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Abstract 
Stabilities of titanium dioxide and ferric oxide 

suspensions in the presence of various types of 
electrolytes have been studied by measuring their 
sedimentation volume, rate of sedimentation and 
optical absorption as a measure of the degree 
of suspension. The stabilizing ability in suspen- 
sions with condensed phosphates is relatively 
high as compared with that with electrolytes 
other than the phosphates. This would indicate 
strong adsorption of phosphate ions onto the 
surface of the particle. A correlation is found 
between the extent of stability of a suspension 
and the electrophoretie mobility of the particle 
suspended in electrolyte solution, except with 
silicates. With polyphosphates (Naa+eP.O3n+l) 
the stabilizing effect is noticeable at n ~---2, while 
with metaphosphates (Na~P.O3,) it becomes 
noticeable and constant at n ~ 4. The stabilities 
of titanium dioxide and ferric oxide suspensions 
containing silicates are high in spite of low 
electrophoretic mobilities of their suspended 
particles, which are comparable with the stability 
operated by tripolyphosphate or a typical 
dispersing agent. The suspension stability data 
of acid and neutral condensed phosphates and 
of the electrolytes used commonly as builders in 
the presence of a surfaetant have also been 
included. 

Introduction 
The previous work, studying the eleetrophoretic 

mobilities of solid particles suspended in aqueous 
solutions of various types of electrolytes, has shown 
that the mobilities of the particles in phosphate solu- 
tions are relatively high as compared with those in 
other electrolyte solutions (1). The electrophoretic 
mobility or zeta potential of colloid particles is 
thought to ha'ca a close relationship with their stabil- 
ity in suspension, since the stability is primarily 
governed by the solid/liquid interfaeiM potential and 
electrical repulsive potential 'between charged par- 
ticles (2,3). Therefore, it is important to investigate 
the stability of solid particle suspensions from the 
point of view of the electrical nature of the suspended 
particles by the help of the electrophoretic data 
previously reported. 

In the present work, the effects of a series of 
condensed phosphates and other types of electrolytes 
on the stabilities of titanium dioxide and ferric oxide 
suspensions have been studied. As a measure of 
suspending ability the sedimentation volume, the 
rate of sedimentation and the optical absorption of 
these suspensions have been determined. The sus- 
pending abilities of condensed phosphates were com- 
pared with those of other types of electrolytes than 
the phosphates and discussed in connection with the 
electrophoretic mobilities of the suspended particles. 
The results will also be discussed more fully in a 
forthcoming paper in relation to the builder effect 
of these phosphates in detergent systems. 

Experimental Procedures 
Materials 

Polyphosphates and metaphosphates used were the 
same samples as those described in a previous paper 
(1). Inorganic electrolytes other than the phosphates 
and the trisodium salt of nitrilotriaeetic acid, which 
were obtained from Wake Pure Chemicals Co., were 
of reagent grade and used without further purifica- 
tion. The sodium salt of fl-naphthalene sulfonic acid- 
formalin condensate (abbreviated as fl-NSF), which 
is a commonly used dispersing agent, was a sample 
prepared in the laboratory. Sodium alky]benzene 
sulfonate was prepared from alkylbenzene, the aver- 
age alkyl chain of which was C12, by su]fonation 
according to the ordinary method (4) and purified 
by a procedure similar to that for sodium dodeeyl 
polyoxyethylene sulfates, described elsewhere (5). 
Titanium dioxide (R-820, rutile type, 99+% pure) 
was supplied by Ishibara Industries Inc., and it was 
used without further purification. Ferric oxide (Toda 
rouge 120-R, Toda Industries Inc.) was thoroughly 
washed with water and dried at 100 C in vacuum 
before use. 

Sedimentation Measurements 
Suspensions for sedimentation measurements were 

prepared as follows. In a graduated glass-stoppered 
test tube of 30 ml capacity and 32 cm height, 1.0 g 
of titanium dioxide or ferric oxide and 10 ml of 
distilled water were added and shaken vigorously by 
hand for 1 rain. A requisite volume of a 0.3% elec- 
trolyte solution, diluted with distilled water to a 
volume of 30 ml, was then added to the shaken 
suspension. Mixing after electrolyte addition was 
continued at a fixed speed with an automatic shaker 
for 5 rain. The tube stood overnight at 25 C. After 
standing, the tube was shaken again 100 times before 
measurement. Usually it took several days to attain 
a definite sedimentation volume of the suspension. 
The reading of the sedimentation volume was taken 
when such an equilibrium had been attained. 

The rates of sedimentation of the above suspensions 
were also measured. The displacement of the bound- 
ary set up by the sedimentation of particles was 
measured periodically. The rate of sedimentation 

T A B L E  I 
Rela t ive  Sedimenta t ion  Volumes ( S v r e t ) ,  S e d i m e n t a t i o n  R a t e s  (S r )  
or Absorbanees (As) of TiO~ and  Fe~0a Suspens ions  in  the Presence  
of Condensed Phospha tes  a t  a Concen t ra t ion  of 3.0 X 10 -3 % 

by Weigh t  

Phospha tes  

Ti02 Suspens ion  ]~eeOs Suspens ion  

S t ( x 1 0 2  
Svr  el c m / h r )  Svr  el As a 

~an  +~PnO$n +1 
n = 1 0.89 b 0.81 0.65 

2 0.36 2.6 0.31 0.82 
3 0.34 2.3 0.25 0.83 
4 0.32 2.1 0.28 0.82 
5 0.32 2.1 0.28 0.80 

NanPnOsn 
n = 3 0.57 b 0.42 0.58 

4 0.33 2.4 0.28 0.75 
5 0.33 2.4 0.27 0.78 
6 0.31 2.2 0.28 0.80 

a Values  af ter  s t and ing  2 hr.  
b Par t i c les  sedimented r ap id ly  as floes. 
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T A B L E  II 

Rela t ive  Sedimenta t ion  ¥o lumes  of TiO~ S u s p e n s i o n s  a n d  Absorbancies  of 
FeeOa S u s p e n s i o n s  in  the  P r e s e n c e  of V a r i o u s  Electrolytes  at  a 

Concent ra t ion  of 3.0 X 10 -2 % by Weigh t  (A) and  in t h e  P r e s e n c e  of 
Acid and Neu t ra l  P h o s p h a t e s  at  a Concentra t ion  of 1.7 X 10 -a :~  as P205 (B)  

V O L .  46 

Electrolytes  
SVrel Of 2~kS a of SVrel,Of 

Ti02 FeeOa Phospha tes  TiOe 
S u s p e n s i o n  Suspens ion  Suspens ion  

AS a of 
FefO3 

Suspens ion  

NaCI 
NaeCOs 
Na~SO~ 
Ale (SO~) ~, 
K~AI~ (S04)  
NaBO= 
Na~B40~ 
Na20 • 1.0 Si02 
Na~O • 2.5 Si02 
NaeO • 3.3 Si02 
fl-NSF 

0.82 0.05 0r tho-  NaaPO~ 0.89 
0.84 0.50 Na~ILIPO4 0.88 
0.94 0.05 NaH2POI  0.92 
1.04 ...... Pyro- Na4PuO~ 0.38 
0.99 ...... Na~H2P207 0.41 
0.89 0.54 Trimeta-  NaaPs09 0.57 
0.97 0.45 Na~HPs09 0.63 
0.39 0.71 t Iexanleta-  Na6P60~ 0.33 
0.38 0.74 NaaHJPaOls 0.39 
0.35 0.74 
0.35 0.79 

0.65 
0.63 
0.61 
0.81 
0.74 
0.56 
0.52 
0.78 
0.70 

a ~ralue s after  s t a n d i n g  2 hr .  

was obtained f rom the change of position of the 
boundary  with time. In  polydisperse systems, broad- 
ening of the boundary  was observed and i t  made the 
reading less accurate. The sedimentation velocity 
measurement  was carried out only for the t i tanium 
dioxide suspensions shown in Table I. 

Optical Absorption Measurements 

The absorbance of ferric oxide suspensions was 
measured as an indication of suspending ability. The 
suspension was p repared  by mixing 0.5 g of ferric 
oxide and 100 ml of electrolyte solution (in some 
cases, containing a sur fac tant )  of a desired con- 
centrat ion in a 200 ml beaker with a homogenizer 
for  2 min and with an ultrasonic mixer  for  3 rain. 
The thoroughly mixed suspension was then poured 
into a graduated cylinder of 50 ml capaci ty and 2.3 
cm diameter. Af te r  2 or 24 hr at  25 C, 1.0 ml of the 
sample was taken f rom 5 cm below the surface and 
diluted with 50 volumes of distilled water. The ab- 
sorbanee at  510 m/~ was measured immediately af ter  
dilution by a Shimadzu Model AQV-50 speetro- 
photometer.  

Results 

Table I summarizes relative sedimentation volumes 
(SVrel) and rates of sedimentation (Sr)  for t i tanium 
dioxide suspensions and Svre, values and absorbanees 
(As) for ferric oxide suspensions in the presence of a 
series of condensed phosphates, their  concentration 
being kept  constant at  3.0 × 10 -2 % by weight;  
Svre, being a ratio of sedimentation volume of par-  
ticles in electrolyte solution to that  in water. 
Ti tan ium dioxide and ferric oxide particles form 
looser sediments in water  than  in phosphate solu- 
tions, the sedimentation volumes of these particles 
in water  being 2.02 and 2.28 ml /g ,  respectively. A 
correlation is found between Svre, and Sr although 
the Sr value is not so reliable as Sv~.e, in the present  
experiment.  

T A B L E  III 

Effect of Some Electrolytes on Absorbances of l~e~Oa Suspens ions  in  t h e  
P r e s e n c e  of Sod ium Alkylbenzene S u l f o n a t e  

Electrolytes  
A b s o r b a n c e s  

af ter  2 hr  af ter  24 hr  

NasPO~ 0.37 0.18 
NahPa01o 0.85 0.63 
NafO - 2.5 SiO'z 0.78 0.81 
Na2COa 0.18 0.03 
Na2S0~ 0.40 0.20 
NaeB~07 0.23 0.04 
SNTA 0.57 0.12 
~-NSF 0.90 0.44 
No added 

electrolyte  0.47 0.12 

The values given in Table I depend on the con- 
centrations of phosphates. A typical  result  for the 
effect of phosphate concentration on the Sv,.e, of 
t i tanium dioxide suspension and on the As of ferric 
oxide suspension is shown in F igure  ] where the 
value of Svre, or As is plotted against  the concentra- 
tion of sodium tr ipolyphosphate.  Fo r  comparison, the 
similar relations for sodium nitr i lotr iacetate (SNTA) 
recently used as a builder in detergent formulations, 
are included in Figure  1. The Svre, value with SNTA 
is greater  than  that  with t r ipolyphosphate,  and the 
As value with SNTA is lower than  that  with tri- 
polyphosphate  at any concentration. This is indica- 
tive of tile greater  suspending abili ty of tripoly- 
phosphate for  these particles. 

Table I I ( A )  gives the SVrel and As values for 
t i tanium dioxide and ferric oxide suspensions, respec- 
tively, in the presence of various electrolytes other 
than phosphates, to compare the suspending" abilities 
of phosphates with those of other electrolytes. The 
values with silicates, which are comparable to the 
values with condensed phosphates, are to be noted. 
When fl-NSF, which is a typical  dispersing agent, 
is used a high degree of stabil i ty is achieved and 
it is also comparable to tr ipolyphosphate.  

Table I I ( B )  gives the Svre, and As values in the 
solutions of acid and neutral  phosphates in which 
one or two sodimn atoms are substi tuted by a hydro- 
gen atom or atoms; these values in the solutions of 
the normal ly  alkaline salts are also included for 
comparison. 

Some of the above electrolytes are commonly em- 
ployed as builders in detergent  formulations. Table 
I I I  shows the As values of ferric oxide suspensions 
containing sodium alkylbenzene sulfonate, sodium 
sulfate and the electrolyte in a ratio of 20:50:30, 
the total concentration of the additives being kept at 
0.2% by  weight. The suspending abilities of the 
electrolytes are affected by addition of the surfaetant ,  
as seen in Table I I I .  

Discussion 

I t  is known that  sediments of flocculated suspen- 
sions are usually much more voluminous than those 
of stable suspensions of the same concentration. The 
rate of sedimentation will depend on the effective 
size of the particle so tha t  a flocculated suspension 
will settle more rapidly  (the entire floc acting as a 
part icle)  than a defloceulated one. Because  of this 
effect, flocculated sediments form quickly but  are 
loose and low in density (6). 

The relative sedimentation volume Svre, of t i tanium 
dioxide particles in solutions of polyphosphates and 
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FIO. 1. Effect  of the concentration of sodium tripoly- 
phosph~l;e ( S T P P )  or t r lsodium nitr i lotr lacetate  ( S N T A )  on 
the relative sedimentat ion v o h m e  ( O )  of Ti02 suspension 
and absorbance ( O )  of Fe20a suspension. 
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FIG. 2. Relative sedimentation volume (O)  of TiO~ suspen- 
sion and electrophoretic mobility ( Q )  of i ts  part icle in the 
presence of Na.+eP,,O~.+~ or Na.P,,O~. at a concentration of 
3.0 × 10 -8 % as a funct ion of n. 

metaphosphates is plotted against the number of n 
in F igure  2, in which the hydrolysis of phosphates 
is not taken into account. The rate of hydrolysis or 
degradation would be relatively slow under  the con- 
ditions of the present experiment, as expected from 
data of hydrolysis of condensed phosphates reported 
by Van Wazer et al. (7,8) and Rennet  and Liss (9). 
The similar relation shown in F igure  3 is obtained 
for ferric oxide particles. In both cases, the Svr~, 
values in solutions of polyphosphates or metaphos- 
phates decrease with increasing numbers of n and at 
higher n they reach a nearly constant value. 

The stability of the suspension against floeculation 
is largely conditioned by electrostatic repulsion, and 
is governed by the height of a potential  barr ier  re- 
suiting from superposition of van der Waals attrac- 
tive forces and the double layer repulsive forces (2). 
Therefore, the double layer potential, i.e., the zeta 
potential  of the particle may be used as a measure 
of tile suspension stability. Zeta potential  is defined 
as the difference in charge between the immovable 
liquid layer attached to the surface of a solid phase 
and the movable par t  of the diffuse layer in the body 
of the liquid. The zeta potential  of the particle can 
be related in general to its electrophoretie mobility 
and, in the present case, is proport ional  to the 
mobility since Ka is estimated to be >250, where 
K is the Debye-Hiiekel parameter  and a is the radius 
of the particle (10,11). In Figure  2 the electro- 
phoretic mobilities of t i tanium dioxide particles in 
solutions of polyphosphates and metaphosphates, are 
shown, plotted as a function of n for the purpose of 
comparison with sedimentation data. There is a 
parallelism between the Sv,.e, of the suspension and 
the mobility of the particle, tha t  is, the higher the 
electrophoretic mobility the smaller the sedimenta- 
tion volume. This result  also indicates that  electrical 
repulsion is one of the important  factors which govern 
the suspension stability. The high SVr~, value in 
orthophosphate solution, thus, could be explained 
by the low mobility of the suspended particle. The 
effect of tr ipolyphosphate on the values of S v ~  and 
As shows increasing suspending action at low elec- 
trolyte concentrations, reaching a maximum, then 

decreasing at  elevated concentrations. The increase 
in stabili ty of the suspension is a t t r ibuted to in- 
creasing charge density, while the maximum and 
decreasing portion are a t t r ibuted to double layer 
compression from increasing gegenion concentration 
(12). 

When two suspensions containing an equivalent 
amount of ferric oxide are compared, a more dis- 
persed suspension will give a greater  As value since 
the sample for absorbance measurement was taken 
after  a definite time from a definite distance from 
the surface of the suspension. With respect to ferric 
oxide suspensions in the presence of phosphates, a 
correlation is found between Svrel and As, as seen 
in Figure  3, that  is, the greater the As value the 
smaller the Sv,.ea value. The tendency of the de- 
pendence of Svre~ on n for ferric oxide suspensions 
is similar to that  for  t i tanium dioxide suspensions, 
although the absolute values of Sv,.~ are not neces- 
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FIG. 3. Relative sedimentation volume ( O )  and absorbance 
( 0 )  of Fe~O~ suspension in the presence of Nan+2P.Oa.+l or 
Na,,P.O3n a t  a concentrat ion of 3.0 X 10 -̀ 2 % as a funct ion 
of n. 
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sarily in agreement when they are compared at a 
given number of n. This discrepancy in Svrc~ could 
be explained by difference in the chemical nature 
of the surface involved and a different degree of 
adsorption of phosphate ions by the surface of the 
particle. 

It  is of interest to compare the sedimentation or 
absorbance data shown in Table I with those shown 
in Table I I (A) .  In connection with the mobility 
data previously obtained (1), these results indicate 
that the stabilities of particles in solutions of poly- 
phosphates and metaphosphates are greater than those 
in solutions of other electrolytes except silicates. The 
effectiveness of phosphates in stabilizing the suspen- 
sions may be attributed to strong adsorption of 
phosphate ions onto the surface of the particle with 
consequent increase in zeta potential. It  has been 
reported that phosphate ions, especially po]yphos- 
phate ions, are adsorbed to a greater extent than 
simpler ions like chloride, sulfate and carbonate ions 
(11), and the zeta potential of particles in phosphate 
solutions is higher than in such electrolyte solutions 
(1). 

It  is to be noted that in the presence of silicates 
the Svre~ value for titanium dioxide suspension is 
smaller and the As value for ferric oxide suspension 
is greater than the values in the presence of other 
electrolytes listed in Table I I (A)  in spite of the 
relatively low zeta potentials of the particles (1). 
The effectiveness of silicates in stabilizing the sus- 
pensions is comparable to that of tripolyphosphate 
and fl-NSF. The reason for this result is not clear. 
However, it is probable that the adsorbed silicates 
contain OH groups which form hydrogen bonds with 
the water molecules and thus reduce the rate of 
sedimentation (13). In addition, it seems that their 
surface activity and polyelectrolyte character are 
related to the high suspending power of silicates. 
Surface tension and interfaeial tension, here more 
pertinent, were found to be lower than for equivalent 
solutions of other alkalies (14). The po]yeleetrolyte 
properties of silicate solutions have been discussed 
by Sehleyer (15). 

Partial substitution of one or two sodium atoms in 
the phosphate molecule by a hydrogen atom or atoms 
slightly, but not significantly, affects the Svrel and As 
values of suspensions, as shown in Table I I (B) .  The 
result indicates that even the acid or neutral phos- 
phates in low concentrations have strong suspending 
power for colloidal particles like normally alkaline 
phosphates. This could be explained by the fact, 
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previously reported, that the particles in acid and 
neutral phosphate solutions have relatively high zeta 
potential in spite of the depression of pH of the 
solutions by this substitution (1). 

Most inorganic salts examined here are commonly 
used as builders in detergent systems. Table I I I  
shows some of the results for the effect of electrolytes 
on the stability of ferric oxide suspensions in the 
presence of sodium alkylbenzene sulfonate of a con- 
stant concentration. The stability in tripolyphosphate 
or fi-NSF solution is high, as observed in the absence 
of the surfactant, and good suspending action is also 
found for sodium silicates in the presence of the 
surfactant. Interpretation of the results for the ferric 
oxide suspension containing both electrolyte and 
surfactant is more complex than for the suspension 
containing electrolyte alone. It  is considered that 
the competitive adsorption of electrolyte ions and 
surfactant ions will take place in the suspension. 
However, the adsorption of surfaetant ions at the 
solid-liquid interface may be preferential and the 
predominant factor in stability (2). On this basis 
one would expect the addition of electrolyte to pro- 
mote stability by increasing the adsorption of sur- 
factant ions; this effect will be offset by the reduction 
in the double layer repulsion produced by increase 
in electrolyte concentration. 
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