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SEDIMENTATION EQUILIBRIA OF COLLOIDAL PARTICLES

I. Summary and Conclusions

The recent work of .Burton, Porter, Barkas and others on the
equilibrium distribution of colloids sedimenting in large vessels shows
a substantially uniform concentration throughout the body of the cell.
This result is in marked disagreement with the Laplace-Einstein law of
such distribution, based on the kinetic theory. The purpose of the
present work was to throw further light on the causes of this departure
from molecular kinetic law, if such departure should prove real, or to
extend to deeper regions the scope of the earlier work on colloidal
sedimentation equilibrium if the departure were not to be substantiated,

Gold colloidal suspensions made by the Zsigmondy nuclear process
were allowed to settle in water in fused quartz cells about 8 mm. deep,
and 8 mm. in diameter. The distribution was observed by ultramicroscopic
count at intervals until a steady state was reacheds To avoid those
causes of disturbance which might have been responsible for the non-
Laplacian results of the receat work mentioned, great care was observed
in the purity of the materials, the inertness of the cell walls, the mono-
dispersity of the colloid, the positive and exact thermostating of the
sedimentation cells continuously during the entire settling period, the
mechanical stability of the cells, and the method of making the obser-
vations so as not to interfere with the steady settliing.

The results of this work show thet the Laplacian distribution

is applicable without qualification for the deepest regions observed, or
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about 1 cme, just as it was for the shallow regions studied by such early
workers as Perrin, Westgren, Constantin, Svedberg and others. The
"eritical radius" as postulated by Burton is not substantiateds The
"limiting concentrations" mentioned by Burton are not founde. The recent
work of Burton, Porter, et al., and the present work are discussed in

the light of the earlier work, the Laplacian law and the theoretical
studies of Mason and Weaver, Weaver, and Flirth on the duration of the
transient state. Appended tables and calculations are included to

substantiate the conclusionss



II. Introduction

The immediate problem was to test the equilibrium distri-
bution of particles in a colloidal suspension in a relatively large
vessel, to find further experimental evidence in connection with the
validity of the molecular-kinetic laws for this case.

The early work on the distribution in the steady state of
colloidal sedimentation showed agreement with the Laplacian law:

1og'n/nO = - Nvgh(dl—dz)/RT.
In this equation, n is the concenfration of particles at a height h
above a reference point where the concentration is n,; v is the volume
of a particle, g is the gravitational acceleration constant, dy and d2
are the densities of the particle and of the medium respectively, and
Ny R and T have their usual significance. The well known experiments
of Perrin, (5) Westgren, (6) Constantin (10) and others, have shown
very little significant departure from molecular kinetic behavior in
colloidal suspensionss

Common experience however has often led to the supposition
that in larger volumes than those ;tudied by the early workers, the loga-
rithmic equilibrium distribution may not exist. This possibility led
Burton (1) (2) and Porter (3) and their co-workers, and Barkas (4) and
later Laird (11) to carry out sedimentation experiments in larger vessels,
Their results would call for the existence of a special law governing
cotloidal settling in deep vessels, as in each case the final state

examined, and thought to be the equilibrium state, showed an essentially
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uniform distribution. In the work of Porter (3) and of Barkas (4), the
upper very thin layer of the suspension was observed to follow Perrin's
type of distribution, which, however, soon shaded off into uniformity
throughout the body of the cell.

To explain the departure of these results from those to be
expected on the basis of molecular kinetic theory, and from those con-
sistently obtained by the early workers in this field, Burton and Porter
advanced theories of internal behavior of the suspensions which are contra-
dictory to the assumptions and results of the kinetic theory. Burton
contends that for a given type of suspension there is a "critical radius®
of the particles, such that for any particle of smeller radius the force
of gravity is ineffective against the extreme activity of Brownian motion.
Again, he speaks of a "limiting concentration™ beyond which colloidal
suspensions resist further concentration, even by evaporation. Finally
he postulates electrical forces of repulsion between the particles to
help account for the uniformity of the suspensions in his work. The idea
‘of electrical forces is the most reasonable of the three suggestions,
although it would cause a lateral as well as & vertical repulsion, with
consequently higher concentration at the walls than in the body of a sedi-
mentation cells None of the logical consequences of these three suge
gestions is supported by experiments other than those of Burton, Porter,
Barkas and Laird. Porter does not accept Burton's electrical repulsion
fheory, but postulates a van der Waal's equation of state for the

colloidal suspension, using a co-volume term but no internal pressure



terms The calculations of the effective collisional volumes of the
particles show absurdly large ratios of collisional to "true" volume.
Further study of the work of Porter (3) and of Barkas (4) shows
unexpectedly low values of the limiting concentration and surprisingly
sma.ll depths at which the surface layer shades off into the uniform
concentration of the body of the cell. In short, experimental sub-
stantiation for the various elements of behavior suggested by Burton and
Porter to explain their data is singularly lacking in oth?r work on sedi-
mentation, and the application of these suggestions to other phases of
colloidal behavior such as diffusion, Brownian motion and spontaneous
fluctuations would lead in almost all cases to direct conflict with
experiment.

It was the aim of the present work to obtain sedimentation
data in suspensions deep enough to show this uniform concentration, yet
shallow enough to allow the final state to be reached in a reasoconable
time, and also to allow the use of the method of ultramicroscopic count.
The particles were to be distinctly below the “critical radius" of Burton,
and the maximum concentration was to be in excess of his "limiting con-
centration". Thus the experiments were carefully planned to show the
uniform distribution if it existed, with the intention of allowing a
study of its causes. One of the most importent phases of the work was
the extreme care to be used in the technique of making and handling the
suspensions, to eliminate the spurious effects which may have been
present in the work of Burton, Porter, Barkas and Laird. The fact that

the results of this present work are entirely in accord with the molecular-



kinetic laws seems good evidence that the deviations from this law as
found in the recent work mentioned must be ascribed to such external
causes &s faulty wanipulation and insufficient attention to the theo-

retical calculations of the duration of the transient state.



TITs Experimental liethods

In order to obtain significant data on the equilibrium state
of colloidal sedimentetion which may be checked with theoretical cal-
culations, it is necessary that the suspension be monodisperse, free
from all contamination, mechanical disturbance, appreciable thermal
gradients, and strong light, and that the manner of obtaining data be
such as to have the minimum effect on the steady approach to the equili-
brium condition, It is glso advisable to compare the time at which such
equilibrium has been reached with the best theoretical calculations of
the duration of the transient state. To comply with these requirements,
the suspensions were mede by the Zsigmondy nuclear process in water
supplied by e specially constructed still which produced “conductivity"
water low in inert suspended matter. The suspension was allowed to settle
in a fused quartz cell solidly mounted in a heavy and closely thermostated
observation trough bolted to a large concrete pier'on a sub-basement
floore. Ultramicroscopic counts were taken with the aid of a cored carbon
arc and an adjustable optical system mounted separately from the concrete
pier. The room was thermostated.

To préduce the water for the suspensions, a special still was
built as shown in Figure 1. It comprises a 5 liter Pyrex distilling
flask(4) with an elongated exit tube extending to the bottom of a tinned
copper settling chamber (B), heavily lagged with soft pressed felt. The
dry steam from the extreme upper end of this chamber passed into a solid

tin tube (C) of 1/4" bore with its intake end flared obliquely and curved
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downward to cause any possible unintended condensation to drop back into
the settling chamber, and go to waste. This solid tin tube (C) passed
obliquely downward without a break through a condenser jacket (D), through
which air was circulated at such a rate that only part of the steam was
condensed, and the resulting water left hot as it passed into a Jena glass
collecting bottle (E). The uncondensed steam carrying practically all
the foreign gases was taken through a second condenser (F) and collected
in a common bottle (G)e

The charging stock for the Pyrex distilling flask was commercigl
distilled water, of resistivity at 22°C. of 1500 to 4000 ohms per cce, and
containing a fair concentration of suspended matter. With this was added
about 0.2 g/l. of KMnOy crystals and 0.2 g/l. of K,C03. The heat from a
Bunsen flame was distributed over the bottom of the flask by an asbestos
filled wire gauze. Very severe "bumping" was the cause of poor results
for a long time in spite of the use of glass beads, broken glass, broken
porcelain, porous porcelain, sharp cornered metallic blocks, etce
Finally small aluminum cubes and cylinders with 1/16" holes drilled in
them from all sides were used for two weeks at a stretch with excellent
results over a wide range of heating rates. The holes in these blocks
simply provided a vapor phase at gll times, causing smooth boiling. These
aluminum blocks required cleaning periodically, as they ceased to function
when clogged with MnO, from the reduced permangenate. The normal distilla-
tion rate was 300 cce. per hour, so that overnight distillation could be

useds At this rate the air and water circulation through jackets (D) and



(F) respectively was so controlled that a little steam issued with the
good water at (E), and the water at (G) was collected hot. This water was
nearly as good as that at (E), and was consequently used as part of the
recharging stock in the Pyrex flask. The resulting water at (E) was
tested for conductivity and for suspended matter. It was not used if the
resistivity fell below 800,000 ohms/cc. at 25°C. This test frequently
gave figures up to 1,800,000 ohms/cc. The optical test caused rejection
if the water showed more than 5,000 particles/cc. In general, these
particles were much larger than the colloids, and simply caused stray light.
Most of the optical tests showed no Tyndall beam whatsoever, and less than
1000 particles/cc.

For the preparation of the gold suspensions, the Zsigmondy nuclear
method was selected as most reliable for giving monodisperse suspensions.
The results of measurements by Rinde (12) were relied upon in this respect,
and his adaptation of the nuclear method was followeds The chlorauric acid
wesg first made from pure gold sheet, but better results were later obtained
with Merck's Purified Gold Chloride. The glass capsule from Merck was
washed in hot cleaning solution, then in distilled, and finally in conducti=-
vity water. The 15 grains of HAuCl, were dissolved in 167 cc. of water,
meking e stock gold solution of 0.0175 mols/l. Solutions of red phosphor-
ous in ethyl alcohol (50% saturated) and of c.p. K2003(O.1 molal) were
mades A 337 hydrogen peroxide (Merck's Perhydrol) was obtained. The
method of making the gold colleidal suspension consisted in first producing

muclei by reduction of the chlorauric acid with phosphorous, and then
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"gilding" or building up these nuclei to any desired size by further
additions of chlorauric acid, with hydrogen peroxide as the reducing
agent. A typical instance of this procedure,using the solutions described
above, is outlined as follows:

Sol 13 1 cc. HAuCl,
100 cce Ho0
8 drops K2C03
10 drops P
Boiled for 1 minute. Color, violet pink changing to
wine rede

501 2: 10 cce Sol 1.
0+6 cce HAuCL,
30 cce Hy0
4 drops K2003
3 drops Hy09
Color, deep red by transmitted lighte.

Sol 3¢ 5 cc. Sol 2

5 CCe HAuCl4

30 cc. Hy0

4 drops K2003

4 drops Hy0,

Color, violet red by transmitted light.
Sol 3 diluted with from 50 to 200 volumes of water was used to fill the
quartz cells which were immediately closed with sealing wax. The deviations
from the practise above outlined were insignificant. Three steps were
required to obtain particles large enough to sediment to their final steady
state in a few days, as the precaution must be taken not to build up the
particles more than about 3 diameters per stepe. liore rapid gilding than

this results in a polydisperse systemes The colors of the sol varied from

a hazy pink through deeper shades of red and purple to & deep violet blue,

Occasionally an orange would appear in the scattered light, end frequently

the general appearance was murky rather than clear. This entire process

was carried through rapidly in carefully cleaned Pyrexe
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Sedimentation lMethods

The cells used for the sedimentation (Figure 4) were made
entirely of clear fused quartz. The body of the cell was of 8 mm. clear
quartz tubing. Its ends were ground flat and parallel to allow optically
flat thin plates of quartz to be fused in place for the observation window
and floor respectively. It was thought advisable to have as flat and hori-
zontal a floor as possible, as the most important measurements were expected
in its vieinity. The internal height of the most satisfactory cell was
8.3 mme Two 1 mm., side arms were fused in for filling and cleaning. The
cell was filled so the liquid in the side arms stood at the height of the
top window of the cell, so that disturbing lateral diffusion would be cut
to a minimume Immediately after filling, the top of each side arm was
well closed with sealing wax, to prevent any lateral flow in the cell,

The fundamental parts of the observation apparatus were an opti-
cal system (Figures 2 and 3), a thermostated observation trough (Figure 3),
and a temperature control tank (Figure 2). After preliminary tests had
shown the type and intensity of illumination necessary, and the kind of
mechanical control that wes advisable, an adjustable optical system was
built. This comprised a rectangular frame (A) which could be raised or
lowered by four corner screws (B) with 4" graduated heads. This frame was
supported on a heavy wooden stand (C) on the floor. On the rectangular
frame was placed a sliding cross member (D) to act as the optical bench.
.This member was moved laterally by a long screw operated by a crank (E).

On this optical bhench were mounted an enclosed, hand-fed carbon arc

assembly (F), a rectangular cuprous chloride absorption cell (G), a 6 cm.



e

aspheric condenser lens (H) and a 16 mm. Bausch and Lomb objective (I).
The light beam from this optical system passed through a thin plate glass
window directly into the sedimentation trough (J). A light shield ()
protected the §bserver's eyes from all direct arc light.

The sedimentation trough was bolted directly to a heavy pyramidal
concrete pier (P) standing on the sub-basement floor of Room 061 in the
West Bridge Laboratory. It comprised a heavy-walled space (J) about 3" on
a side, with the plate glass window in front, and opening on both sides
into large chambers. In the center of the thick-walled part was a heavy
brass pedestal (L) on which the quartz cell (M) was solidly clamped.
Directly above the cell pedestal was an opening to admit the objective of
the observation microscope (N). Water was circulated from a main control
tenk into one end chamber, through the trough and thus around the cell cn
all sides, into the other chamber and back to the tank. This slow but
steady circulation of water was found necessary to remove the heat of the
illumination beams The equalization of temperature was aided by the high
conductivity of the pedestal and thick wall of the troughe The end chambers
‘were used to remove any turbulence of flow, as well as to form large even-
temperatured bodies of water near the cells The whole trough assembly was
painted with optical black wherever light might strike, and was very heavily
lagged with soft pressed felt (0).

The main control tank, of 38 gallon capacity,'was in the form of
a rectangular sheet metal tank in a wooden box, insulasted with a double layer

of corrugated paper, and having a removable cover. On cne end was mounted
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a vertical sectiom of 1 1/2" brass tubing connected to the tank at the
lower end and to the trough at the upper end. A double propeller in this
vertical tube furnished circulation from the trough to the tank. The return
circuit was direct, both connections with the trough being maaé through 6"
sections of 1" thin walled rubber tube, to minimize vibrations reaching

the trough from the tank. A small motor, separately mounted, was used to
drive a stirring propeller as well as the circulation propeller. The tank
was further equipped with a copper cooling coil, a heater coil of #26 chromel
wire enclosed in a copper tube, a blackened, carbon filament lamp of 100
watt capacity, in series with an external 150 ohm rheostat, a thermal regu-
lator and a two-stage relay controlling the carbon lamp. The regulator was
of thin walled Pyrex, filled with CCly, with a mercury manometer and plati-
num contact wire with micrometer adjustment, The design was such as to
spread the 210 cc. of liquid capacity over a large region in the tank and
also give it the large contact area of 650 sq. cm., so that its thermal
reaction should be quick. Carbon tetrachloride was used because its
thermal expansion coefficient is the largest available in a commercial,
non-corrosive liquide. The capillary first tried was about 0,1 mm, in dia-
meter, but this arrangement was so sensitive that changes in atmospheric
pressure caused unstable action., Later a capillary of about 0,5 mm, dia-
meter was used successfully., The regulator contact was used to ground the
‘grid of a vacuum tube whose resulting plate current operated a telegraph
relay to control the heater currents. The copper-jacketed heater coil was

used only in bringing the bath to the desired temperature after a period
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of disuse, the 100 watt lamp being sufficient for meintaining the constant
temperature. A steady, small stream of cooling water was used on warm dayse.
The 150 watt rheostat was adjusted from time to time to give equal periods
of heating and cooling, as the closest thermal control results from this
type of operations.

After the sedimentation cell had been filled and sealed, it was
clamped in the trough. The circulation and thermel control being continuously
operative over a period of several months, the cell soon came to thermal
equilibrium, and the light and observing microscope were adjusted for a
reading of initial concentration. The observation microscope, mounted
rigidly with the rest of the optical system, was finally composed of the
mechanics of a Bausch and Lomb instrument, a Leitz 20x H&penplane eyepilece,
a Bakelite tubey and a 16 mm. objective. The eyepiece was equipped with
a ruled plate in its focal plane, carrying 36 large ruled squares, one of
which was subdivided into 25 small squares. The original brass tube had to
be removed because the heat transferred from the observer's eye started
serious drifting of the colloids in a few seconds. The objective was
immersed in %he trough water, so that after it had been adjusted to focus
in the Tyndall beam of illumination for a given cell, vertical motion of
the entire optical system for obtaining the concentration at different
depths would not require resetting the microscope. Thers were reasons
for this arrangement other than mere convenience. By this means, the micro-

scope's focal plane was always in the same part of the Tyndall beam, even
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on successive days so as to provide a constant intensity of illumination.
Also, measurements of the level of a given reading were always made on the
scale of the optical system, rather than partly on the microscope's fine
adjustment, and partly on another arbitrary scale., Also, mechanical dis-
turﬁance was lessened by having the microscope objective moved slowly with
the heavy optical system, rather than directly by hand. The fine movements
of the optical system were measured to 0,028 mm. by a stationary cathe-
tometer (P) (Figure 3) adjusted once for all to read on a diamond seratch
on a glass slide clamped neér the microscope. The coarse motions were
measured on the large divided heads of the 4 levelling screws. The two
types of scales were needed because great accuracy was required near the
floor of the cell, where the rate of change of concentration was greatest,
yet the entire 8.3 mm. height of the cell must be under observation,
necessitating a greater range than that of the cathetometer,

After the microscope and light had been adjusted, and after the
colloidal suspension had come to rest, the readings were started. Visual
counts of coll&idal concentrations in large volumes of liquid must be
governed by a convention as to the limits of the focal volume, Particles
above the focal volu@e appear as blurred spots with a bright kernel, and
those below as a series of diffraction rings. For the reason of the un-.
certainty necessarily attendant on the interpretation of such appearances,
all the successive readings on a given cell were made by the same observer,

Differences in interpretation between successive cells are meaningless, as
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only the relative values of concentration in a given cell are of importance.
If the concentration were low, numerical counts were made in the large
squaress if high; in the small squares, and sometimes for medium values,
strips of 5 smell squares were used to define an area. Successive visual
counts were made at regular intervals as rapidly as feasible, to lessen
eye fatigue, and consequent change in interpretation of the number of
colloids in focus in a given field. These readings were written down by
the other experimenter or by an assistant, who controlled the arc and all
other adjustments on the apparatus. Sets of readings at a given level were
never fewer than 25 in number, were most often 50, though frequently 100.
At the extreme low levels near the floor of the cell only 25 readings were
taken because of the strong stray light, the large numbers involved and the
fact that when the particles were so close together as they generally were
for these readings, the Brownian motion took them from one square to another
or behind each other so rapidly that counts of fairly large numbers must be
made with great rapidity. Only rarely were counts taken greater than 8 per
square, howevero. It is to be noted that in high concentrations the same
statistical accuracy follows from a smaller total number of countse For
an example of the data taken see Appendix A. With the record of the visual
counts, were taken the level, frequent readings of trough temperature, and
remarks about the counting conditions, drift, ete., allowing a subsequent
estimate of the reliability of the dataz.

Two types of auxiliary data were taken. Asla check on the particle

size as calculated from the final sedimentation curve, long Pyrex tubes of



about 6 mm. diameter were filled with the colloid, sealed at both ends,
and set in a vertical position. Cathetometer observations of the falling
boundary were used with Stokes Law for particle size determinations,

The concentration of particles near the floor of the cell was
“extremely high and difficult to observe. However, the lower levels are the
most important for detecting any departure from the molecular-kinstic
behavior’due to proximity of the particles. The highest concentration
observed in the work in quartz cells was 6.2'108 per cc., which is still so
dilute that the particles (3.61'10‘“6 cme in diameter) are 162 diameters
aparts It was thought advisable to try to obtain sedimentation data in sbls
in which the particles were closer than 20 diameters, which would make the
concentrations about 3.3°1O11 per cce This is beyond the range which can be
counted visually without an immersion objective, but it was hoped that some
approach to the critical concentration could be reached, so that a distinct
departure from the linear logarithmic curve could be detecteds This led to
an attempt to secure particle counts near the floor in a different type of
cell, where a higher power objective could be useds A thin cell, similar
to that used by Perrin and others, but set in a vertical plane, was used with
a 4 mm, objective. The cell was clamped to the mechanical stage of a Spencer
microscope, and illumination was provided variously by a dark field illu-
minator, oblique light beneath the stage, and oblique light above the stage.
The difficulties with this work were mostly in obtaining a dark enough
field illumination near the lower edge of the cell. 1In general, the data

from these thin cells were no better at the higher concentrations than



=18~

those from the quartz cells, and the experimental conditions were certainly
not as good for securing entirely undisturbed sedimentation equilibria.

For data from the settling tubes see Table 2.
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IVe. Experimental Results

In the preliminary work, observations were made on dispersed
oils, and on Bredig sols of copper, gsilver, aluminum, lead and tin. An
attempt was made to produce monodisperse suspensions from the Bredig sols
by means of a Sharples Super Centrifuge,.but it was found impracticable to
so remodel the centrifuge bowl as to obtain continuous fractionation within
the range of particle size desired. In adapting a centrifuge bowl to the
sharp separation of colloidal particles within a narrow range of sizes,
the density differences to be dealt with are extremely minute. TInasmuch
as the nuclear method had been shown by several observers (12) (13) (14)
to give good monodispersity in the case of gold, and inasmuch as the sedi-
mentation equilibrium would be attained in less time the greater the den-
sity of particles, it was decided to use the nuclear method with gold,

In all, 32 batches of colloids were made up and observed in 51,750 counts,
In the case of almost all of the first 25 sols, trouble was experienced
with poor thermal conditions which caused convection currents. The results
of only three of these runs will Se presented, as being of importe Numeri-
cal data concerning all the useful runs will be found in Table 1.

Run 7 never reached the equilibrium state, and is representative
of a number of the early runs. Its curves are shown in Figure 5. Curve
A was taken with insufficient copper chloride in the heat absorption cell,
so that bad drifting resulted. Curve B, taken after 4.6 days shows thé
typical result of convection disturbances, namely a high concentration

near the bottom, fairly uniform concentration throughout the body of the
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cell and a falling off near the top. This is the same type of distribution
as found by Porter and Hedges {3) and also agrees with the curves for certain
stages of the transient state as given by Mason and Weaver (7) and Furth (9)e
The parameter used by Mason and Weaver to characterize a suspension is
X = RT/NX1l, where X is tﬁe gravitational force on a particley 1 is the
depth of the settling chamber, and the other letters have their usual signi-
ficance. As the value of X for the suspension of Run 7 is 0.0093, a direct
comparison may be made with the curves of lMason and Weaver (7), P. 413,
Fige 1, and also with those of Furth (9), Pe 359, Fig. 3.

The chief interest in Run 7 lies in the fact that it is not only
an experimental equivalent of part of the work (3) which caused this under-
taking, but that it is also in agreement with the best theoretical work (7)
(8) (9) on the transient state, thus indicating that in the recent work (3),
true equilibrium was never reached. Curves C and D are taken at 5.6 days
and 6.8 days respectively and are representative of avlater transient
stage, but are fundamentally different from the true equilibrium staﬁe, as
shown in Figure 13,

Figure 6 shows in logarithmic form the result of the first success-
ful attempt to secure an uninterrupted, steady settling, as accomplished
in Run 22. An oil layer was put over the exposed water in the observation
trough to érevent evaporation, but the benefit of this layer alone could
not be regularly relied on to prevent troublesome thermal changes in the
trough. Curves A, B, and C were taken after 1.9, 2.4, and 3.1 days

respectivelys That equilibrium was apparently reached as well after 1.9
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days as after the theoretical time of 3.6 days, may be explained by the
assertion of Weaver (8¢c) that his theoretical considerations lead to an
upper limit for the duration of the transient state, and not an exact limit.
The argument that the data of Run 22 represent only an approach to equili-
brium cannot be sustained because the data agree altogether too closely
with the linear logarithmic relationship for the same particle size as found
by the settling tube method (Table 2).

The results of Run 23, given in Figure 7, show étrikingly the
effect of coagulation. This run was one of very few in which this trouble
was encountered, and is shown in contrast with those which follow, in which
the slight variations of radius do not indicate coagulation.

In Figure 8 are shown the curves of Run 28, the first taken
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