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ABSTRACT

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

The technique of sedimentation flow field fractionétion has a

" theoretical potential advantage for analyzing particle size distribu-
tions of TiOj pigments, compared with sedimentation rate.
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INTRODUCTION AND OBJECTIVE

J. J. Kirkland W. W. Yaul of the Central Research and Development
Department are developing a technlque 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 TiO, 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 TiO,, not
including the larger agglomerates, according to particle mass, without
the uncertainties inherent in the sedimentation rate methods which we
use. 01d calculations are appended which show that the upper limit
of size of TiOj particle for which it would be useful would be the ,
mass of a sphere of diameter about 0.8 micrometer. The eguipment needed
to work in this range would be somewhat dlfferent from that which
Kirkland and Yau are developing.

PROGRAM
The Central Research and Development ﬁepartment 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 Harbeke? 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
extraordinary: n - ik

2.443 - 1.779 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
-1sotropu: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 Qgcas 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.

. Flgure 2 is a graph of Qupgs 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 scattéring coefficient, in
units of sguare meters per gram, calculated by

St = Qgcg X 1.5/(8 % p)

where 4 is_diameter in micrometers and p is the density of rutile,
2.429 g/cm3. S¢ is larger than the Kubelka-Munk back scattering
coefficient. .

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

K = Qaps *x 1.5/(d x p)

Thls is about half of the Kubelka-Munk diffuse absorption coeffl—
cient.

: 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 ordlnary 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 ordlnary index, the
extraordlnary 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 refractlon, 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




-6 = CDP-ES~79-20

Applicability of the Analysis to TiO, Pigment

I. Basic Phenomena

The phenomena and calcdulations which underlle the application
of sedimentation field flow fractionation to analysis of partlcle
size of TiOjp 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 sllghtly 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
Yaul use D for it in their eg. (18), and Dg in their eq. (23).)

The scale height, which I called hgy in equatlons (7)Y, (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 = vhy , (1)

(continuing the numbering . of equatlons in sequence from the
Appendix to avoid dupllcatlon)

IT. sSignificance of Scale Height

The scale height, h,, depends only on the weight of the particle.
Shape does not matter. If the particle is a porous agglomerate
or floc,' is not affected by the porosity, if the pores £ill with
water; gepends only on the weight of solid.

ITI. Uncertainty of Settling Rate

The settling velocity, v, is given by eq. (10) for a solid
sphere. The derivation of eq. (10) includes the weight of the
particle in the numerator, and the resistance factor, 3mnd, 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 suspen51on which is not extremely dllute tends
to indicate particle sizes which are too large.

DUP050059234
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IV. Horizontal Flow Channel

Sedimentation field flow fractionation sorts partlcles accord-
lng to scale height, hy. Its simplest embodyment for the TiOjp _
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 welocity 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 hg is a small
fraction of channel depth will move very slowly near the bottom
of the channel. Those so light that their h, is greater than the
channel depth will move with an average velocity the same as that
of the water.

Kirkland and Yau, in their eqg. (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 helght 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 partlcle 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 llghtest
first, and the heaviest last.

V. Maximum Size

The classification must fa11 for partlcles 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 classifled to about
0.8 micrometer diameter.

VI. Minimum Size

In our usual pigments, the smallest partlcles which we need
to classify are about 0.10 micrometer diameter. We can lgnore
anything smaller. From the table we see hy 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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VIiI. 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 sllghtly
different point of view we might refer analogously to a unit
transfer time. After some manipulation of their equations, and
introduction of our eq. (ll1l), we can identify this with the time
required for the smallest particle to be separated to settle the
distance 4h,. From the table in the appendix, 4hg/v is 13,500
seconds, or 3.75 hours. Because good separatlon requires a large

number of unit transfer times, this obviously is inconveniently
slow.

VIII. Centrifugal_Eield

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 centr1fuga1 field of 10 gravities would decrease h,

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 péerpendicular 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 .
. in 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 1mpres—
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 hg, perhaps 2hg.

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

DUP050059236




104

,€2650050dNA

RES IN WATER
254 NANOMETERS R
SECTION/GEOMETRICAL SECT.

v e e e e e s “ ‘e W . P T . s e+ w 4. e e s e e e @« =
- e - - e ® e e w. e @ & & . e @7 a e e a s @ o @ & @ s e & & o o
. 6 e e & e e e e e e e e e e e eta s ia et e % e e % e e e s e e

S . - . > sgmr ¢ e =+ e e e e = e e e e e e e e e e e e & e s e e

INDEx. ce-
R A

............
- - - - .. - - - . = - - - - - - - - - * e s 4 4 e @« s =
r-f - e e . - . .« . e ‘m. & & e = - = L e = a e @ & e . - . . . . -

a 2 e . e e e e - e e, @ e e e e e aTe, & & @@ e & e + e s * =

e a4 e e ® & s &' 8 e @i e & @ & a2 4 e "a' s s @ ® o = = Te a2 e e
e ® e e e w s e e w e et e e e 2T e w e a e m e e e 2 e e = s

- o - ,e° = ‘e - - - - . .. @ - - - e, & ‘e e .e. e .4 s+ e e e o s =

- - - ' & ® @ e e ‘w @ ‘@ @ ¢ s@ w. = e ‘o e. e o ‘e e e« s+ e s s
........................

i e e e % ‘e e, % = ‘e @& ‘® e @« o a o o e & e e = + 2+ e e e w2 = e

20034 s e
Y DIAMETER,’ km. "~




CDP-ES-79-20

6L d3S €l ssoy °*Q “wMm

1. L [ \m’ L
- - - - - - -
. e - -
- - - - - - - -

e UXIANT gyl
= 3aN] AYYNTQ¥ovy xg
R T
— — mhxﬁz A
S Hmuhqw >m<z~nmo
L - + T + ) : - : - : . (
L - . . + .« . + -+ - * c + | : ...

onhumm 4<u~mbmzou0\onkuwm NOI

4 muvmﬂm

hamomm<
SYILIWONYN HhS2 HLONITIAVA
d431VMA NI JnrLny

S3¥3HIS

0°1
G°1
0°¢

6°Z

DUP050059238




Figure 3

-t d
<
>
IO
=

- 11 - : CDP-ES=-79-20

’
D K . s
o’ . . » .
) . . .
L * . +
. . . 0 .
D .
. . LI .
. . )
- . .. I' .
. . _o‘ e .
d . LAt
.. | ) . Iy
D . ,‘- e
?- o ‘ ‘..(. . l“
PSRRI
oo . c'
T . PR .
.
. -' [ '
» e
. Vel
i .
0 0 0 ] 0
+ :
. . .
«
" B
» T
. . . » . '
vuv “ v ’ '
-_n' ‘- . 0

D.

Wm.

Mm

:jj I Afrlszj-EiFafﬁ

WV

t

- e .
m.
-

s N .ﬁn
9 ¥3d SHILIW 3IYVNO

S“j;,,'

DUP050059239

Ross 13 SEP 79

U S . P




T

6, d3S €1

ssoy

*a

vE;

un ‘¥3L3INVIAC

CDP-ES-79-20

- 12 -

p.oH

w.mﬂ

WY¥O ¥3d S¥ILINW INVNOS

DUP050059240

INIIDI44305 NOILJLY¥OSEY
y Gmbra “SYILIWONYN RS2 HLONITIAVM
¥3LVA NI S3¥3IHAS 371N




"Figure 5

INTERNAL3

. 'CDP¥ES-79;2o

ARY INDEX

A
.o .
e .
[ .
e X
* o .
L] .

ORDIN

.

e
DRIV S
sae
C e
DI
DR

e

o

-

'-uc,|
l;.‘,l

“‘;fAVEQAGEAMIXTURE

EXTRthDIN

INDEX :

ARY

RN
v

L
K

Lvlo-u;j.‘.

¥
e
¢4
LA
PR

]
LY
LI

AJ
LU
e
DY
LU
ey
LI
v
Ve
[
L 4
]
L

LI Y
[
e

Ross 13 SEP 79 -

5
um

R

e Ao - oty 1108 b e

oo

6
D.

Wm.

DJA”ETER{

DUP050059241

R A T




N ("
i

brjotpr 55y G WM : : | ~

3
e
1

o‘
!

)

CDP-ES~79-20

REED

K31ooToA PINDTT t_xgéw

X3T0019A 910

e o g

Heis
- otEs P

colos o 0L 08 Of

\ O3 BASS3 ¥ 1344N3% . .J

N S R R RN R N S

DUP050059242




e . S e e - - - ]
. ) o
~ 0000°* 22°9 0°st oyt - 6Lt SININLXI
SO IO VU . . e e A . R ¢
o *s§ . n209° L29° s2n° 2p° 856° 008* T
0 - _°8S __etes™ .. ew9* pe 2@V &9~ st~
%} *sg £100° 029° , S* .2p°1 TL6° ogLs X o
B *55 L008° H69° 9L0° JEBtY __ ______8Lb"° 2L
a *gg toos® 2L L6b® 155 S 296" o0s*
R = L 1 CS662* __teg* __ . 6IS°_ __ . €e°vV - 2s* &9 D
R3) *4g EI TN e £us° so°t A 666° 059 v
—- e e e e e %98 o4e2c - 609 - 69S% sl o'y o s29t e
pCT . 9962 ) phwt T 265" 122 20°1 009°* ) -
. _— 95 _65610° 288 059° _bnt1 £0°7T. S5
. 18 2064° s26° 699 ot »0* 1 05§°
e *1§ _og2el® 696° voL® _ emt _s0°%Y  ses* O
_ _ . IS T 21eLt " 20°1 Iy - L S 90°1 "~ 00G* . _
e L RS w82 L0°F 9Lt el L.okecy o oSamt
T v . LT egg T g8l R 1 58 SN {134 sp°t T ogocy oge* T T e
*95 er8L* 02°1 $16° __&hn"y ot°1 52r°
"65 " 029L°” g2t 86" snet 2171 otn®
L ‘a9 LeLL 30 S 0" 1254 B R 254 S 7 S0 R, -
_ t 09 Lneee TTUougey T 911 p° st°1 T oagEe :
SO T SN ‘19 .. eoLe .. 887V %D an°1 tT Sest e e
- ‘€9 thaL* 2Ly in® 90"y g2°1 na0g° O
~ - __ °v9. _04sL® 88T 96°1 __an®t s2°t g2
t - *99 ITT 90°2 " 6L°1 9n°t 921 052%
e ) ‘69  es§L* _ __ e2°2 vot2 - on°t o€t &za* Fe
e ‘gL 002:L° T ggep T T pg"2 T 9ptt B 12 SR TS ToTmmTTT
i *08 5169° n6°2 282 oyt ot sL1°
v “0e 9999° o on*g i 9n*g wn"1 " ITAa ¢ o5t T
%06 eeles  G0%9 . €£te__ el €871 G21°_
: T e T 65E5° " , 1e°y 6L°S 9g°t w9°1 7T oot
L “06 gLlge 69°S 26°1 621 89°1 sL0° . c
R e e . 08 gb2O* 0882 6°11 . .3o=209° ony*® .. 5e0T e e e

T oTq=

M oo, e &

..0\..2 lﬁ—w

*9/°W 0§ : .
T NOILJNOSEY

HIV N1 *ns
9NI¥3LLIVIS

TTT39NY C3AY

INISOT 3w
6¥2°p = ALISNIC ‘u¥313WONIIN ©S2"

6L 438 £3

ot a2 - T~ o 4 o e A & S ——rs —

6ls160 3Lva " A ) X

“vasn

§508 *0 *wM

" gaveg

__ _N31vm NI S383HdS 3VIAAN

A0

_ SNOMITW
“MILINVIQ

" HLON3TIAYM . LV ‘SLEST X3ONI 3IAILIVH43Y 40 wNIOG3W ¥V NI
Y 6LL°T~Enn"2 X3IONI 3IATLIIVHI3Y 30 SIHIHIS

IHL AW

T3In T 8808

C

C

C

<

<

C

DUP050059243




. y + . ¥
L
. o
o
« 0000° g£°e1 6°L1 012 20°2 S3n3NLIX3
] Al R .. e i e . - R e . » )
o) *38 6569° U1 TR 625° et shiL*® 008°
— o L LLtve o 1S69° o EWw* . @ess o eLcv 8Lt St
) i ' 6569° £h9° 9gse” . 6L°% R (YA 0sL” O
&3] : e 38 €569° - vig* _2us" ng°y §£9L° sai*
! : *18 0569° * 806° :1:3 08°t oLeL* 002"
— B ) e1g (v69* SpR° ____eep* gy okt oS19° O
3] ‘2 £069° re6° 920" IRt neL* 059°
S USRI s S 6€69° . s0°Y _  Rews eey  @elt  sest 1 _
*28 £569° ) ) 0"t - PLne 29°1 008° 009 T T T T T
B 1 - 1269° 21°1 o teh* __ _s®°'V . 6O0R”_______ SIS°
‘ce 6169 I8 ¢ cas* , pa"t 618" 0gs*
_ ‘pg 1169° . w21 o L56° . cR°1 YN st ©
°58 6629° €71 £65° [°RA | ong* 008 S
L ‘GR ren9s N 9g° §£€9° ap-y 158° Siv*
Qg 0189° Fi g 949° et pow" osn® o
e et O BS89" 9G° 1 62L° .8y L8 S2wt
‘06 0£99° 191 eRL” 68°1 £68° 00w
R ‘06 . 5089° R - 54 S -1 06°t 806° _osuEc o
! ‘06 1L89° £6°13 9s6"™ i 26t - 26" B 13 2 o T
© ‘06 ngL9° o= o £0°1 . £6°% 9v6" cas*® . )
— . *06 1899° 62°2 pI°T et 2L6* ong* o
O e e e : ‘06 ... 2199 252 B2°%Y ___ et .. . mee" _ ___ &12° _
i *06 6£69° 6tL°2 su°t #6°1 [ S 0ge*
. *06 2in9" £i°¢ 99°1 002 90°1 c22° oy
‘06 £629° 95°s 961 202 11°1 0n2° .
- ‘06 ) ££09° ety . og*2 €02 A5 B 735 o
*06 s14g* vR’H 68°2 " 90°2 g2l 0G1* o
_ . 06 ________69¥S°____f8°S __ . ®s°€ . e0°2  __ _ 12°% $21°
‘06 159n° 1£°2 ‘01°g 10°2 (2 24 ¢ T3 & .
_ . ) o *06 t22° . e 26°9 ) P61 a8 SL0° T =
. ‘06 renod® 0°2t 2°nt 0Lt 10°2 050" ’ N
. _— — 06 1g00° y stz £°91 . 6s1° s1°3 .o seet
- — MIVMNL . *S/'w 68 ___ *S/°W BS . . SNONDIW
3ISNY *3IA¥  3INISND *3IAV ONTHILLVIS NOI1d¥0SaY V50 SAvVO H3LINVI0
- . ) &02°0 = ALICNIO "HILIWONITH £S2° “HIINITIIAVM LV “GLE£°1 XIONT FAILIVM4IY 30 WALO03IW V NI -
e o e e 1 810°E=L0L°T X3IGNT IAILIVHATY 40 S3IYIHLS
. . c
. H3LVM NI _S343HdS 3IDILNY
e 6L d38 £ SSON¥ °C *uM A¥03IHL 3IW <

T oT9®L ... .

648160 31VO

. T , . 3w 8504
. : . . (<)

Q

DUP050059244




NIde
®
000G//7/854°LLB0U=E1606L%05HE85
...... e - . " . L 381 3714 JNONTS ¥NOA J0 IWYN 3HL O
s . t SYM NILLINM 3WHV¥3 LSV
. . )
(=) - ———0000° ______ wO0t® . . 9°HTI__ . §9°1 . 58°1 . SANIMIXI
~N
R *$9  _ BI9L* __ __ __0R9> ____ 2kE* _ .. mS°Y . 88> o008~ O
- 2 59 0194 go0L° Lon* LI n68° SeLt
- e e L €9 G092 . o®2L* ____bewe ___SS°T . 006° . O0S8dt .
w ‘€9 009L° 6GL" Ton® - 66°T 906° s2L” e}
R - | e %89 MESLT  €9L" . et S8t _ .. EVe"_ _ ___ 004" —
F ‘%9 8asL" s19* tgh* (-0 ¢ 026" QL9°
. o - 59 . tase” —. 9bhg* o _was* 0 98°1 L weRt _ 089 I * |
O . ‘n9 L7V 298" 625° 961 9£6° 629"
- e e e ‘v 6964° ... Yeer . 986° R 9s°1 . whh* . hoet e e e e
‘29 6562° £96° 4134 LSt nse* LA 2t O
e om e e = e = e B S, §pS2° . totv. . _ . Rve* .. IS°Y €967 L PGSt
‘G99 1662° 90°y - §G9° 851 ni6* ses°
A . - °59 o 9182° -1 50 S 969 __ _ 895°1 S86° _ Qos* I, ~
*59 66nL® 21°t Ins® f5°1 866" SLus
e - *99 (YATN _ s2°t 6L 66°1 10°t ast* ) o
*99 el 281 25a° 65°1 £0°1 sen* o)
e 2 U A" S -X-1 X et 616" e 09T wOTY 00w
‘99 I3 9A 161 L66" ng°y 90°¢ s1g°
— . . ‘69 68EL" . 29°3 . (31 g S Lt S . BO°E o uege e O
¢ *0L nigee SL°1 (184 § 29"t ) o1y seg° ) )
P~ e *1L k21" i ) 16°F 251 ) 29°1 A &8 o0¢§° . -
p gL 981" 60°2 ey §Fo°1 St cLe* (@)
-~ "9 ae0L” 1£°2 _.Ra*y . £9°t __.el"t 0ge*
T *0g SL69° IR th*g LTS 221 gze*
. ~ A *06 3 6299° . 06°2 LA n9°1 'ra8 S [ . e,
‘08 i 2959° £¢°¢ ] 59°2 &9°1 1€l (254 ' " - -
o o . *06 21e9° [:1- 28 4 o L2°s 89°T 61 _oeste -
‘0p g225" n9*n ) R0°n 991 np1 g2 T e
- L 06 . 9sA8* w9  e5°G¢ 09t . . iG6°1 11
‘06 L2 70°¢ 85°2L 051 ) 19°1 SL0° :
o ) ) ) *06. 180" . €ne X 6°21 S0°1 £8°1 050° <
‘06 (T30 28°1 , £°51 [0=156" she* sao° ToTmoom T
T e "UMIV NI oo *g/°w "88  *9/°W "0S i sMO¥IIWw T T T T ¢
i o ... 379NY °3AY _3NISOJ *3AY CONTNALLYIS NOLLANNRRY vas0 SuvD C¥3L3ANVIO_
RO £ oTqeL

_6R2°n

ALTSN3Q °*H¥313NQNIIN bS2° :
T/2 NOIL¥0dO¥d NI SIIIONI OMY 3IHL 340 SINIHIS 40 3INNLXIW V SV GILVRIXONALY

HLONITIAYR LV .whntﬂ XIONI 3ATLJIVH43N 40 WNAIG3W V¥ NI

T GT0°E=L04"T ‘I 6LL°E-Ehn 2 XIANT 3IAILIVH43M IO SIW3IHCS

_¥3i¥M NI §3M3INdS_ 3TTLnN

b1E160 3LYC

6L 938 €1 SS0¥ °Q ‘WM A¥03H1 3w <
J e L . ; - c
i e i s g g e
C.
-y
S
. . X .

DUP050059245




- 18 - ' CDP-ES-79-20

REFERENCES

J. J. Kirkland and W. W. Yau, "Experimental Aspects of
Sedimentation Field Flow Fractionation (SFFF)",
CRD-79-19 (1979).

M. Cardona and G. .Harbeke, "Optical Properties and
Band Structure of Wurtzite-Type Crystals and Rutile",
Phys. Rev. 137, Al467 (1965).

Landolt-Bornstein Tabellen. 6 Auflage. II Band.
8 Teil, Optische Konstanten. 5-562.

H. C. van de Hulst, "Light Scattering by Small Particles”,
Wiley, 1957.

M. Kerker, "The Scattering of Light and Other Electro-
magnetic Radiation", Academic Press, 1959.

DUP050059246




- 19 ~ CDP-ES-79-20

APPENDIX

'MICROSCOPIC STUDY OF PIGMENT DISFERSIONS - Wa. D. Ross

- An attachment whichh we have recently acquired for the
microscope 18 a vertlical illuminator with lumersion objeetive,
This nas proved particularly satisfactory for studying the state
of dispersion of a suspenslion of Ti0p particles. ’

When a dispersion of Ti0p in water 18 examined, sll
the particles are in Brownian motion (except for any which adhere
to elther the microscope slide or the cover zlass). But particles
a micron and larger in dlameter seem to roll and slide on or :
near the surface of the microscope sllide, whereas particles a
quarter mieron in diameter and smaller move up and down in the
depth of the water between the sllde and the cover glass. Thus
the larger particles c¢an be kept in focus in one plane.

Standard equations of colloid theory have been applied
o the behaviour of these dispersions of TiO, in water:

" Brownian Mction

o 1T particles of diameter d are examined for intervals of
¢t seconds, and the distanges travelled during these intervals )
measupred, the average distance travelled along one direction,
%, is given by ‘ :

X2, k2 (2)
21 3yd '

where k 1s the Boltzmann constant, and 1; the viscoslity, T is the
absolute temperature.

Putting in the proper constants for Ti0, in water ab
room temperature, and measuring dlameter and distance in microns;

X2, 0.8 [ % _0.93 (2)

3 a Ny ‘1"-&-

For very small intervals of time, this equation will not
nold, because the average component instantaneous of veloclty in
_the x direction, for which we will write u, is limited:

mu2 = k7

: {3)
s
m = mass of particle = 31391P

/B = density of particle

DUP050059247
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MICROSCOPIC STUDY OF PIGMENT DISPERSIONS (Con't.)

Again measuring @ 1n microns aﬁd u in microns per second,
- i (%)

. The equation (2) will be valid for times of observation
axceeding

t = 'ﬁ"u‘! = 4.5 210 1 4% second, (5)
which 1s too short to measure. During this time the particle
world travel what might be conslidered a mean free path distance,

_ ga._ Ja ‘ .
tu 1600 | - (6)

Sedimentation Equilibrium

—Where the partlcles are dilute enough not to be packed
together, the concentration of particles of any selected gize
Jdecreases as height increases, according to

[ .
n --va-]-."-w -%—: . - , {7)

where ¢ = concentration at lower level
¢p = concentration at higher level

h = distance between levels:

| (8)
in sm‘ce‘r'y.= 6T
Bo wds(p-l)s

o = density of TiOg, grams/cm®
g = acceleration of gravity

Putting in the proper constants, and measuring dimensions
in wicrons, ’ '

00268 ’
he 4 .,.__....._.._dg (9)
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MICROXCOPIC STUDY OF FIOMENT DISPERSTONS (Con't.)

Sedimentation Rate

e sedlmentation equilibrium will be achieved on"y
after sufficient time has elapsed. The settling velocity,
acecording to Stokest Law is

The accompanying table gives the results of the fore-

going three type of ¢aloulations for the range of particle size
in which we are 1nterested.

A few observations showed that the thickness of the
¢1lm of slurry under the cover glass ranges up to 50 microns.

BROWNIAN MONION, SEDIMENTATION EQUILIBRIUM,
AND SEDIMENTATION VELOCITY OF TiOp - IN WATER

Dimensionsvinvmicrons; times in seconds

(2) | (@) | (0)
E = o v
Ny
i -9 ] o3 1.6
. 1.0 ’ 5 1.0
926 1 2 1-2 0'6 ’
02 03 ) C 291 . el}'
o 1.5 . 4 .26
_e3 107 10 » 015 0
92‘5 : %’? 1% . 0%)8 o
Y v o
015 . 2-4 %0 ) uoll-
01 :3° P 270 002
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INDEXING TERMS

Ultraviolet
Light Scattering
Light Absorption
Rutile

TiOy Pigment
Size Analysis

~ Sedimentation

Flow Fractionation
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