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Determination of the Particle Size Distribution of Titanium
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In this paper, the particle size distribution of TiO, measured by a turbidimeter is
compared with that of the micron photo sizer and, in succession, the validity of turbidi-
metry is discussed. After changes of the turbidity with time were measured, the particle
size distribution was then evaluated indirectly from above data. Furthermore, the
approximate formula of particle size distribution was calculated from an aspect of statis-
tical analysis.

In result, it was clearly observed that the particle size distribution calculated from
the approximate formula was closely agreement with the ones measured by the turbidi-
meter and the micron photo sizer. It was, therefore, ascertained that the particle size
distribution of powder was possible to be exactly measured by the method of turbidimeter.
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turbidimeter; Zeta potential

It is considered as one of the most important subjects on the preparation of suspension
to determine the particle size distribution of powder suspended or to research the physical
stability of suspension. Many unique techniques have already been studied and employed into-
the measurable instruments of particle size distribution.2~® For example, the sedimentation
balance method was extensively employed in the many laboratories and factories.” On
the measurement by this method the particle size distribution can be calculated from the
data of the relationship between the weight of sedimentation particles and sedimentation
velocity. However, in this method, as the weight of particles must be directly measured,
a certain degree of particle weight concentration is necessary. Accordingly, the considerable
predispersion of powder particles is required to prevent the primary particles adhering to one
another in suspension.

On the other hand, compared with above method, the turbidimetry has several advan--
tages that particle size distribution can be exactly measured by using only a small amount
of powder.

In this paper,® therefore, particle size distribution measured by a turbidimeter is first
compared with that of other method and, in succession, the validity of turbidimetry is
discussed.

The powder of TiO, of which size distribution had been already measured under the
micron photo sizer was picked up and examined by a turbidimeter. After changes of the
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turbidity with time were measured, the particle size distribution was then evaluted indirectly
from above data. Furthermore, the approximate formula of particle size distribution was
calculated from an aspect of statistical analysis.

Theory

Relation between Particle Size and Turbidity

The relations between the particle size of powder and the turbidity produced by a
suspension can generally be represented as shown bellow,?

log Iy = kindﬁ-m ¢y
0
i

log I = E>rd?ng : @
. 0

where log I, is turbidity of initial stage, log I is turbidity of optional time, % is constant of

turbidimeter, #; is particle number of powder, and d; is particle diameter of powder.
Namely, when the particles of powder suspended are naturally sedimenting in a liquid,

the incident light is scattered at the surface of each particle. At an optional time the scatter-

ing or reflecting intensities are proportional to the total cross area of particles in suspension.
Here, the ratio of Eq. (2) to Eq. (1) is represented as

I i o
= 2081 _ SyienySiain, @
log I g 0

Ts

where 7, is the surface percentage of particles in the range from 4;=0 to d;=1¢. In practical,
if the weight percentage of particle is required, 7, can be easily connected to the equation
concerning the weight percentage of particle, 7, is given by

1 k3 o 3
Tw = zo:digdizni / Edigdigni

= Sdny/ Sdins )
Moreover, the concentration of suspension can be written as:
6 “©

‘where C is concentration of powder(mol/l), and p is density of powder. Now, combining
Eq. (1) and (5), the following relations can be obtained,

~logI _ k> ditn _
n 0 0
¢ 9—6-26%;3%7; ;dﬁ%i

where %’ is constant of Eq. (6), and d,, is mean surface-volume diameter of powder. The
equation shows that, if the turbidities of suspension are measured at various concentrations,
the mean surface-volume diameter of particle is obtained from Eq. (6).

ﬁdizni 1
kB2 =Rk 7 (6)
V8

The Apporoximate Formula of Logarithmic Particle Size Distribution

If the particle sizes in the size frequency-particle size plot are replaced by their
logarithms an asymmetric, or skew, particle size distribution appears approximately
symmetrical one. This logarithmic normal distribution curve is defined by,

Flay= [l exp [ Mndilndsr)
A/2rlogag

dlnd;
2log% gy J B ™
where F(d;) is a function of particle size, d, is the geometric mean diameter, and ¢, is the
logarithmic standard deviation, respectively.

9) P. Bagchi and R.D. Vold, J. Colloid Interface Sci., 53, 194 (1975).
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log dg = 3llog di/3ims (8)
log? gg = 2(log di—log dg)*/ S ©)
Here, if the value of fis defined as Eq. (10), Eq. (7) is rewritten as Eq. (11),
t = (log d;—log dg) /log ag4 (10)
=[1 e
Ft) = sz_n exp ( Z)dt | an

where F(¢) is function of .
As exp(—#?/2) cannot be represented as an indefinite integral form, F(¢) is represented

as the following approximate formula derived by Taylor’s theorem.
g(t) = exp (—#%/2) (12)
= g0, &0 8700 yny o 8040
g(t) = g(O) + —I—!-t + ——2—'!“42 + - 4 'mt( H o+ ";L—!“"t (13)
where g(#) is function of .
Now, the coefficients of these terms are given in Table I.

1, 1, 1 1 1
f)= (1——f2p b S gy~ 5 t“’---) 14
8() ( 2ttt T3t Tast T 3sd0 a4

Integrating the above equation, the following Eq. (15) can be obtained.

1 1 1 1 1 1 1 -
Ft) = — ——_—:(t——«t"’ L 19— t“---) 15
W=+ VL6 Tao" T3 3356 42240 (15)

When a particle having d; falls naturally in the fluid, the Stoke’s law is applied to the
sedimentation velocity of a particle, as given by

184 1/2
dy= | ————— 16
sl (19
where g is gravitational acceleration, # is sedimentation velocity, u, is viscosity of continuous
phase, p, is density of particle, and p, is density of continuous phase. Now, the sedimenta-
tion velocity u is defined as a transfer distance % of particle in an unit time intervals 7.
u=h/T , (17)
Thus, Eq. (16) can be rewritten as the equation
ls,uch /2 —
dy= | —— 1/T)V2 = gI'T-1/2 18
= (lopa) /7 e
This equation means that the particle size d; can be connected with sedimentation time T
and constant £”.
Here, if T, is defined as the sedimentation time required for the turbidity to be reduced
to one-half its initial value, 4, is given as follow.
dg - kTm‘_l/z (19)
Still more, the geometric standard deviation, ¢,, is the intervals of particle size that
the weight percentage of particle exists between 84.2%, and 50.09, or 50.0% and 15.8%,
log oy = logds — logdm = log To — log Tpy (20)
T = Tma To.155/To.552 @1
where d,, is mean diameter of particle, d, is particle diameter at d,,-+0, and T, is sedimenta-
tion time at 50-¢ percent.
Substituting Eq. (18), (19) and (20) into Eq. (10), the value of ¢ given by the equation.
— 1og (Tw/T)
" log (Tw/T.)
Eq. (22) is substituted in Eq. (15), then

(22)
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1 [log (Tw/T) 1 log®(Tw/T)
Vor Llog (Tw/Ts) 6 log® (Tw/Ts)
1 log® (Tw/T) _ 1 log" (Tw/T) +J -
40 1og® (Twm/T.) 336 log" (Twm/Ts)

where F(T) is function of sedimentation time.

Consequently, T, T, and T are firstly obtained from the change of turbidity, log 7, in
the course of sedimentation, and in succession, the approximate formula of particle size
distribution can be calculated from Eq. (23).

F(dt) = F(T) =—%+

: 2
Tasre I. Calculated Coefficient of the Function of y=exp (-%)

(Taylor’s Theorem)

JFm () Coefficient Normal type Integral type
1 1 1
(@) —_— —_— 2 L
S @) Y 5
3-1 1 1
* it gy’ =5
FE® ! 8 40
5.3-1 1 ' 1
(® oo 46 —_—
FO® 6! 48 ! 336
7-5-3-1 1 1
(8 Iy - 8 £
Fe® 8! 348 3456
9.7.5.3-1 1 1
o (¢ _ — 10 - At
FE® 10! 3840 42240
11.9-7.5.3-1 1 1
a2 () . Pt I i 2 113
Fem 12! 46080 599040
13-11.9.7.5.3-1 1 1
a9 (¢ —— o VTV O —_ 14 R >
FE® 14! 645120 9676800
15-13-11.9.7-5.3.1 1 1
8 (¢ I - L |
FEO 16! 10321920 175472640
£09 () _17.15-13-11.9-7.5.3.1 _ 1 P _ 1 £
18! 185794560 3530096640
210 19.17-15-13-11-9.7.5.3-1 1 £20 1 21
20! 371589120 78033715200
Experimental

Equipment and Specimen The specimen used in our work was rutil type bare Titanium dioxide
named as R-310 of Sakai Chemical Co., Ltd. The data of particle size distribution of TiO, is given in Table
II. The specimen was first dispersed by homomixer for 5 min and then the particle size distribution was
measured by MSKXK type of micron photo sizer (Seishin Kigyd Co., Ltd.). In this preparation, the suspension
was diluted with a water until the concentration of it was about 0.050 g/liter. 10 ml of sodium metaphos-
phate (5.0 g/liter) was added to this suspension as a dispersing agent.

A sketch of the apparatus employed is shown in Fig. 1. The turbidimeter used was PT-201 type of
Nihon Seimitsu Kdgaku Co., Ltd. Since the turbidimeter adopts the sphere method of electrophotometer,
the intensity of turbidity could exactly be measured regardless of coloured sample. The value of turbidity
could be changed in the three ranges of 0—5 ppm, 0—50 ppm, and 0—500 ppm. The cell used was made
of the special coated glass. The specimen box was surrounded and circulated with the air controlled at
30.0° by thermostat in order to keep the temperature of stable suspension at 30.0°. The changes of turbidity
and temperature with time were simultaneously recorded, respectively, on the B-281H type recorder of Rika
Electro Co., Ltd. )

Experimental Procedures Titanium dioxide was sufficiently dried at 105° and kept in a desiccator
before used in this experiment. After 1.50 mg of TiO, was sampled and dispersed in 400 ml of distilled water,
and then 10 ml of sodium metaphosphate (5.0 g/liter) was added as a dispersing agent. The total volume of
suspension was adjusted to 500 ml with adding distilled water. The pH of suspension was 7.1. The ultra-
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sonic beam (30 kHz) was emitted to the suspension for 10 min, in order to disperse homogeniously powder
particles into a water. 5 ml of sample suspension was gently placed by a pipette into the cell. The depth
from a liquid surface to an optical axis was settled to 13.0 mm to keep a measurement position of turbidity
constant. After 30 seconds sedimentation time, the measurement of turbidity was started and recorded.
The observation of turbidity was continued for 48 hr. Then, the analyses of these data were employed
and the approximate formula of particle size distribution was calculated by using a Seiko-S-301 electronic
computer.

Measurement of Physical Properties of Suspension A particle density of TiO, was measured by a
pycnometer. The density of TiO,, pp, was equal to 4.214 (g/cm3).

The viscosities of continuous phase were measured by the rotating viscometer (Shibaura System Co.,
Ltd.) a constant at 30.0°. The viscosities were extended in the range of 0.80—1.00 centi poise in this experi-
ment,

The electrophoretic velocity of TiO, in suspension used for turbidity measurement was measured with
moving boundary method by using U-shaped tube under the constant 200 V, attached to potentiometer
(Toyo Science Co., Ltd.), and Zeta potential of TiO, was calculated by usual equation. The value is
—37 mV and it shows the very good stability of TiO, suspension.

The shapes and sizes of powder particle were observed and photographed by transmission electron
microscope (NEM-100B type, Nippon Electron Co., Ltd.). Figure 2 shows the electron micrograph of
Titanium dioxide.

TasLe II. Particle Size Distribution from the Micron Photo Sizer Method

PO Weight Surface area

S;gf,:i‘gselzglzgf distribugtion“) distribution®
# % 2% % 2%
2.5—3.0 3.2 100.0 0.6 100.0
2.0—2.5 6.8 9.8 1.6 99.4
1.5—2.0 6.6 90.0 2.0 97.8
1.0—1.5 17.1 83.4 7.3 95.8
0.9—1.0 5.4 66.3 3.0 88.5
0.8—0.9 4.5 60.9 2.8 85.5
0.7—0.8 6.3 56.4 4.5 82.7
0.6—0.7 5.9 50.1 4.8 78.2
0.5—0.6 8.4 44.2 8.1 73.4
0.4—0.5 12.1 35.8 14.3 65.3
0.3—0.4 11.2 23.7 17.0 51.0
0.2—0.3 8.8 12.5 18.7 34.0
0.1—0.2 3.4 3.7 12.1 15.3
—0.1 0.3 0.3 3.2 3.2

note: a) measured by Micron Photo Sizer and these technical information data received from
Sakai Chemical Co., Ltd.
b) values were calculated in this experiments

3 405 7

2
S E

Fig. 1. Apparatus

1. lamp

2. condenser

3. cell

4. integral sphere part

5. detector (scatter transmission light)
6. detector (parallel transmission light)
7, amplifier and calculater

8. thermostat Fig. 2. Electron Micrographs of Titanium Dioxide
9. recorder
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Results and Analyses

Calculation of the Particle Size Distribution from the Intensity of Turbidity

Figure 3 shows the change for the turbidity of Titanium dioxide at the initial stage in
the course of sedimentation. A little fluctuation was found in this curve, and the turbidity
decreased gently according as the sedimentation time passed.

Figure 4 shows the change of relative turbidity, log I/log I, in the course of sedimenta-
tion. The values of relative turbidity were 96.9, 88.8, and 41.0%, at 20 min, 100 min, and
1000 min, respectively.

Relation between particle size of
powder and sedimentation time are
shown in Fig. 5. In this experiment,
the values such as the viscosity of
continuous phase, p,, the liquid depth,
h, the density of particle, p,, and the
density of continuous phase, p,, were 0.8
1o cP., 13.0 mm, 4.214 g/cm3, and 1.000
502060 80 100 130 140 160 180min g/cm3, respectively. Then, after these

Sedimentation time values were substituted into Eq. (18),

Fig. 3. Recording Curve of Turbidity of TiO, Sus the value of 4; was calculated. The

pension with Time at 30.0° intercept of tangent to this curve gave
the value of 2" equal to 9.55.
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Relations between particle size and cumulative frequency for the surface area of particle
were shown in Fig. 6. Particle size was calculated from Eq. (18), and cumulative frequency
of the surface percentage of particle was required from the data of log I/log I,.

In Fig. 6, it was obviously found that the skewed curve from the measurement of the
turbidity was good agreement with the curve obtained from the micron photo sizer.

Table III gives the weight percentage of particle converted from the surface percentage
of particle. The particle size in Fig. 6 was firstly divided in equal 12 parts on the logarithmic
scale. In succession, multiplication of the medium of particle size at each part by the surface
percentage of particle gave weight percentage of particle.

Figure 7 shows the relation between particle size and cumulative frequency of TiO,
weight. In this figure, the values calculated from the measurement of the turbidity agreeded
very closely with that obtained by the micron photo sizer.

Tasre ITI, Calculation of Weight Percentage of Particle Calcula.ted from Surface
Percentage of Particle

Maximum Cumulative Surface Mediumx Weight Cumulative Cumulative -
particle  Medium - per- per- Surface per~ weight weight
size centage centage percentage centage percentage® percentage?)
w w % % % % %
12 3.000 2.692 100.0 1.0 2.69 5.17 100.00 100.0
11 2.400 2.138 99.0 1.4 3.17 6.09 94.73 95.5
10 1.910 1.700 97.6 2.1 3.70 7.1 - .88.64 90.0
9 1.515 1.350 95,5 2.5 - 3.52 6.77 81.53 83.5
8 1.205 1.072 93.0 4.5 4.82 9.27 74.76 74.0
7 0.995 0.851 88.5 5.5 4.68 9.00 65.49 63.8
6 0.760 0.676 83.0 7.0 4.73 1 9.09 56.49 54.0
5 0.600 0.537 -76.0 11.5 6.18 11.88 47.40 44.5
4 0.480 0.427 64.5 13.0 5.55 10.58 - 35.52 33.0
3 0.380 0.339 51.5 13.0 4.41 - 8.48 24.94 22.0
2 0.300 0.269 38.5 12.5 3.36 6.46 16.46 12.5
1 0.240 0.200 26.0 26.0 5.20

10.00 10.00 7.2

note: a) calculated by data from Turbidimeter
b) calculated by data from Micron Photo Sizer

TaBLe IV, Calculation of Weight Percentage of Particle from Eq. (23)

Cumulative Cumulative

Maximum . : . .
} . Medium ¢ F@y weight- weight
particle size ® percen%age'” percentgageb>
P u % %
12 3.000 2.692 1.766 96.2 100.00 100.0
11 2,400 2.138 1.505 94.5 94.73 95.5
10 1.910 1.700 1.238 89.3 88,64 90.0
9 1.515 1.350 0.968 83.4 81.53 83.5
8 1.205 1.072 0.700 75.8 74.76 74.0
7 0.995 0.851 0.476 68.3 65.49 63.8
6 0.760 0.676 0.161 56.4 56.49 54.0
5 0.600 0.537 —-0.115 45.4 47.40 44.5
4 0.480 0.427 —0.376 35.2 35.52 33.0
3 0.380 0.339 —0.649 25.8 24,94 22.0
2 0.300 0.269 —0.925 16.0 16.46 12.5
1 0.240 0.200 —1.19 11.5 10.00 7.2

note: a) calculated by data from Turbidimeter
b) calculated by data from Micron Photo Sizer
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Calculation of the Approximate Formula of Logarithmic Size Distribution
Equation (22) can be replaced by next equation.
. 10g (Tw/T) log (di/dm) (24)
log (Tm/Ts) log (do/dm)
do = du/do 512/ do.158 (25)

The values such as d,, dy.s4, and dy, 55 Obtained from Fig. 7 were given by following.
dm = 0.662y, dosse = L71y,
do.158 = 0.309 (26)

% These above values were substituted into Eq. (25)
10 ' and Eq. (24), d, and ¢ could be calculated as follows:

ds = 0.6624/1.710/0.309 = 1.557 (27

_ log (d:/0.662) _ log (ds/0.662)
L , " log (1.557/0.662) ~ 0.3716
- The both values ¢ and F(¢) are calculated by using
the computer of Seiko-S-801. In this case, the
particle size was divided in equal 12 parts on the
logarithmic scale. These calculated values are given
) in Table IV.
B Figure 8 shows the distribution of weight
- percentage of particle. In this occasion, the parti-
Ll 1 L cle size was classified into 6 parts on the logarithmic
) . 1.0 50 scale. It was clearly observed that the curve
Particle size log d calculated from Eq. (18) was closely agreement with
Fig. 8. Particle Size Distribution of the ones measured by the turbidimeter and the
110, y micron photo sizer.
key: Eg caeutated },’;’ data from f;’:;ﬁ:’;;f;f) It was, therefore, ascertained that the particle
" zlazleci ation size distribution of powder was possible to be
exactly measured by the method of turbidimeter.
Accordingly, this measurement method will be very useful for the observation of the
particle size distribution and then it will be good guide for the studies on the preparation
and stability of suspension.

T

(28)

o
T

Frequency
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