic equilibrium across a semipermeable membrane 
should be concurrent with sedimentation-diffusion equilibrium 
To rephrase it, he showed that approach to equilibrium in an 
osmotic system should lead to a difference in the hydrostatic 
heads to concentration gradients, at once. 

He was not aware of the kinetic problems in- 

17 . 

Thirty years later la’’’ Lang, in Germany, verified (apparen- 
tly, without knowing about Porter‘s work) that concentration gra- 
dients were formed within an osmometer fitted with a vertical mem- 
brane. 
important question of his time: how should osmometers be built, 
to minimize experimental errors? Lang did not further this work 
for two reasons, apparently: first, he did not notice that the 
time scale at which solute was concentrating at the osmometer 
bottom was much shorter than that usually observed, in sedimenta- 
tion; second, he believed (although no clues are given for the 
source of his belief) that he could not use his concentration gra- 
dients to calculate molecular-weights. 

It seems that Lang’s motivation was the solution of an 

In 1977,  M. Jafelicci Jr., a student from this laboratory, 
was preparing iron oxide sols. Although these sols did not settle 
while contained in glass or plastic containers they did so,  during 
dialysis. 
biochemical laboratories, during protein dialysis. Withoutknowing 

about Lang’s work we started to examine this phenomenon, from both 
theoretical and experimental points of view. It was fortunate to 
have done so without knowing about previous work, in the earlier 
part of this project - this would probably have prevented us from 
moving ahead . 

It seems that similar observations are often made in 

20 
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102 GALEMBECK AND P I R E S  

Osmosedimentation : Theoretical Aspects 

Monodisperse systems. A solution under a gravitational or 
inertial field approaches sedimentation equilibrium by solute and 
solvent mass transfer, along the field. The denser component 
moves to the solution containers' bottom, while the lighter compo- 
nent moves upwards. This is often too slow: even a 50 S sedi- 
menting solute will have a vertical displacement velocity of 1.5 x 

7 m s- ' ,  under an inertial field equal to 3000 x gravity . 
On the other side, if the solution (denser than solvent) is 

separated from the solvent by a semipermeable membrane, solvent 

may flow to and from the solution, depending on the liquid colurmt 
height. Solvent flow to the solution is obviously expected, due 

to osmotic forces; solvent flow from the solution occurs at points 
beneath the liquid surface wherein the greater pressure within the 
solution column leads to reverse osmosis . 21 

The height of a dialysis cell needed to generate reverse 
21 osmosis under centrifugation can be easily evaluated . Using an 

arrangement such as depicted in Fig. 1 ,  containing an ideal binary 

solution of uniform composition: 

and 

A P ~ ~ ~ , ~ ( ~ )  = R T R ~ ~  + T~~~ A W  2 (r 2 2  -ro) 
H2° 

The horizontal (perpendicular to the membrane) 

(8) 

solvent mass 

contains two terms: one depends on x and is 
H20 

current J 
independent of the field; it leads to solute dilution; the other 
varies from solution top to bottom and contributes to solute con- 
centration. 

H20,x 

Using equations 7 and 8 it is possible to calculate that in 
3 -1 .an ideal, 1X solution of a 130.000-MW solute having = 0.7 cm g 

0 contained in a dialysis cell at 4 C, which top is at a 15 cm dis- 
tance from the spinning axis (3000 rpm), osmosis occurs from the 
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OSMOSEDIMENTATION METHODS 103 

solution column top down to a depth of ca. 0.4 cm; reverse osmosis 
takes place from there on. 

Bulk liquid movement drags solute to the cell bottom. This 
will go until a steady concentration gradient is obtained. At this 
point, solute and solvent chemical potentials are uniform and 
solute concentration varies along the cell, according to the 
barometric equation (eq. 2 ) .  

Polydisperse systems. When considering polydisperse systems 
a question arises: 
cell? That means: do lower-MW solute fractions give smaller con- 
centration gradients than high-MW fractions? 

is there solute redistribution throughout the 

Looking at Figure 1 

M E MBR A NE 

1 t 

SOLUTION SOLVENT 

FIGURE 1 

Osmotic (0) and reverse osmotic (RO) mass currents in a 
dialysis cell, under gravity or an inertial field. N are the 
normal sedimentation currents of the lighter (-1 and denser 
(---+I components. 
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104 GALEMBECK AND PIRES 

one might be tempted to conclude that different fractions should 
not give different concentration gradients, since solute mass 
transfer is a result of overall solute dragging by solvent. Howe- 
ver, there is some experimental evidence showing that solute frac- 
tionation may go on, in some cases. 
fully elucidated, from a theoretical point of view. Our current 

working hypothesis is the following: horizontal solute concentra- 
tion gradients are also formed within the dialysis cell, as a 
result of solvent osmosis and reverse osmosis, as shown schemati- 
cally in Fig. 2 .  The ensuing density gradients lead to convective 
instabilities and to another mass transfer mechanism: less dense, 
more dilute solution moves up,more concentrated solution moves 

down. 
richer in lighter, faster-diffusive particles, as depicted in Fig. 
3 .  This would account for solute fractionation, in osmosedimenta- 
tion; as of this time, this mechanism has no quantitative expres- 
sion but it is substantiated by some experimental results, given 
in the following sections. Moreover, fractionation by this diffu- 

2 2  sion-convection mechanism has been demonstrated, many years ago . 

This problem has not been 

One should expect the more dilute convective layers to be 

Irreversible thermodynamics treatments. Osmosedimentation 
has been examined using two different approaches based on irrever- 
sible thermodynamics formalisms. 

First, the rate of approach to equilibrium in a system in 

contact with temperature and pressure reservoirs, in the absence 
of chemical reactions, is given by: 23 

dG 

The rate of decrease of G will thus increase as i) the num- 
ber of (i) components and ii) the number of (aA) phase boundaries 
both increase. In  an osmosedimentation experiment there are more 
pathes for mass transfer (the aA's), ieading to faster mass trans- 
fer. Equation 9 allowed us to predict that mass transfer rates in 
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OSMOSEDIMENTATION METHODS 105 

FIGURE 2 

b 

a )  Convection c u r r e n t s  w i t h i n  t h e  s o l u t i o n  compartment, i n  a 

d i a l y s i s  c e l l .  

s o l u t i o n  i n  C i s  concent ra ted  by r e v e r s e - o s m o t i c  f low; s o l u t i o n  

i n  B and B'  i s  u n a l t e r e d .  Denser f l u i d s  move downwards, l i g h t e r  

ones upwards. 

Solu t ion  i n  A is  d i l u t e d  by osmotic  s o l v e n t  flow; 

b) L i g h t e r  ( * )  p a r t i c l e s  d i f f u s e  from t h e  more concent ra ted  

from B t o  A and t o  t h e  more d i l u t e  reg ions ,  w i t h i n  t h e  s o l u t i o n :  

from C t o  B ' .  Heavier (0) p a r t i c l e s  do a l s o  d i f f u s e ,  bu t  a t  a 

lower ra te .  A s  a r e s u l t  t h e  more concent ra ted ,  denser  s o l u t i o n ,  

i s  enr iched i n  t h e  h e a v i e r  p a r t i c l e s  and moves downwards. Less 

dense s o l u t i o n  ( a s  i n  A) is  enriched i n  l i g h t e r  p a r t i c l e s  and 

moves upwards. 
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106 GALEMBECK AND P I R E S  

X 

osmosedimentation could be up to lo5 times greater than in normal 
sedimentation. 

the linear formalism of non-equilibrium  thermodynamic^^^. 
found that solute settles within a dialysis cell with apparent 
sedimentation coefficients orders of magnitude larger than normal 
sedimentation coefficients. Moreover, apparent sedimentation 
coefficients increase with solute concentration, cell height and 
dialysis cell membrane area. Using a schematic cell such as 
depicted in Figure 3 ,  we can calculate S 
Figures 4 and 5 .  

Osmosedimentation has also been treated theoretically, using 
It was 

/S ratios as given in 
aPP 

These calculations show that osmosedimentation works 
better at higher concentrations, in taller cells - just the oppo- 
site of sedimentation. It is rather advantageous for slow sedi- 
menting particles but not much for 100 S - plus solutes. 

d 
ROTAT ION 

AXIS 

MEMBR ANE 

INERTIAL 

FIELD 

FIGURE 3 

L 

Schematic dialysis cell used to evaluate relative efficien- 
cies of osmosedimentation and centrifue(stion. 
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OSMOSEDIMENTATION METHODS 107 

Appl ica t ion  t o  Solu te  and P a r t i c l e  Concentrat ion 

S o l u t e s  and p a r t i c l e s  which do n o t  s e t t l e  under g r a v i t y  o r  

i n  a low-speed c e n t r i f u g e  can be made t o  do so, i f  they  are placed 

i n  a d i a l y s i s  ce l l ,  i n s t e a d  of  an  u s u a l  c o n t a i n e r ,  such as a 

beaker ,  a f l a s k  o r  a c e n t r i f u g e  tube.  

APP 

S 
- 

1 P  10 1dll 10-'O 
-12 

LO' / s . rnoi+'cm" 
FIGURE 4 

s I S  r a t i o s ,  as a f u n c t i o n  of membrane p e r m e a b i l i t y  t o  
aPP 

s o l v e n t .  The S / S  r a t i o  i n d i c a t e s  how much f a s t e r  i s  t h e  ra te  

of s o l u t e  v e r t i c a l  displacement ,  as compared t o  t h a t  i n  c e n t r i -  

fuga t ion .  

aPP 
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10 8 GALEMBECK AND PIRES 

S e t t l i n g  of a l a t e x ,  under gravity2'. P o l y t e t r a f l u o r o e t h y l -  

ene (PTFE) l a t e x  i s  made of v e r y  small p a r t i c l e s ,  which s e t t l e  

very  s lowly,  under g r a v i t y .  I n  an  experiment21, t h r e e  d i a l y s i s  

ce l l s ,  each a t  a given h e i g h t ,  were in te rconnec ted  wi th  tub ing .  

The t h r e e  c e l l s  were f i l l e d ,  on one s i d e ,  wi th  a de te rgent -s tab i -  

l i z e d  PTFE d i s p e r s i o n ;  t h e  o t h e r  s i d e  of t h e  t h r e e - c e l l  a r r a y  was 

f i l l e d  w i t h  t h e  d i s p e r s a n t  medium. 

e q u i l i b r a t e ,  undis turbed .  A s  a r e s u l t ,  PTFE concent ra t ion  i n  t h e  

lowest  c e l l  r o s e  very  f a s t  and a f t e r  some t i m e  n e a r l y  a l l  of t h e  

PTFE had t r a n s f e r r e d  from t h e  two upper ce l l s  t o  t h e  lowest  one. 

The r a t e  of p a r t i c l e  t r a n s f e r ,  i n  t h i s  case, i s  much g r e a t e r  than  

The system was allowed t o  

looool 
1000 - 

0 2 4 6 0 10 

rg- rA / cm 

FIGURE 5 

S /S r a t i o ,  as a f u n c t i o n  of c e l l  h e i g h t .  
ape 
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OSMOSEDIMENTATION METHODS 109 

in a control run, in which the same dispersion was allowed to 
settle within a piece of glass tubing of the same total height 
(Figure 6 ) .  

Concentration of proteins and polysaccharides, under low 
centrifugation speeds. 
ride solutions, at low speeds (1-5 x 10 rpm), does not generate 
any appreciable concentration gradients. Many of these solutes 
(gammaglobulin, serum albumin, dextrans) were osm~centrifnged~~ and 
thus concentrated at 2000-3000 rpm, in a standard "blood" centri- 
fuge (6-liter, swinging buckets). Results of gammaglobulin and 

Centrifugation of protein and polysaccha- 
3 

0 50 too 
SOLUTION DEPTH /cm 

FIGURE 6 

PTFE concentrations in a stack of three dialysis cells. 
Equilibration times were as follows: (A) 6 h, (0) 20 h, (I) 67 h; 
t = 2 4  ?r l0C. The control (---) was PTFE in glass tubing, 67 h. 
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110 GALEMBECK AND PIRES 

blue dextran osmocentrifugation are in figures 7 and 8. 

second case > 80% of the solute is recovered from the lowest one- 
fifth of the dialysis cell solution column, after 8 hours osmoeen- 
trifugation, at a concentration greater than 4 times the original 
Concentration. 

In the 

Osmosedimentation x ultrafiltration. One might be tempted 
to compare osmosedimentation and ultrafiltration, as methods for 
solute concentration. We have not approached this question, in a 
systematic way but a few statements can be made: osmosedimenta- 
tion takes longer times; on the other hand, it is not plagued by 
membrane fouling and clogging; no solution stirring is necessary, 
so that no shearing problems arise; in. the case of latex particles, 
in which caking is a serious problem in both ultrafiltration and 
centrifugation, osmosedimentation under gravity leads to concen- 
trated dispersion without cake formation. 

It should be noted that problems in ultrafiltration tend to 
grow as the feed solution concentration increases - as opposed to 
osmosedimentation, which is fairly innefective at low (0.1%) pro- 
tein concentration but becomes more and more effective as the 
starting solution concentration increases . 25 

Application to Density Gradient Formation 

Centrifugation in density gradients is an important separa- 
tion methodology, widely used in protein, virus, subcellular par- 
ticles and cell fractionation and characterization. More recently 
polymer latexes have been examined, also. 

Percoll, a modified colloidal silica, and Ficoll, a copo- 
lymer of sucrose and epichlorohydrin, have been largely used as 
density gradient - forming materials for biological separations 
27.  

can be self-generated when Percoll solutions are centrifuged at 
high g values26. 
mentation of cellular and subcellular particles. Cells can be 

26, 

Continuous gradients can be obtained by various methods and 

This is specially important for isopycnic sedi- 
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OSMOSEDIMENTATION METHODS 111 

I I I I 

0 I .  5 3.0 4.5 6.0 

HEIGHT I cm 

I 100 
t 
0 
a 
a 

z 
I- 
0 

LL 

v) 
v) 

I 
W 
I- 
3 
-I 
0 

5 0  

a 

m o  
0 1.5 3 .O 4.5 6 .O 

HEIGHT I cm 

FIGURE 7 

Concentration of gammaglobulin solutions, by osmocentrifuga- 
tion. The ordinates give the fractions of initial solute mass 
accumulated from the cell bottom to the given height. 
diagonal line is the result expected in the absence of a solute 
concentration gradient. 
b) 0.25%. Spinning time: (0) 4 h, (A) 8 h, (I) 14 h, (0) 20 h, 
(4) 30 h, (0) 51.5 h and (9) 103 h .  

Thestraight 

Initial solute concentrations: a) 1.0%, 
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112 GALEMBECK AND PIRES 

a1 

0 I I I 
0 I .5 3 .O 4.5 6.0 

HEIGHT /cm 

v) 
v) 

I 

W 

a 

50 

0 
0 1.5 3.0 4.5 6.0 

HEIGHT /cm 

FIGURE 8 

Concentration of blue dextran solutions of initial concen- 

tration 1.OX at a) 2000 rpm and b) 3000 rpm, during (0) 4 h, 
(0) 8 h, (A) 14 h. (0 20 h and (A) 30 h. The ordinates give the 
fractions of total solute mass contained between the cell bottom 
and each given height. 
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OSMOSEDIMENTATION METHODS 11 3 

isopycnically banded in Percoll by low-speed centrifugation, but 
Percoll gradients have to be preformed at higher speeds. 

Recent workz7, demonstrated that Percoll and Ficoll self- 
generated density gradients can be obtained by low-speed centri- 

10 20 30 40 50 60 70  
DISTANCE FROM MENISCUS/mm 

FIGURE 9 

Percoll density gradients obtained by osmocentrifugation; 
starting density, 1.12 g.ml-' in 0.15  M NaC1. 
725 g for (0) 10, (A) 20, and (I) 30 min at 4OC. 
30-min centrifugation in a glass tube. 

Running conditions: 
(a> Control run: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



114 GALEMBECK AND PIRES 

fugation of their solutions within dialysis cells: 
gradients can be obtained after 10-30 min centrifugation at 220- 

2010 g (e.g., figure 9). 

usually more difficult to self-generate, can be obtained by the 
same technique. 
tivenesses of osmosedimentation and ultracentrifugation in density 
gradient self-generation. Red cell band formation in a Percoll 

density gradient can be done in a single step by using dialysis 
cells as the centrifugation solution container. 

has two intrinsic advantages in density gradient self-generation: 

i) simpler and larger-scale equipment can be used and ii) a single 
step operation replaces two steps. 

useful Percoll 

Ficoll density gradients, which are 

Results summed up in Table I compare the effec- 

Osmosedimentation 

Solute Fractionation in Osmosedimentation Experiments 

The question of solute fractionation in osmosedimentation 
experiments has been raised in the section dealing with polydis- 
perse systems. At this point we shall give evidence showing that 
in some cases solute fractionation is observed, although in other 
cases the mixed solutes sediment, without undergoing any separa- 
t ion. 

28 Fractionation in colloidal silver osmocentrifugation . 
A colloidal silver dispersion was centrifuged, within a dialysis 
cell. The cell contents were divided in fractions, which were 
analysed in the transmission electron microscope. Top fractions 
were richer in smaller particles, as opposed to bottom fractions 
(Figure 10). 

Fractionation of a dextran solution29. Dextran solutions 
were allowed to equilibrate within 1 m - tall, 1 . 2  R capacity 
dialysis cells. 
determination. Some results are in Table 11. 

Cell contents were withdrawn and subjected to MW 
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116 GALEMBECK AND PIRES 

The r e s u l t s  mentioned above show t h a t  s o l u t e  sepa ra t ion  

occurs ,  i n  some cases .  However, t h e r e  is  o the r  evidence l ead ing  

t o  t h e  oppos i te  conclusion , It was found t h a t  i f  a s o l u t e  (b lue  

dext ran) ,  i n  a low concent ra t ion  i s  cent r i fuged  slowly i n  a d i a ly -  

s is  c e l l  while  adding a high concent ra t ion  of  another  s o l u t e  

(unlabe l led  dext ran) ,  t h e  r a t e  of b lue  dext ran  concent ra t ion  gra- 

d i e n t  formation i s  much enhanced - one s o l u t e  thus be ing  dragged 

by the  o the r .  

25 

As of the  t i m e  of t h i s  w r i t i n g  t h e  e f f o r t s  of t h i s  labora-  

t o r y  are d i r e c t e d  towards e luc ida t ing  t h i s  quest ion:  

f r a c t i o n a t i o n  occur  i n  osmosedimentation, and t o  what ex ten t .  

when does 

0 2 4 6 0 
r ( n m 1  

FIGURE 10 

Co l lo ida l  silver p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  f r a c t i o n s  

co l l ec t ed  a t  t h e  top  (0) and bottom (0) of a d i a l y s i s  ce l l ,  a f t e r  

32 h cen t r i fuga t ion  a t  2000 rpm. P a r t i c l e  s i z e  de te rmina t ion  was 

done by t ransmiss ion  e l e c t r o n  microscopy. 
-1 C = 0.154 g , i n  0.10% sodium cho la t e  t 2 3OoC. 

Experimental condi t ions :  

Ag 
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OSMOSEDIMENTATION METHODS 11 7 

Osmosedimentation Equilibrium 

The osmosedimentation effect is responsible for the faster 
rate of solute mass transfer observed within dialysis cells, as 
compared to usual solution containers. Experiments were performed 

30,31 to verify the attainment of a sedimentation equilibrium state . 
Starting with a solution of uniform concentration in one cell side 
and solvent in the other, the concentration of the solute changes 
with time, with the solute center-of-mass being displaced down- 

TABLE I1 

T-2000 Dextran Fractionation by Osmosedimentation. 

Starting 
solu t iona 

Recovered 
solvent 

114 
131 
145 
146 
143 
140 

153 
148 

1,120 

1,075 

0.82 
0.97 
1.21 
1.21 
1.26 
1.25 

1.32 
1.43 

0.82 
1.79 
3 .OO 
4.21 
5.47 
6.72 
8.04 
9.47 

9.50 

0.02 

0.28 
0.29 
0.31 
0.36 
0.39 
0.65 
1.92 
5.70 

a 1.12 R, dextran in 30% aqueous ethanol; allowed to equilibrate 
for 7 days at room temperature. 
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118 GALEMBECK AND PIRES 

wards. Another starting situation is such that: i) the solution 

is at the bottom of one cell compartment and ii) the remaining, 
upper volume of this compartment and the other compartment are 
filled with solvent (Fig. 11). In this case, solute will be dis- 
placed upwards, so as to reach a more uniform concentration dis- 
tribution, throughout the cell. 

diffusion 

equilibrium 

FIGURE 1 1  

Schematics of an experiment to demonstrate attainment of 

sedimentation equilibrium state, in a dialysis cell. 
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0 5 10 
Time (days 1 

0 5 10 
Time ( days 

0 I /  

Y 

0 5 10 
Time (doys) 

FIGURE 12 

Osmosedimentation experiments with silver sols, under 
gravity, at (300 f 0.2) K. Each point is an average over 2-4 
individual runs. The ratio of concentrations at the top (c ) 

and bottom (c ) of the cell is shown for three different average 
concentrations: (a) 0.168, (b) 0.320 and (c) 0.615 g 11-l. 
(closed) circles refer to experiments in which the solution center 
of mass was displaced upwards (downwards). 

t 

b 
Open 
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120 GALEMBECK AND PIRES 

Both s t a r t i n g  s i t u a t i o n s  should lead t o  a same concent ra t ion  

d i s t r i b u t i o n ,  s ince  t h i s  i s  c h a r a c t e r i s t i c  of an equi l ibr ium s t a t e .  

This  w a s  experimental ly  v e r i f i e d ,  a s  descr ibed i n  f i g u r e s  1 2  and 

13. 

Concentrat ion g rad ien t s  a t  t he  sedimentat ion equi l ibr ium 

s t a t e  can be used t o  c a l c u l a t e  s o l u t e  MW’s, MW-averages and v i r i a l  

c o e f f i c i e n t s .  Some of t he  d a t a  co l l ec t ed  thus  f a r  i s  i n  Table 111. 

I n  these  ca l cu la t ions  we assumed, i n  the  c a s e  of po lydisperse  sam- 

p l e s ,  t h a t  s o l u t e  r e d i s t r i b u t i o n  occurred dur ing  e q u i l i b r a t i o n ,  

exac t ly  a s  i n  normal sedimentat ion o r  cen t r i fuga t ion .  Procedures 

used i n  these  c a l c u l a t i o n s  are wel l -es tab l i shed ,  i n  t h e  l i t e r a -  

t u r e  . 32 

Membranes f o r  Osmosedimentation Experiments 

Solu te  osmosedimentation r a t e s  a r e  h igh ly  dependent on t h e  

membrane permeabi l i ty ,  t o  so lven t .  The i d e a l  membrane f o r  osmo- 

sedimentat ion i s  one wi th  complete s o l u t e  r e t e n t i o n  and a minimal 

r e s i s t a n c e  t o  so lvent  flow. 

those  made on u l t r a f i l t r a t i o n  membranes, bu t  t he re  i s a d i f f e r e n c e :  

osmosedimentation membranes do not  have t o  s t and  p res su re  d i f f e r -  

ences g r e a t e r  than  ca .  0.1 a t m ,  f o r  which reason they  a r e  no t  

requi red  t o  be  a s  s t rong  a s  u l t r a f i l t r a t i o n  membranes. 

These requirements  a r e  t h e  same a s  

The work on osmosedimentation requi red ,  so f a r ,  largeamounts  

of membranes, i n  a v a r i e t y  of s i z e s  and shapes. 

develop new procedures f o r  membrane prepara t ion ,  which a r e  simple, 

convenient and i n e ~ p e n s i v e ~ ’ - ~ ’ .  Membranes a r e  c a s t  by spreading 

so lu t ions  of c e l l u l o s e  a c e t a t e  i n  a t e rna ry  so lvent  ( a c e t i c  ac id ,  

acetone,  water)  on a g l a s s  shee t ;  t h e  so lu t ion  i s  coagulated by 

immersion i n  a water ba th ,  and r in sed  t o  complete removal of  f r e e  

ac id .  

Changes i n  c a s t i n g  so lu t ion  composition, spread f i l m  th ickness  and 

membrane dry ing  time ( p r i o r  t o  coagula t ion)  a l low t h e  prepara t ion  

of membranes wi th  a v a r i e t y  of re ten t ion-permeabi l i ty  cha rac t e r i s -  

t i c s .  

This  l ed  u s  t o  

A l l  t h e  prepara t ion  s t e p s  a r e  done a t  room temperature .  
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OSMOSEDIMENTATION METHODS 

I 

time / hour 

FIGURE 13 

Concentration ratio between the contents of top and bottom 
dialysis cell compartments, as a function of  time. (A) Experi- 
ments in which the solution side of the cell was filled with 
Dextran T-500 solution of uniform concentration, 1.2% wfw; 

(0) experiments in which the lower half of the solution side of 
the cell was filled with 2.4% wfw Dextran and the upper half was 
filled with water. t = 2O.O0C. 
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122 GALEMBECK AND PIRES 

TABLE 111 

MW-Determination of Polymer Solutes and Dispersed Particles. 

Samp 1 e t /OC Method 

Dextr an 
T-500 
in water 

Dex t r an 
S I W  
in water 
Thyroglobulin 
in aqueous 
0.1 M KNO3, 
pH 5.8 
Colloidal 
silver in 
aqueous 0.10% 
Na-cholate 
Bovine serum 
albumin 

Ovalbumin 

Gawna gl obul in 

5.5 
20.0 
40.0 

7.1 

20.0 

27 .O 

4.0 

4.0 

4 .O 

5.3 f 0.4 
5.3 f 1.5 
4.9 f 1.4 
5.17 

18.9 ? 4.8 

18.0 

7.1 * 0.7 
6.69 

5.2 ? 0.25 
5.2 ? 0.47 

0.68 f 0.06 
0.667 

0.43 f 0.06 
0.40 - 0.46 

1.59 f 0.07 
1.49 ? 1.80 

30 
30 

30 

Osmosedimentation 
Osmos edimen ta t ion 
Osmosedimentation 
Gel-permeation 
chromato gr aphya 
Osmo sed imenta t ion 

b Light scattering 

Osmosedimentation 
Sedimenta - 

30 

30 

diffusion 5fon 
31 Osmo sed iment at ion 

Electron microscopy 31 

33 Osmosedimentation 

Sed. -dif. 
equil i b r i ~ m ~ ~  

Osmosedimentation 
Sed. -dif. 
equilibrium35 
Osmosedimentation 

36 Various methods 

33 

33 

a Data sheet from Pharmacia Fine Chemicals. 
Data from Polysciences, 
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OSMOSEDIMENTATION METHODS 123 

Of course ,  i t  i s  p o s s i b l e  t o  use  commercial u l t r a f i l t r a t i o n  

membranes, f o r  osmosedirnentation. We have t e s t e d  t h e  Amicon X M l O O  

membranes, which are p e r f e c t l y  s u i t a b l e .  

t o  use  semipermeable hollow f i b e r s ,  i n  osmosedimentation. They 

can be used under g r a v i t y ,  bu t  an  osmocent r i fuga t ion  experiment 

with t h e  Amicon 3P10 f i b e r s  was unsucessfu l ,  because t h e  f i b e r s  

ruptured ,  under c e n t r i f u g a t i o n  a t  2000 rpm, when they  were a l i g n e d  

with t h e  c e n t r i f u g a t i o n  r a d i u s .  

We have a l s o  at tempted 

Conclusions 

The osmosedimentation e f f e c t  can now b e  w e l l  understood,  on 

t h e o r e t i c a l  grounds. I ts  u s e  al lows t h e  easier performance of 

many h i t h e r t o  d i f f i c u l t  experiments:  

de te rmina t ion ,  under g r a v i t y ;  p r o t e i n  concent ra t ion ,  by low speed 

c e n t r i f u g a t i o n ,  polymer f r a c t i o n a t i o n ,  by sedimentat ion,  f i n e  par- 

t i c l e  c o n c e n t r a t i o n  and f r a c t i o n a t i o n ,  b o t h  under g r a v i t y  and low 

speed c e n t r i f u g a t i o n .  

polymer and p a r t i c l e  MW 

Major advantages of t h e  experimental  methods thus  f a r  devel-  

oped are i )  t h e  u s e  of  low c o s t ,  h igh-capaci ty ,  s t u r d y  equipment 

i n s t e a d  of high-speed c e n t r i f u g e s  and i i )  avoidance of c o n d i t i o n s  

l e a d i n g  t o  sample degrada t ion:  

high p r e s s u r e s  o r  h igh  s h e a r  rates.  

exposure t o  damaging reagents ,  

A t  t h i s  po in t ,  major d i sadvantages  of t h e s e  methods are  t h e  

times r e q u i r e d  i n  some experiments and t h e  s t i l l  incomplete model- 

ing  of mass t r a n s f e r  w i t h i n  t h e  d i a l y s i s  ce l l .  

may be solved by developing semipermeable membranes which are less 

r e s i s t a n t  t o  so lvent  flow. 

t h e  a u t h o r s '  l a b o r a t o r i e s .  

The f i r s t  problem 

Both problems are now under s tudy,  i n  

L i s t  of Symbols 

a : r a d i u s  of p a r t i c l e  i 
c : concent ra t ion  
i 
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g : g r a v i t y  

J .  : f l u x  of i along x 1.x  

GALEMBECK AND PIRES 

K 

i m 

M.  

r 

S 

V .  
- 
V .  
- 
'i 
X.  

z 

aA 

17 

: membrane permeabi l i ty  t o  so lven t  

: p a r t i c l e  mass 

: molar weight 

: d i s t ance  t o  cen t r i fuge  a x i s  

: sedimentat ion coef E ic i en t  

: r a t e  of v e r t i c a l  displacement 

: p a r t i a l  s p e c i f i c  volume 

: p a r t i a l  molal volume 

: mole f r a c t i o n  

: depth wi th in  a so lu t ion  

: a separa t ion  (e .g . ,  a membrane) between two phases, i n  a 

system 

: v i s c o s i t y  

ii,@: mass cur ren t  of component i, across  phase sepa ra t ion  a4 
pi : chemical p o t e n t i a l  

w : r o t o r  angular  v e l o c i t y  

p : dens i ty  
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