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Research Articles 

Powdered Particle Interactions: Suspension 
Flocculation and Caking I1 

By BERNARD ECANOW and  ROBERT G. WILSON 

The flocculation of a bismuth subnitrate suspension has been explained as prin- 
cipally due to forces other than van der Waals acting between the suspended par- 
ticles. 
by microscopic data and by data on relative suspension heights obtained gzt 
series of controlled flocculation experiments. These findings disagree with a pro- 
posed concept, which views the flocculation of a bismuth subnitrate suspension as 
the end result of the action of van der Waals forces, following the neutralization of 

the zeta potential of the suspended particles. 

Two basic types of bonds are described. The conclusions are sup 

N THE INITIAL paper of this series ( I ) ,  a 2% 
sulfamerazinc suspension was chosen for a 

study of the phenomena of flocculation and of 
caking. Particles of sulfamerazine were sus- 
pended in dilute dioctyl sodium sulfosuccinate 
solution, and either aluminum or ferric ions were 
introduced as the flocculating agent. It was 
shown that flocculation was influenced both by 
wetting agent concentration and by the chemical 
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reaction that took place between the above tri- 
valent cations and the anions of the wetting 
agent. Where the chemical reaction was a 
dominant factor in flocculation, the mechanics 
were visualized as the adsorption of wetting 
agent anions on the surface of the sulfamerazine 
particles, followed by a chemical coprecipitation 
between the flocculating agent cations and the 
adsorbed anions. An analogous reaction is ob- 
tained when common soaps react with the heavy 
metal ions in “hard” water. 

The sulfamerazine suspension system was 
previously discussed in the literature (2, 3). 



1032 

It had been suggested that  the flocculation was 
due to the interaction of the van der Waals forces 
operating after the zeta potential of the particles 
had been neutralized by the flocculating agent. 
This proposal was questioned on two counts (1) : 
(a) The particles were in macro-particulate sus- 
pension, rather than in colloidal dispersion. 
Van der Waals forces, although presumably 
present, have not been shown to be of significance 
in the type of system studied, where particles 
are above the colloidal size range. (6) The 
flocculation was virtually immediate, on mixing. 
and thus was more typical of a chemical reaction 
than of the reaction rate associated with the 
action of van der Waals forces. Burton (4) 
has shown that the coagulation of a colloidal 
system, following the neutralization of particle 
charge, is a slow process which depends upon the 
Brownian movement of the particles. 

A bismuth subnitrate suspension which could 
be flocculated by the addition of monobasic 
potassium phosphate solution was also reported 
in  the literature (2, 3). The  flocculation reaction 
was discussed in  terms of zeta potential and van 
der Waals forces. This again raised the above 
questions relative to  particle sue and speed of 
the flocculation reaction. The bismuth sub- 
nitrate-monobasic potassium phosphate sus- 
pension system has in this report been considered 
from a different viewpoint, with the thought that  
both flocculation and caking phenomena might 
be explained on some basis other than that  previ- 
ously proposed. 

In the exploratory work, a 270 bismuth subni- 
trate suspension was reacted with a flocculating 
agent, and the degree of flocculation was judged 
empirically from the settling rate. This could be 
done, since flocculated particles settle more rapidly 
than do the same particles in a deflocculated state. 
The words, “flocculated” and “deflocculated ,” are 
here used in accordance with the definition given 
by Fischer and Gans in their chapter in Alexander 
(5). The following compounds, a t  a concentration 
of 1 mmole of phosphate per 100 ml. of suspension, 
were tested for their flocculating ability. 

Flocculating Relative pH of the Flocculating 
Agent Additive in Solution Action 

Tri-sodium 
phosphate 12.0 little 

Dibasic sodium 
phosphate 8 .7  little 

Monobasic sodium 
phosphate 4.3 marked 

Phosphoric acid 2.2 marked 

As can be seen, there was little flocculating action 
for additive solutions of high pH,  but a marked 
degree of flocculation at lower levels of pH. Since 
the same concentration of phosphate was present 
in each case, it  seemed that flocculation was pH- 
dependent. This finding lent credence to the 
thought that a chemical reaction might be involved. 

Journal of Pharmaceutical Sciences 

Bismuth subnitrate for pharmaceutical use is a 
white, slightly hygroscopic powder. Under the 
microscope, the powder can be resolved to trans- 
parent, orthorhornbic crystals averaging 10 to 15 p 
in size. The compound may be produced by several 
quite comparable processes. Perhaps the simplest 
is to  prepare a solution of bismuth nitrate in nitric 
acid solution of the proper strength and to then pour 
this solution into a large quantity of water. The bis- 
muth nitrate promptly hydrolyzes, precipitating 
bismuth subnitrate from an acid medium. Nitric 
acid is a product of the hydrolysis reaction as well as 
being present in the initial bismuth nitrate solution. 
The precipitated bismuth subnitrate is separated by 
filtration or centrifugation, is carefully dried, and 
is sold in this form. Because of the conditions of 
the pro ess, bismuth subnitrate resuspends in water 
to give a slightly acid medium. An alternate pro- 
duction method (6) is to add sodium carbonate to 
bismuth nitrate in acid solution until the pH rises to 
5.0. A t  this point, the precipitated bisinith sub- 
nitrate is separated and carefully dried as before. 
Both of the methods discussed will give bismuth 
subnitrates of variable composition, and the pH 
obtained on resuspending the solid will be influenced 
both by the manufacturing process and by the ex- 
tent to which the material was dried. 

Hiickel (7) has discussed the “iso-poly bases” at  
some length. These are compounds which are 
known to form a variety of weakly basic hydroxides. 
The hydrolysis of an iso-poly base leads to a hy- 
drated oxide of the compound, or to  an oxide c0.11- 
plexed with an indeterminate number of water 
molecules. The composition and structure of the 
hydroxide, as well as its initial formation, are all 
strongly pH dependent. Hiickel has also said that 
the size of the iso-poly cations formed can be 
strongly influenced by the types of anions present 
in the precipitation medium. The attainment of 
the hydrolysis equilibrium is described as a slow 
process. and one in which the initial reversible 
equilibrium reaction is frequently followed by an ir- 
reversible aging process. Because various products 
may be formed a t  the different stages of the reac- 
tion, and because these products may then be taken 
to different stages of the aging process, it follows 
that the end result of the hydrolysis reaction is a 
product which is variable and complex in its coin- 
position. 

Hiickel did not specifically deal with bisinuth 
subnitrate. However, a footnote in his work indi- 
cates that the hydrolysis reactions of the bismuth 
salts are thought to be comparable to those of tri- 
valent chromium. Utilizing Hiickel’s presentation, 
but substituting trivalent bismuth for chromium, 
the following outlines some of the typical reactions 
of an iso-poly base. 

Bi3+ + XHZO S Bi(H20),3+ S 

( a )  The formation of “aquo-cations.”’ 

OH 

1 As in Hiickel’s work, bonding lines are not drawn in the 
illustrated compounds. 
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( b )  The formation of polynuclear compleses. (In 
the course of this process, water is lost and the 
hydrosyl groups interact to link the bismuth atoms 
through “01” bridges ) 
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2[Bi OH 1” ~ 

(I120)z-1 

I” OH 
( H20),- :!Bi Bi (HPO)=-Z 

OH 

r OH OH -Iz+ 

The following compound is illustrative of the fur- 
ther coursc of the reaction 

( L )  An irrcversible aging process. (Thc “01” 
bridges are dehydratcd and become “oxy” bridges.) 

Bi (HzO)z-* --+ I t  OH 

OH 
(H:!O).-z Ri  

[ (H20) , -2  Bi 0 Bi (HZO)~-?]‘+ 

The above reactions seem reasonable when viewed 
in the light of data gathered by Kirk and Othmcr 
(0). They report that a crystalline precipitatc of 
the general forniula, Bi;On.N2O5.2I-I20. is obtained 
when bismuth nitrate is added to  water. With a 
(j‘z, nitric acid solution, the composition shifts to 
Bi,O,<. XzOs. H20. On further acidification, the 
precipitated material has the formula, GBizOr. 5- 
N20:.  9HP0, and this in turn becornes 10Bi2Oa. 9- 
X20;.7H20, when the suspension is heated to  70”. 
I t  can be seen that the transition from one state to 
the nest involves a gradual loss of water and hy- 
tlroxyl groups. which correlates with the reaction 
sequences indicated by Hiickel’s work. 

Trivalcnt bismuth ions will also react with phos- 
phatc ions to produce the very slightly solublc bis- 
muth phosphate. The latter compound is normally 
designated in the literature by its empirical forinula. 
BiP04. However, structural requirements would 
indicate a crystal growth based on compounds of 
the following type 

0- 

0 0- 
I I /O\ 

Bi-0 -P-0-Bi I 

1 

Reaction with phosphate ions at  pH levels that 
would proniotc the formation of bismuth subnitrate 
would add to the complexity of the precipitate. 
The following suggests what might be found 

NOz 
H?O I 

OH OH 0 
I 

I 0 

3 t  

EXPERIMENTAL 

Method.-In this investigation, the bismuth 
subnitrate suspensions described by Haines and 
Martin (2, 3) were selected for study. Following 
the exploratory tests, the suspension concentration 
was raised to the 10% solids Icvel. so that differ- 
ences in suspension height would be more apparent 
and could be measured with greater relative accu- 
racy. Settling ratcs were rapid enough to make 
this change practical. The experimental results 
were obtained and reported in accordance with the 
procedures discussed by Ward and Kammermcycr 

Equipment.-Sett ling data were obtained in 100- 
ml., glass-stoppered cylindrical graduates. Sus- 
pension heights could be measured within f0.5-ml. 
accuracy, which was more than sufficient to estab- 
lish a difference between the various suspension 
formulations. 

Materials.-The same batch of a comnlercial 
grade of precipitated bismuth subnitrate (bismuth 
subtiitratc N.F. supplied by Mcrck and Co., Inc., 
Rahway, N. J.) was used in the test series. The 
suspending medium was distilled water. Acid 
solutions were obtained by dilution from the con- 
centrated commercial products, which were 70% 
nitric acid (supplied by E. I. du Pont de Nernours 
and Co., Wilmington, Del.) and 85% phosphoric 
acid (supplied by Mallinckrodt Chemical Works, 
St. Louis, Mo.). The two salts, monobasic po- 
tassium phosphate and trisodium phosphate, were 
of reagent grade (supplied by Merck and Co.. 
Inc.). 

Procedure.-The studies were run on a 10% bis- 
muth subnitrate suspension, prepared by placing 
the bismuth subnitrate in a cylindrical, glass-stop- 
pcred graduate, adding about 30 ml. of distilled 
water, and shaking until a uniform suspension was 
obtained. A measured amount of dilute acid was 
added, the suspension again shaken, and the volume 
brought to 100 ml. by the further addition of dis- 
tillecbwatcr. Where sodium citrate or trisodium 
phosphate were involved in the tests, they were 
introduced as concentrated solutions prior to the 
addition of the dilute acid solution. 

The prepared suspensions were allowed to age 
for 8 hours, resuspended by shaking, then set aside 
for undisturbed settling. Readings on the suspen- 
sion heights were taken approximately 48 hours 
later. Mechanical vibration or gentle agitation of 
any kind during the settling process had a marked 
effect upon the resultant height of the sediment. 
It is essential that settling take place of its own 

(8). 
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accord. After the suspension heights had been re- RESULTS 
corded, the pH of each suspension medium was The bismuth subnitrate used in this series of ex- 
taken on a Beckman pH meter (glass electrode periments was found to  suspend in water to  give 
model H2), and the data were correlated with the a pH of 3.05. A milky, uniform suspension was 
suspension heights. obtained, from which the bismuth subnitrate 

Fig. 1.-Key: (a) bismuth subnitrate in water (oil immersion); (b) bismuth subnitrate-flocculated (oil 
immersion); (c) bismuth subnitrate-flocculated (oil immersion); (d) bismuth subnitrate in water (low 
magnification); (e) bismuth subnitrate in nitric acid solution-pH 0.46 (low magnification); (f) bismuth 
subnitrate in phosphoric acid solution-pH 0.94 (low magnification) ; (g) bismuth subnitrate in trisodium 
phosphate solution (low magnification); (h)  bismuth subnitrate with trisodium phosphate in nitric acid 
solution-pH 1.13 (low magnification); (i) bismuth subnitrate with trisodium phosphate in nitric acid 
solution-pH 0.86 (low magnification); ( j )  bismuth subnitrate with sodium citrate in nitric acid solution- 
pH 1.73 (low magnification); ( R )  bismuth subnitrate with sodium citrate in nitric acid solution-pH 0.65 
(low magnification); ( I )  bismuth subnitrate in water (oil immersion). All suspensions were shaken vigor- 
ously prior to sampling. 
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particles slowly settled to form a dense precipitate. 
The supernatant liquid took several days to clear, 
which is indicative of the slowness of the settling 
rate. After all of the suspension had settled, the 
cylindrical graduate could be inverted, with the 
precipitate holding its shape and position at the 
bottom of the graduate. However, it was possible 
to resuspend the material easily if the compact 
precipitate was mechanically disrupted before the 
mixture was shaken. The appearance of the bis- 
muth subnitrate crystals, microscopically, is shown 
in Fig. la, d, and 1. 

In the initial group of tests, various amounts of 
7y0 nitric acid solution were added to a series of 
loyo bismuth subnitrate suspensions. The results 
are shown in Fig. 3. The bismuth subnitrate floccu- 
lated, and its relative suspension height more than 
doubled as the pH dropped below 1.0. A micro- 
scopic study showed that the individual bismuth 
subnitrate crystals were clumped into loose aggre- 
gates. Figure l e  compares the flocculated mate- 
rial against the original finely-divided suspension 
of crystals. The aggregates had a rapid settling 
rate and settled to leave a clear solution. It was 
found that the increase in suspension height was 
due to the voids between and within the aggregates 
as they slowly settled to form the precipitate. 
When the cylindrical graduate was carefully in- 
verted, the precipitated material tended to hold its 
shape. In other words, there was some resistance 
to sediment flow under these conditions. The 
flocculated material could easily be resuspended by 
shaking. It should be emphasized, though, that the 
resuspended material was still in the aggregated 
condition and could not be shaken back to indi- 

2 0 O O J ~ ~  10 0.0 
5 0  40 30 2 0  p: 

PH 

Fig. 2.-Composite plot of relative height of 
sediment vs. pH, demonstrating the relative activity 
of several flocculating agents. 

vidual crystals, such as those seen in the untrcatetl 
bismuth subnitrate suspension. To continue with 
this portion of the experimental work, it seemed of 
interest to study the acid-base response of the 
flocculation mechanism. Since the degree of 
flocculation was increased by hydrogen ion con- 
centration, could the response be reversed by hy- 
droxyl ions? A bismuth subnitrate suspension was 
treated with nitric acid until the pH had been 
reduced to approximately 0.8. The acid was then 
back-titrated with potassium hydroxide solution. 
A slight decrease in suspension height was seen, 
but certainly not a return to the original level. 
Whatever the changes induced by acid, it seemed 
they could not be reversed by a simple change in 
the pH. 

Next. experiments were run in which the pH was 
followed as acids were added to bismuth subnitrate 
suspensions. Normal acid-base type neutralization 
curvesmight logically beexpected, butthiswasnot the 

PH 

Fig. 4.-Relative height of sediment us. pH for 
a bismuth subnitrate suspension flocculated by 
phosphoric acid. 
n 

00 
OOOJ , 

5 0  4 0  30 2 0  10 

w > 

2 0001 , 
w 5 0  4 0  30 2 0  10 00 
p1 

PH 

Fig. 5.-Relative height of sediment vs. pH for 
a bismuth subnitrate suspension flocculated by tri- 
sodium phosphate (4.72% w/v) and various amounts 
of nitric acid. 

10 00 4 0  30 20 

PH PH 

Fig. 3.-Relative height of sediment us. pH for a Fig. 6.-Relative height of sediment vs. pH for a 
bismuth subnitrate suspension flocculated by nitric bismuth subnitrate suspension flocculated by 
acid. The acid was then neutralized with dilute sodium citrate (9.80% w/v) and various amounts 
potassium hydroxide solution. of nitric acid. 
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the magnitude and sign of its electrostatic charges 
depending on the nature of the chemical groups re- 
siding in, or projecting from, its surface layer. The 
characteristics of the bismuth subnitrate crystal 
surface are influenced by the previous history of 
the crystal and by the chemical environment into 
which the crystal is placed. 

The concept of a bonding between crystal sur- 
faces is also required for an explanation of the ex- 
perimental results. Such an attraction would be 
the end product of crystal surface conditions and 
could involve such things as electrostatic bonding, 
hydrogen bonding, or perhaps even van der Waals 
forces. When flocculating agents are present and 
the bismuth subnitrate crystals approach closely 
to  one another, there is an attraction which cul- 
minates in a bonding of one crystal to the other. 
The bonding forces appear strong enough to hold 
the crystals in fixed relative positions during nor- 
mal, undisturbed settling, but are weak enough to  
allow agitation to break the sediment into clumps 
of crystals, or for gentle vibration to  reduce the 
relative suspension height by causing the suspension 
to  settle more than it would under gravitational 
effects alone. 

If one of the flocculated suspensions is shaken 
vigorously, the bismuth subnitrate is resuspended. 
However, it is not resuspended in the form of the 
individual crystals, but instead in the form of clumps 
of crystals, such as have been shown in our photo- 
graphs taken through the microscope. The size 
of the clumps is determined by the force of the 
agitation used in resuspending the material, and 
by the number and strength of the bonding forces 
between the crystal surfaces. An additional factor 
is the variation in the density of the clumps. Our 
photographic work demonstrates an increase in 
density as the strength of the flocculating agent 
increases. The change in the density of the 
aggregates corresponds to an increase in the number 
or strength of bonds between the crystals. 

In light of the above, the phenomenon of floccula- 
tion for a bismuth subnitrate suspension niay be 
discussed as follows. 

(a) When bismuth subnitrate crystals are pro- 
duced, it appears that they have relatively few reac- 
tive points on their surfaces. It is presumed that 
the drying step tends to  “seal in” some of the po- 
tentially active sites, as for example by the dehydra- 
tion of “01” bridges to “osy” links. 

r nH 1 4 +  

case. Titration of a 10% bismuth subnitrate suspen- 
sion with either nitric acid or phosphoric acid gave a 
pH curve that was virtually identical with the pH 
curve obtained by titrating distilled water, if the 
distilled water was first adjusted to the initial pH 
of the bismuth subnitrate suspension. Although it 
is known that bismuth subnitrate will dissolve in 
strong mineral acids, quite concentrated acids are 
required. The pH must be well below 0.5 before a 
significant degree of dissolution is seen. The above 
observations suggested the existence of crystal sur- 
face changes as the result of the decrease in pH level. 
An equilibrium reaction appeared to be involved. 

Figure 3 demonstrates the flocculation response 
as nitric acid was added to  a bismuth subnitrate 
suspension. As the pH decreased, the relative sus- 
pension height showed a marked increase. The 
test was rerun, using phosphoric acid as the additive. 
Figure 4 gives the results of this test series, and it is 
apparent that the response was very similar to that 
obtained with nitric acid. The photographs of 
Fig. Id, e, and f serve t o  illustrate the change that 
takes place as these acids are added. As hydrogen 
ion concentration increases, the individual crystals 
tend to clump together; the clumps act to give a 
bulkier, more readily resuspendable precipitate. 
In the lower pH range, the sediment would hold 
its shape when the graduate was cautiously in- 
verted. This resistance to flow was more marked 
for the phosphoric acid series than for the nitric acid 
series. A definite “form” or “structure” was pres- 
ent, and it would have been possible to describe 
the sediment as a “soft cake.” This correlates with 
the comments of Haines and Martin (2 ,3) .  Simple 
shaking sufficed to resuspend the material. 

The action of phosphate ion was further investi- 
gated through the addition of an excess of tri- 
sodium phosphate to  a series of 10% bismuth sub- 
nitrate suspensions. Varying amounts of nitric 
acid were added, and data on relative suspension 
height weisus pH were obtained and plotted as in 
Fig. 5. At all of the pH levels shown the relative 
suspension height was three or more times the 
height of the untreated material, and there was a 
maximum response between the pH levels 3.0 and 
4.0. The flocculated material could easily be re- 
suspended by shaking. However, here again, 
there was some evidence of a “structure” within 
the sediment. The experiment was run again, but 
sodium citrate was used in place of the trisodium 
phosphate. The results were somewhat com- 
parable, as shown in Fig. 6. However, marked 
flocculation was not obtained until the pH had 
dropped below 3.0 The maximum fell between 
pH 1.5 and 2.5, and the relative suspension height 
decreased as pH decreased below 1.5. Microscopic 
studies on the test groups gave the typical photo- 
graphs shown in Fig. 1. The graphical results have 
been summarized in the composite plot of Fig. 2. 

DISCUSSION 

Bismuth subnitrate is a crystalline material, 
occurring as transparent, elongated orthorhonibic 
particles. Since the crystals themselves were 
identical in microscopic appearance throughout the 
course of each experiment, the variation in degree 
of flocculation must be because of differences in the 
composition of the molecular layers at the surface 
of the crystals. A crystal surface may vary in both 

--- 

LBi OH 
Bi] + [Bi-0-Bil4+ + H20 

The drying step would leave the surface with fewer 
“01” groups. As a result, the particles in suspension 
would have less tendency to clump, would settle 
independently under the influence of gravity, and 
would be piled randomly on top of each other in the 
sediment. As settling continues, the crystals would 
tend to  realign themselves, filling the void spaces 
and bringing large areas of the crystal surfaces into 
close proximity with each other. After standing for 
several days, the bismuth subnitrate precipitate 
has the ability to  retain its shape when the con- 
tainer is inverted. However, vigorous shaking, plus 
some mechanical dislodging of the sediment, 
will promptly resuspend the individual crystals. 
This may be viewed as a sediment in which there 
are bonds between the crystals, but in which the 
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bonds are relatively weak and few in number. 
They are effective in giving “form” or “structure” 
to the sediment, only because of the close contact 
between relatively large areas of the crystal sur- 
faces. When the particles are in suspension, the 
bonding forces are so weak and few in number that 
they are ineffective in holding the crystals together. 

( b )  When nitric or phosphoric acid is added to  a 
bismuth subnitrate suspension, reactive groups of 
various kinds will be formed on the crystal surfaces. 
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form of a precipitate, a vast amount of void space 
is enclosed. The sediment bulks to the unex- 
pectedly large relative suspension heights noted 
between pH 3.0 and 2.0. As more and more acid is 
added, the number of bonding sites is increased, 
and the attractive forces tend to draw the crystals 
into clumps that are increasingly compact. The 
compactness eliminates the voids, and when the 
clumps settle, they enclose less void space even 
though their structural framework may be stronger 
than that obtained a t  the higher levels of pH. 
Thus the relative suspension height drops off from 
the maximum level and approaches the value given 
by the simple addition of phosphoric acid to a bis- 
muth subnitrate suspension. 

I t  should be emphasized that the response to  the 
addition of phosphoric acid is different than that 
obtained when trisodium phosphate is added and 
followed by nitric acid. The fundamental differ- 
ence lies in the characteristics of the clumps of crys- 
tals that are formed. In the phosphoric acid series, 
the crystals clump into relatively tight masses right 
from the start, and the compactness increases as 
additional acid is added. With trisodium phos- 
phate, the initial clumping is very loose and does 
not become compact until sufficient nitric acid has 
been added to  drop the pH below 2.0. 

CONCLUSIONS 
The flocculation of a bismuth subnitrate suspen- 

sion has been explained in terms of a crystal surface 
phenomenon-one in which there is a mutual inter- 
action between crystals that culminates in a bonding 
of one crystal to another. Two types of bonds 
seem to be the chief contributors, and these can be 
described on the basis of their relative strengths 

Crystal Surface 

Examples of such groups would be 

[ 1 1 H f O  [Bi .;I4+ + 
ONOz- 3-c  OH 

Bi-0-Bi - OH 

I” OH 

OH 
( H20),-Bi Bi( H?O)+ 

The higher the concentration of hydronium ion as 
flocculating agent, the greater the number of poten- 
tial bonding sites that come into existence; thus 
the stronger is the total potential for forces of at- 
traction and of bonding. 

As small amounts of flocculating agents are intro- 
duced, there is a very loose clumping of the crystals 
in suspension. As these settle, the total effect of 
the bonding forces is weak enough to  allow the crys- 
tals some freedom to realign themselves and thus 
to reduce the size of the voids in the sediment. 
However, the forces are active enough to  prevent 
the complete realignment that was seen in the un- 
treated bismuth subnitrate sediment. 

At higher levels of flocculating agent, more and 
more bonding sites are created on the crystal sur- 
faces. Their cumulative effect is strong enough to 
attract and bond tightly the individual crystals 
into compact, closely knit aggregates. When these 
aggregates settle, the crystals tend to  be held in 
fixed relative positions and are thus unable to re- 
align themselves to  fill the voids in the sediment. 
Since the voids are present, the relative suspension 
height is correspondingly increased. 

(c) The h a 1  system considered was that in which 
phosphate or citrate ions were introduced prior to 
the addition of the acid. Both anions give a some- 
what similar response, so the discussion will be 
limited to the flocculating ability of the phosphate 
ion. Trisodium phosphate will react with the bis- 
muth subnitrate crvstal surface 

As has been said, some “ol” bridges and positive 
charges are present on the original crystal surface. 
It is for this reason that flocculation may be ob- 
tained at pH levels above the initial pH of the bis- 
muth subnitrate suspension. In  this region, how- 
ever, there are relatively few of these “ol” bridges 
available for reaction, and the crystals tend to 
clump into very loose masses. As acid is added to 
this system, “oxy” links are converted to “01” 
bridges and nitrate groups leave the crystal surface 
as ions. Additional bonding sites are thus formed. 

The additional sites and the relatively high 
strength of the bonding forces developed by the 
presence of the phosphate groups give the loose, 
lacy clumps of bismuth subnitrate crystals a high 
degree of structural form. When they settle in the 
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The weaker bonds are present to some estent in 
the original suspension, and the number of such 
bonds that can be formed increases as the concentra- 
tion of hydrogen ion is increased. The stronger 
bonds are formed in the presence of phosphate 
ions, and again the number of potential bonds in- 
creases as the pH falls. An increase in hydrogen 
ion concentration tends to open additional reactive 
sites on the crystal surface. 

The bonding between crystals gives rise to  a 
clumping of crystals. As the clumps settle in the 
suspension medium, voids are formed both within 
and between the clumps. The differences in rela- 
tive suspension height, from one system to the 
next, are a function of the number and size of the 
void spaces trapped within the sediment. 

Where the bonds are weak and relatively few in 
number, a flocculated system fails to develop. The 
crystals sediment without the formation of voids, 
and the relative suspension height is a t  a low value. 
However, within the compacted sediment, the few 
weak bonds are able to  exert sufficient bonding 
power to  give the sediment some structural proper- 
ties. Thus it shows some resistance to resuspension. 

As the number of weak bonds increases, their total 
strength becomes sufficient to  bond the crystals into 
a flocculated system. The crystals, although bound 
together, are able to  adjust their relative positions 
as the precipitate settles. During this readjust- 
ment, the voids are decreased in size and an inter- 
mediate suspension height is obtained. 

With a further increase in the number of weak 
bonds, the floc becomes quite compact. The bound 
crystals are capable of bridging the voids and of re- 
taining them within the sediment. At this point, 
for the system involving weak inter-crystalline 
bonds, the relative suspension height reaches a 
maximum. 

Where the bonds are strong but relatively few in 
number, as when sodium triphosphate is added to a 
bismuth subnitrate suspension, flocculation is seen. 
The floc settles, and the crystals are able to shift 
somewhat to eliminate a portion of the void space. 
However, a significant amount of void space is 
retained, and the sediment hulks to a substantial 
degree. 

Als more flocculating agent is added to form the 
stronger bonds, the density of the clumps increascs 
slightly, but more importantly, the rigidity of the 
floc is increased. Thus when the material sedi- 
ments, it is able to  retain the voids and bulks to an 
extremely high relative suspension height. 

SUMMARY 

The bismuth subnitrate crystal surface is not 
easily described through structural formulas I t  is 
a highly solvated, three-dimensional complex in- 
volving hydrogen bonds, hydrosy links, ionic 
charges, and electrostatic bonds. The diagrams 
contained in this report should be considered as 
suggestive of the actual condition of the crystal 
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surface rather than restrictive on the reader’s con- 
cept of such a surface. Attention has been directed 
toward specific, isolated groups that are believed to  
be present. 

When bismuth subnitrate is suspended in water, 
the crystal surface assumes a net positive charge be- 
cause of the presence of ionic bismuth charges a t  
the highly solvated surface. As phosphate is added 
to such a system, it reacts with both the “01” groups 
and the available bismuth charges, first neutralizing 
the surface charge and then continuing to react 
further as more phosphate is added, until the sur- 
face charge has been reversed by a preponderance 
of phosphate ions bound to the surface. This con- 
cept finds support in the caking diagram of Martin 
(9), in which it was shown that the surface charge 
of suspended deflocculated bismuth subnitrate 
particles could be reversed by adding monobasic 
potassium phosphate to a suspension of bismuth 
subnitrate. The electrophoretic data was obtained 
in terms of particle movement, but was converted 
to  zeta potential values when the caking diagram 
was drawn. Although zeta potential is a valid 
concept, its use in this situation tends to cloud the 
fact that the phosphate ions are reacting with the 
crystal surface-not gathering as an ionic atmos- 
phere to shield the underlying charge on the particle 
surface. 
-1 neutralization and reversal of net surface charge 

by chemical reaction of phosphate ions with the bis- 
muth subnitrate crystal surface is the basic factor 
in the flocculation reaction under consideration in 
this report. It is important to  recognize that 
a neutralization of net surface charge would yield a 
particle surface having “01” groups, sites of positive 
charge, and sites of negative charge. The particle 
will not respond to electrophoresis a t  such an iso- 
electric point (a point a t  which there is a balance 
between negative and positive surface charges on 
the bismuth subnitrate particle). But if two 
crystal surfaces should come into close contact 
with each other, even at the isoelectric point, 
there would be ample opportunity for chemical or 
electrostatic interactions to occur between the sur- 
faces and to end with the bonding of the two crystals 
in a flocculent state. 
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