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ABSTRACT

The absorption and scattering coefficients of rutile spheres in 
water for ultraviolet light of wavelength 254 nanometers are presented 
ini graphs and tables.

The technique of sedimentation flow field fractionation has a 
theoretical potential advantage for analyzing particle size distribu­
tions of Ti02 pigments, compared with sedimentation rate*
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INTRODUCTION AND OBJECTIVE

J. J. Kirkland W. W. Yau^ of the Central Research and Development 
Department are developing a technique for fractionating dispersions of 
particles and macromolecules which is called sedimentation flow field 
fractionation. Among the substances on which they tested the method, 
they included Ti02 pigment. Their method of determining the concentra­
tion in the effluent stream involves measuring the absorption and 
scattering of light from a mercury lamp, using the ultraviolet spectrum 
line at 254 nanometers. To assist this, they asked me to compute the 
optical properties of the pigment, as a function of particle size.

SUMMARY AND CONCLUSIONS

The absorption and scattering coefficients of rutile spheres in 
water at wavelength 254 nanometers are presented in graphs and tables.

The technique of sedimentation flow field fractionation depends 
on sedimentation equilibrium, not sedimentation rate. It has the 
theoretical potential of analyzing size distributions of Tic>2, not 
including the larger agglomerates, according to particle mass, without 
the uncertainties inherent in the sedimentation rate methods which we 
use. Old calculations are appended which show that the upper limit 
of size of Ti©2 particle for which it would be useful would be the 
mass of a sphere of diameter about 0.8 micrometer. The equipment needed 
to work in this range would be somewhat different from that which 
Kirkland and Yau are developing.

PROGRAM

The Central Research and Development Department is continuing to 
develop the method for application to macromolecules. Someone in CD&P 
should confer with them concerning application to pigments.

PATENT PROTECTION

We have no protection on the method discussed.

FILING ACTION

None is contemplated.

DUP050059230
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DISCUSSION

A. Optical Properties

I. Refractive Indices

Cardona and Harbeke2 have published the complex refractive 
indices of rutile in the visible and ultraviolet. Cardona kindly 
sent me full page size copies of the graphs. By measuring these, 
I found the indices at wavelength 2537 Angstroms as follows:

ordinary: n - ik » 2.443 - 1.779 i
extraordinary: n - ik = 1.707 - 3.018 i

I took the refractive index of water at this wavelength from 
the Landolt-Bornstein Tables3;

n - 1.375

II. Computations .

The program for computing scattering and absorption by spheres 
was developed from the formulation of the Debye-Mie theory given 
by van de Hulst^ and by Kerker^. I made separate computations 
for the ordinary and extraordinary indices, and averaged the result­
ing scattering functions as if for a mixture of two kinds of 
isotropic spheres, with twice as many ordinary as extraordinary .
This is not accurate, but should be better than the assumption of 
a single average index, and is probably fairly good.

Calculations were made for 800 diameters from 1 to 800 nano­
meters, at increments of 1 nm.

III. Results

Figure 1 is a graph of Qsca, the ratio of scattering cross 
section to geometrical cross section. The lowest curve is for the 
ordinary index, the top curve is for the extraordinary index, and 
the middle curve is for the weighted average.

Figure 2 is a graph of QabS' the ratio of absorption cross 
section to geometrical cross section. The curves for the two 
indices cross at about 60 nm. At smaller sizes, the values for 
the ordinary index are below those for the extraordinary, and at 
larger sizes those for the ordinary are above. The weighted 
average is between.

DUP050059232
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Figure 3 is a graph of the total scattering coefficient, in 
units of square meters per gram, calculated by

St - Qsca x 1 • V (d x P)

where d is diameter in micrometers and p is the density of rutile,
2.429 g/cm^. St is larger than the Kubelka-Munk back scattering 
coefficient.

Figure 4 is a graph of the absorption coefficient, in units 
of Square meters per gram, calculated by

K — Qabs x i•V{d x p)

This is about half of the Kubelka-Munk diffuse absorption coeffi­
cient i

Figure 5 is a graph of cos 0, the average direction cosine of 
the scattered light. The smallest particles scatter light equally 
forward and backward. The larger particles scatter chiefly forward. 
The scattering of particles of ordinary index is more concentrated 
toward the forward direction than is the scattering of particles 
of the extraordinary index.

Tables 1, 2, and 3, for respectively the ordinary index, the 
extraordinary index, and the average values, give these same 
results at increments of diameter of 25 nanometers. In addition, 
in the last column, they give the angle of refraction, in degrees, 
for a ray refracted from the water into the air, if the angle of 
incidence in the water corresponds to the average cosine in the 
next to last column. If that ray cannot be refracted into the air, 
but is totally reflected internally, the angle is listed as 90.
This column will help indicate Whether much of the scattered light 
will be collected by the detector. If the listed angle is smaller 
than 90°,  and the detector subtends a much smaller angle than that, 
and the illuminating beam is smaller yet, then the fraction of 
the scattered light which is collected by the detector will be 
on the order of magnitude of the ratio of the solid angle subtended 
by the detector to the solid angle corresponding to the listed 
angle. (The solid angle subtended by a circle on a sphere is 
proportional to (1 - cosine of angular radius of the circle)).
On the other hand, if the listed angle is much less than 90°,  
and the receiver is an integrating sphere, then the receiver 
may collect most of the scattered light. Light which is trapped 
by total internal reflection in the water will be mostly absorbed. 
Much of the scattered light will be trapped in this manner when 
the listed angle is 90°. For the problem at hand, it appears 
desirable that the detector subtend a small angle, so that most 
of the scattered light will be extinguished.

DUP050059233
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B. Applicability of the Analysis to TiO^ Pigment

I. pasic Phenomena

The phenomena and calculations which underlie the application 
of sedimentation field flow fractionation to analysis of particle 
size of TiC>2 pigments is discussed in the Appendix. This is a 
copy of part of my section of Edge Moor Monthly Report PTE-M-56-12, 
November, 1956, pages 11 to 13. The calculations were made for 
anatase, density 3.84, but the results for rutile, density 4.249, 
would be only slightly different. The reader should read the 
Appendix before proceeding to the discussion of it which follows.

The quantity in equation (1) is the diffusion coefficient of 
the particles, which we will hereinafter call D. (Kirkland and 
Yaui use D for it in their eq. (18), and Ds in their eg, (23) .)
The scale height, which I called hD in equations (7), (8), and (9), 
is what they call % in their eq. (2).

Another interesting relation is found by multiplying my eq.
(8) and (10) together and substituting in (1);

D « vhQ * (11)

(continuing the numbering of equations in sequence from the 
Appendix to avoid duplication).

II. Significance of Scale Height

The scale height, hQ, depends only on the weight of the particle. 
Shape does not matter. If the particle is a porous agglomerate 
Or floe, hQ is not affected by the porosity, if the pores fill with 
water? it depends only on the weight of solid.

III. Uncertainty of Settling Rate

The settling velocity, v, is given by eq. (10) for a solid 
sphere. The derivation of eg. (10) includes the weight of the 
particle in the numerator, and the resistance factor, 3irnd, in 
the denominator. It is different for non-spherical particles,
A porous sphere would have a diameter greater than that of a 
solid sphere of the same weight, and so would settle more slowly, 
and be calculated lighter than it actually is. We have sometimes 
tried to estimate the likely density of agglomerates for inter­
preting settling rates. Opposing this, if two or more particles 
are close together, they settle faster than they would if separ­
ated. Therefore a suspension which is not extremely dilute tends 
to indicate particle sizes which are too large.

DUP050059234
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IV. Horizontal Flow Channel

Sedimentation field flow fractionation sorts particles accord­
ing to scale height, h0. Its simplest embodyment for the TiOj 
pigment would include a horizontal closed flow channel of rectang­
ular cross section, of very low height compared with width horizon­
tally. Water flowing through this will have a velocity distribu­
tion which, in a vertical section not too near the sides, will 
be parabolic, with zero velocity at the boundaries and maximum 
velocity at mid-height. Particles suspended in the water at 
low concentration will be carried along at velocities correspond­
ing to their heights. Those so heavy that their hQ is a small 
fraction of channel depth will move very slowly near the bottom 
of the channel. Those so light that their hQ is greater than the 
channel depth will move with an average velocity the same as that 
of the water.

Kirkland and Yau, in their eq. (5), express the ratio of the 
average particle velocity to average liquid velocity as a function 
of the ratio of the scale height to channel depth. Figure 6 is a 
graph of this relationship but with the horizontal scale being 
half the channel height divided by the scale height, in the range 
from 0.10 to 100. We see that for good separation, the height of 
the channel should be at least four times the scale height of the 
lightest particles to be separated.

At any instant particles of all weights experience a wide 
range of velocities, from zero up. But if the particles are in 
the flow channel for much longer than the time required for them 
to diffuse from the bottom to the top of their ranges, the average 
velocity of each particle will tend to become close to the average 
for its weight class. So, if suspension iS injected into the 
channel for only a short time, followed by clear water, particles 
will emerge from the channel separated by weight, the lightest 
first, and the heaviest last.

V. Maximum Size

The classification must fail for particles so heavy that 
their scale heights are less than their own radii* They essen­
tially roll on the bottom. The larger particles project more 
into the stream.

From the table on page 13 of the appendix, we see that this 
limits the largest particle which could be classified to about 
0.8 micrometer diameter.

VI. Minimum Size

In our usual pigments, the smallest particles which we need 
to classify are about 0.10 micrometer diameter. We can ignore 
anything smaller. From the table we see hp for this size is 
270 micrometers, so according to fig. 6 we would want a channel 
height about one millimeter.

DUP050059235
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VII. Time for Diffusion

Kirkland and Yau refer to the height of a theoretical plate, 
a term taken from the engineering of distillation towers* Their 
equations (18) and (19) give an estimate of it. From a slightly 
different point of view we might refer analogously to a unit 
transfer time. After some manipulation of their equations, and 
introduction of our eq. (11), we can identify this with the time 
required for the smallest particle to be separated to settle the 
distance 4h0. From the table in the appendix, 4ho/v is 13,500 
seconds, or 3.75 hours. Because good separation requires a large 
number of unit transfer times, this obviously is inconveniently 
slow.

VIII. Centrifugal Field

Therefore we would need to use a centrifuge, as they do.
But we would need much weaker centrifugal fields than they use 
for most of the materials in which they are interested. For 
example, a centrifugal field of 10 gravities would decrease hQ 
by a factor of 10, increase settling rate v by a factor of 10, 
decrease unit transfer time by a factor of 100. Whereas gravity 
is a significant fraction of such a centrifugal field, the flow 
channel should be built on a cone perpendicular to the resultant 
of the centrifugal field and gravity, If the channel were vertical, 
as soon as the centrifugal field would concentrate the particles 
near the outer wall, the entire suspension near the outer wall 
would flow downward, relatively rapidly, and would not classify 
irt a layer as intended. Perhaps this is not a problem with samples 
which require much higher centrifugal fields.

But a centrifugal field of 10 gravities would restrict the 
upper limit of size which could be classified to around 0 .-45 
micrometer. Therefore we would want both a horizontal channel 
and a centrifuge operating at a single designed speed.

The discussion of unit transfer time might leave the impres­
sion that the channel might be very short if the flow rate is 
low enough. Longitudinal diffusion will fix the lower limit of 
the "height of a theoretical plate" at some small multiple 
of hQ, perhaps 2h0.

IX. Resolution Desired

In our analyses of single crystal size, the coefficient of 
variation is around 0.3 (= standard deviation/mean). For an 
analysis to be useful, it should have much better resolution than 
this. Also, carbon black undertone is very sensitive to mean 
crystal size, so we would like the median size determined within 
a few percent.

WDR/kkg
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APPENDIX

MICROSCOPIC STUDY OP PIGMENT DISPERSIONS - Wm. D, Ross

An attachment which we have recently acquired for the 
microscope Is a vertical illuminator with immersion objective.
This has proved particularly satisfactory for studying the state 
of dispersion of a suspension of T10a particles.

When a dispersion of Tip® in water is examined, all 
the particles are In Brownian motion (except for any which adhere 
to either the microscope slide or the cover glass). But particles 
a micron and larger in diameter seem to roll and slide on or 
near the surface of the microscope slide, whereas particles a 
quarter micron in diameter and smaller move up and down in the 
depth of the water between the slide and the cover glass, Thus 
the larger particles can be kept in focus in one plane*

Standard equations of colloid theory have been applied 
to the behaviour of these dispersions of TiOa in waters

Brownian Motion
ST particles of diameter d are examined for intervals of 

t seconds, and the distances travelled during these intervals 
measured, the average distance travelled along one direction, 
ic, is given by

(i)
2 t

where k is the Boltzmann constant, and q the viscosity, T Is the 
absolute temperature•

Putting in the proper constants for TiOa in water at 
room temperature, and measuring diameter and distance in microns,.

g. _ fisSL ,
6 a V/F ,/lf

(2)

For very small Intervals of time, this equation will not 
hold, because the average component Instantaneous of velocity In 
the x direction, for which we will write u, is limiteds

mu kT

m « mass of particle » tr d
a

(3)

» density of particle
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KECROSCOPIC STUDY OP PIGMENT DISPERSIONS (Con»t.)

Again measuring d in microns and u in microns per second,

•u
1400
7**

<*)

exceeding
The equation (2) will he valid for times of observation

t * 55* * 4*5 «10“7 d* second, (5)

'Which is too short to measure. During this time the particie 
would travel what might be considered a mean free path distance,

x* _ >nr
tu lSoo ‘ (6)

Sedimentation Equilibrium
" Wherethe particles are dilute enough not to be packed

together* the concentration of particles of any selected siae 
decreases as height increases* according to

In (7)

where c^ « concentration at lower level 

ca « concentration at higher level

h « distance between levels 

In water* 5^

ho * trd®(^> -l)g

yO * density of TiOa* grams/cm®

g * acceleration of gravity

(8)

Putting in the proper constants* and measuring dimensions 
in microns*

0.268
(9)
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MICROXCOPIC STUDY OP PIGMENT DISPERSIONS (Con<t.)

Sedimentation Rate
toe sedimentation equilibrium will be achieved only 

after sufficient time has elapsed, toe settling velocity, 
according to Stokes1 Law is

—<*>

toe accompanying table gives the results of the fore-' 
going three type of calculations for the range of particle size 
in which we are Interested,

A few observations showed that the thickness of the 
film of slurry under the cover glass ranges up to 50 microns.

BROWNIAN MOTION, SEDIMENTATION EQUILIBRIUM, 
AND SEDIMENTATION VELOCITY OP TiOa IN WATER

Dimensions in micronsj times in seconds

(2) (9) (10).
X

✓ F

h<j V

,9 o3 1,6
,8 1.0 .5 1,0
,6 1,2 1.2 ,6

1.3 2,1 .4
1.5 4 .26

.3 1.7 10 .15

.25 1,9 17 ,10

.2 2,1 33 .06
,15 2.4 SO ,o4
.1 3. 270 .02

DUP050059249



* 22 CDP-ES-79-20

INDEXING TERMS

Ultraviolet 

Light Scattering 

Light Absorption 

Rutile

Ti<>2 Pigment 

Size Analysis 

Sedimentation 

Flow Fractionation
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