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ABSTRACT

M icro flo ta tion  studies were performed with c a lc i te ,  f lu o rite , 

and apatite to determine, f i r s t ,  th e ir  response to oleate flo tation , 

and second, the action of sodium s i l ic a te  in the calcium mineral- 

oleate system. E lectro tdnetic  and infrared spectrophotometric 

studies were undertaken to establish the mechanism of co llec to r 

and s i l ic a te  adsorption.

Chemisorption of the co llec to r  on the surface of these calcium 

minerals is  inferred from f lo ta t io n  data and confirmed with in frared 

spectrophotometry.

The analysis of f lo ta t io n  and e lec trok ine tic  data shows that 

physical adsorption of the co llo ida l s i l i c a  may be the mechanism of 

depression by an aqueous solution of sodium s i l ic a te .

i i  i
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INTRODUCTION

The fa t ty  acids and th e ir  derived soaps are not good selective 

f lo ta t io n  reagents. A ll minerals are more or less completely floated 

by them. I f  the mineral is  liberated and i f  s u f f ic ie n t  soap is  used, 

the success or fa ilure of f lo ta t io n  can be a ttr ibu ted  to the choice 

and amount o f the gangue depressing reagent.

Selective f lo ta t io n  between calcium minerals $ using oleate as 

collector, has been investigated and practiced in the past. The rea­

gents used in separation consist o f a varie ty of chemical compounds, 

which have been added to the f lo ta t io n  pulps in d iv id u a lly  or as mixtures.

The soluble s i l ic a te s ,  particularly sodium s i l ic a te ,  are used most 

of the time in nonmetallic mineral f lo ta t io n .  Sodium s i l ic a te  acts as 

a depressant and as a dispersant for f ine pa rt ic les . In early s tud ies, 

P atek ^  and Gcghi 11 and Cl erne r^^  showed that ca lc ite  can be depressed 

either with solutions of a c id if ie d  sodium s i l ic a te  or with combinations 

of sodium s i l ic a te  and heavy metal salts. Copper su lfa te was the most 

used* but many other metal sa lts  were ju s t  as effective. Redwood

1



T 1116 2

tannin (quebracho) was used as depressant fo r  ca lc ite  and quartz in
( 31the f lo ta t io n  o f fluorspar ' . In th is  system m eta ll ic  sa lts  had to be 

kept at a minimum because metal tannates also depress fluorspar. The 

quantity of carboxylic acid and quebracho required fo r  th is  separation 

appears to be influenced to some extent by the pulp d e n s i t y ^ .

Selective flotation of scheelite from apatite and quartz has been 

effected using a fa t ty  acid together with an a lkaline reagent such as 

caustic soda, soda ash, or sodium s i l i c a t e ^ .  The same investigators 

pointed out that inorganic acids such as hydrochloric, n itr ic , e t c . , 

and short-chained organic acids are also e ffec tive  in the depression 

of apatite.

Separation of phosphate and carbonate is  achieved by using short- 

chained saturated fa tty  acids such as capric or naphthenic a c id ^ *  

Separations of scheelite and ca lc ite  have been reported with sodium 

s i l ic a te  at temperatures from 60 to 80 degrees centigrade^.

The role of sodium s i l ic a te  in these separations is rather poorly 

understood fo r  a number o f reasons : f i r s t ,  i t s  dissolution process is 

very complex, giving rise to the presence of many ions in solution.

Second, the adsorption of s i l ic a te  on the surface o f some calcium min­

erals may modify th e ir  surfaces so as to resu lt in  the f lo ta t io n  of 

certain species and the depression of others.

Some investigators believe that when sodium s i l i cate is  dissolved, 

i t  may form po lys il ica tes  col lo i dal aggregates (polymers) in the solution.
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These co llo ida l aggregates may coat the surface of a mineral6 modifying 

i t s  properties. The formation of apossible f i lm  of co llo ida l partic les 

on the surface of a calcium mineral can be a ttr ibu ted to the chemical 

s im i la r i ty  between a siliceous surface and the polymers. Studies on 

slime coating have shown that th is  phenomenon is related to surface 

c h a rg e ^ *^ .  Generally speaking, a coating is possible when the mineral 

and slime or co llo ida l aggregate possess opposite e le c tr ica l charge.

On the basis of the previous information, the present work was 

directed to study the role of aqueous solution of sodium s i l ic a te  in 

the f lo ta t io n  of c a lc i te ,  apatite , and f lu o r i te  with potassium oleate 

as co llec to r.
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FLOTATION EXPERIMENTS

A standard m icro flo ta tion  te ch n ique^^  was used in the present 

study to determine, f i r s t ,  the response of these three calcium minerals 

to oleate f lo ta t io n 6 and second, the action of sodium-silicate in these 

systems.

Experimental Materials

The fo llow ing materials were used in th is  investigation:

Minerals : Pure crystals of c a lc i te , ap a t ite , and f lu o r i te  were used 

in these experiments. The pu r ity  of each mineral was confirmed by X-ray 

d i f f ra c t io n .  Some characteris tics of these minerals are given below.

Mineral Chemical Composition Specific Gravity

Calcite CaCOg 2.7

F luorite  CaF  ̂ 3 .0 3 .3

Apatite CaFPÔ  3.2

Sample Preparation: To avoid sample contamination, the crystals of
n* .g*r! J» ■nr., rrr̂ ^

4
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these minerals were ground by hand using a porcelain mortar and pestle. 

These ground miner!as were sized by dry screening to the desired par­

t ic le  size of 48x150 mesh. Before each f lo ta t io n  experiment, the sized 

material was deslimed by being decanted several times with conductivity 

water.

Water: Conductivity water was used in a l l  of the experimental work. 

This water was prepared by passing d is t i l le d  water through an ion exchange 

column (Amber!i t e ) . The average measured conductivity was about 1.0 

micromho.

Reagents : Pure potassium oleate was used as co llec to r. The charac­

te r is t ic s  of the sodium s i l ic a te  solution (eater glass) were the fo llow- 

ing:

Chemical Degree
Composi t i  on Baume

fia20.3.36S102 41

Dowfroth 250 was used as fro the r. Chemically pure hydrochloric acid 

and potassium hydroxide were used fo r  pH adjustments.

Flotation Apparatus

A small m icro flo ta tion  ce ll was used in the experimental work. The 

ce ll was constructed by removing the stem of a 150 cc Buchner funnel and 

placing another stem pa ra lle l to the f i l t e r  fo r  gas introduction. A 

microscope s lide was introduced in to  the ce ll as a b a f f le , while the pulp

Equivalent 
Concentrati on

529 gram /lite r
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Figure 1: Schematic diagram of Microflotation apparatus.
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was agitated with a magnetic s t i r r e r .

Figure 1 is a schematic representation o f  the complete experimental 

apparatus used in th is  study.

The apparatus used has two princ ipal advantages :

1) Contamination of the system is kept to a minimum because no 

m eta ll ic  components are involved.

2) Small charges of a pure mineral can be used.

Experimental Procedure

A l l m icro flo ta tion  experiments were conducted at room temperature. 

The following sequence o f steps was followed in the calcium mineral- 

oleate system.

1) A predetermined volume of conductivity water was added to the 

beaker.

2) The desired amount of co llec to r  was pipetted in to  the same 

beaker, so that the f in a l  volume of the solution was 130 ml 

(volume of the glass c e l l ) .

3) Two and one-half grams of the mineral was added.

4) The pH was adjusted to the desired value.

5) One drop of Dowfroth 250 was added.

6 ) The system was conditioned fo r  3 minutes.

7) The pH of the system was measured again. This value was termed

f lo ta t io n  pH,
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8) The suspension was transferred to the f lo ta t io n  c e l l .

9) Th irty  mi H i  l i t e r s  o f p u r i f ied  nitrogen was passed through the 

pulp in 15 seconds. During th is  time the fro th  was collected.

10) The pH of the pulp was remeasured and the value termed f in a l  pH.

11) The concentrates and ta i l in g s  were dried and weighed, and the 

f lo ta t io n  recoveries were calculated.

One step was added to the described procedure when the calcium 

mineral“ O lea te -s il ica te  system was studied, th is  being the addition 

of the desired amount of sodium s i l ic a te ,  which was made between 

steps 1 and 2 of the above procedure.

F lotation Results

The experimental results obtained in th is  study show the f lo ta t io n  

response of the calcium minerals as a function of pH and of co llec to r 

concentration. The data also show the role of sodium s i l ic a te  in oleate 

f lo ta t io n  as a function o f pH. The fo llowing results were obtained: 

Calcite-Oleate System: The oleate concentration and the pH were 

varied in th is  system. The pH range considered was 6 to 13. The results 

are shown in  f igure 2. With a concentration of 5x10"^ mole per l i t e r  

potassium o leate , complete f lo ta t io n  was obtained at pH 6 , 92 percent 

f lo ta t io n  recovery at pH 7, 56 percent f lo ta t io n  recovery at pH 8 , and 

almost no f lo ta t io n  at pH 8.4.

With a concentration of 1x10"^ mole per l i t e r  KOI, complete f lo ta t io n
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was obtained at pH 7; the f lo ta t io n  response gradually diminished, so 

th a t,  at pH 12.7 the f lo ta t io n  recovery was only 20 percent.

A concentration o f 1x10"^ mole per l i t e r  KOI gave complete f lo ta t io n

up to pH 8.5, 90 percent f lo ta t io n  recovery at pH 10, 52 percent

f lo ta t io n  recovery at pH 12, and 22 percent at pH 13.

Complete f lo ta t io n  o f ca lc ite  was obtained in the pH range inves­

tigated when the KOI concentration was 5x10"^ M.

In general, as the oleate addition was increased from 5x10” ^ to 

5x10“  ̂ mole per l i t e r ,  the highest value of pH at which complete f l o ­

ta tion  occurred was also increased.

Calc ite-O leate-S ilicate  System: Two parameters were investigated 

here:namely, concentration of sodium s i l ic a te  added and the pH of i t s  

so lu tion. As shown in figure 3, these experiments were conducted with 

a concentration of IxlO"^ M KOI. For a concentration of 1x10” ^ M sodium 

s i l ic a te ,  complete f lo ta t io n  was obtained u n t i l  pH 7.4, 90 percent 

f lo ta t io n  recovery at pH 8.0$ 23 percent f lo ta t io n  recovery at pH 9.0, 

and almost no f lo ta t io n  at pH 9.4.

In general, as the sodium s i l ic a te  increased, the complete f lo ta t io n  

region moved to lower values of pH.

Figure 4 shows the e f fe c t  of the pH of the s i l ic a te  solution in the 

f lo ta t io n  of ca lc ite . These experiments were run with a s i l ic a te  concen­

tra t io n  o f 5x10*"^ M and an oleate concentration o f 1 xlO"%l. The pH of the 

solution of sodium s i l ic a te  was adjusted to the desired value before
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f lo ta t io n .  The figure shows that depression is enhanced when the pH of 

the solution is  lowered from 10,7 to 2 . 0 .

An in te resting  phenomenon was noted when the f lo ta t io n  o f ca lc ite  

was studied in solutions containing 5x10"^ M KOI and 5x10"’^ M s i l ic a te ,  

which solution pH was 6 . As figure 5 shows, f lo ta t io n  is restored in 

the high pH region.

Fluorite-Oleate System: Experiments s im ila r  to those fo r  ca lc ite  

were also performed with f lu o r i te ;  that i s ,  the e ffe c t of oleate 

additions and pH were examined.

Figure 6 shows that an oleate concentration of 1x10"^ mole per 

l i t e r ,  the f lo ta t io n  o f f lu o r i te  is  possible only in a narrow range, 

namely, from pH 6.0 to 9.6. The optimum f lo ta t io n  pH observed was 

the range 7.4-8.5. I t  was also noted that as the concentration of 

the co llec to r  was increased the pH range of complete f lo ta t io n  was 

wider. With additions of 1x10"^ mole per l i t e r  KOI, complete f l o ­

ta tion was achieved in the pH region 4-13.

Fluorite-Qleate-Si1icate System: The variables considered in th is  

system fo r  an oleate addition of 1x10™̂  M were as follows:

a) the e f fe c t  of sodium s i l ic a te  addition, and

b) the e ffe c t o f the pH of the s i l ic a te  solution.

The response of f lu o r i te  to oleate f lo ta t io n  was not diminished 

even with a s i l ic a te  concentration of 1x10"^ M. Additions o f  lxlO~^ 

s i l ic a te  resulted in depression in the high pH region. Complete
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f lo ta t io n  was obtained up to  pH 8.7, 85 percent recovery was obtained 

at pH 10, and no f lo ta t io n  at pH 11.3.

In th is  system, as in the preceding one, higher additions of s i l i ­

cate enhanced the depression. See figure 7.

Figure 8 shows the e f fe c t  of the pH of the solution of sodium s i l i ­

cate. This e f fe c t  was studied fo r  oleate and s i l ic a te  additions of 

IxlO " 4 and 5xl0~4 mole per l i t e r ,  respectively. As before, the f lo ta t io n  

response o f f lu o r i te  was diminished as the pH of the s i l ic a te  solution 

was lowered.

Apatife-01eate System: As shown in figure 9, the f lo ta t io n  response 

of apatite is very sensitive to pH and to the amount o f co llec to r pres­

ent. With an addition o f 5x10*°  ̂ M KOI, optimum f lo ta t io n  recovery was 

achieved between pH values of 6.0 and 8. 6 . At 1x10"^ M KOI, the f lo ­

ta t ion  response in the acid region was only s l ig h t ly  improved. On the 

other hand, the f lo ta t io n  response of apatite is  increased appreciably 

on the basic side. With th is  addition, the optimum recovery was noted 

between pH 5.8 and 9.8. No f lo ta t io n  was obtained at pH values below 

5.0 and above 11.1.

The f lo ta t io n  characteris tics of apatite are improved as the 

amount of the co lle c to r  is increased. With lxlO~4 M KOI, complete 

f lo ta t io n  was observed in the pH region between 5.0 and 13. No f lo ­

ta t ion  was obtained at pH values lower than 3.0.

Apatlte-01eate-S ilicate System: The e f fe c t  of s i l ic a te  additions
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and the pH of i t s  so lution were the parameters investigated in the 

f lo ta t io n  o f apatite using a constant addition o f co lle c to r. Figure 10 

shows the e ffe c t o f the addition o f s i l ic a te ,  and i t  can be seen that 

f lo ta t io n  recovery is  diminished as the concentration o f s il ic a te  is  

increased. The depressing action is  only on the acid side.

The e ffe c t o f the pH of the s il ic a te  so lu tion is  shown in 

figure  11. For s il ic a te  and oleate additions of 5x10**  ̂ and 1x10*"  ̂

mole per l i t e r ,  respective ly, the depression is enhanced as the pH 

o f the s il ic a te  so lution is lowered.
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ELECTROKINETIC STUDIES

I t  is  known tha t in  aqueous so lu tion o f sodium s il ic a te ,  the bulk 

of the s i l ic a  exists in a c o llo id a l form. The properties of th is  co l­

lo id a l s i l ic a ,  as was pointed out e a r l ie r ,  are s im ila r to those of 

quartz. H* and OH" are po ten tia l determining ions fo r  quartz ; conse­

quently e th e ir  concentrations in so lu tion  determine the type o f 

e le c tr ic a l charge th a t a quartz p a rtic le  may have. In the same manner, 

B+ and OH" may be considered po ten tia l determining ions fo r  c a lc ite , 

f lu o r i te ,  and apatite  because they control the hydrolysis o f the sur­

face species. Since the f lo ta t io n  experiments were conducted over a 

wide pH range, the kind o f e le c tr ic a l charge on the surface o f both 

co llo id a l s i l ic a  and calcium minerals can change in the investigated 

region.

As a consequence, e lec trophore tic  measurements are important in 

th is  study, because these data provide an in s ig h t in to  the in teractions 

tha t take place between a certa in  reagent and the surface o f the min­

e ra l.

23
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Experimental Materials

; Minerals : The minerals used in th is  step o f the investiga tion  we re 

the same used in the m ic ro flo ta tion  experiments.

Sample Preparation: The required p a rtic le  size fo r  e lectrophore tic  

measurements is  about 5 microns. This p a rtic le  size was obtained by 

the fo llow ing procedure:

1) A small amount o f the sample was ground fo r  2 hours with a 

porcelain mortar and pestle.

2) A stable suspension o f 300 ml was made with 2 grams of th is  

f in e ly  ground sample and conductiv ity water.

3) The suspension was allowed to se ttle  fo r  20 minutes.

4) 100 ml o f the upper part o f the solution was removed. This 

was the standard so lu tion used, which contained the required 

p a rtic le  size.

5) 6 ml taken from the so lu tion  o f part 4 was used fo r  each 

e lectrophore tic  measurement.

Reagents : Sodium s il ic a te  (Na^O.O.OSSiOg), w ith the characteris tics 

specified e a r l ie r ,  pure hydrochloric acid, and potassium hydroxide were 

used.

Apparatus and Procedure

Electrophoretic m ob ility  o f mineral pa rtic les  was measured with a 

zeta meter. The apparatus consists o f a microscope-cell combination
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and a control panel fo r  applying DC voltage.

The microelectrophoresis c e l le w ith the mineral suspension placed 

in to  i t ,  is  placed on the stage o f a microscope. The suspension is  used 

as the e le c tro ly te , and a certain voltage is  applied to the electrodes 

o f the c e ll.  The movement o f the p a rtic les  is  observed by means of a : 

scale in the ocular o f the microscope. According to the e lectrophore tic  

m ob ility  o f the p a rtic le s , zeta potentia ls were determined by means 

of tables prepared fo r  the instrument, or they could be calculated 

using the Helmholtz-Smoluchowski equation.

Exneriinental Res ul ts

Figures 128 13, and 14 show the zeta po ten tia l as a function o f pH 

fo r  c a lc ite , f lu o r i te ,  and apatite respective ly. Curve £  is  the zeta 

po tentia l curve fo r  the minerals in conductiv ity water and curve b̂ is  

fo r  a so lution containing 5x10"^ mole per l i t e r  sodium s il ic a te .

The pH corresponding to the zero point o f charge (zpc) is  also 

depicted in these figu res. Below th is  pH movement of the pa rtic les  

was toward the cathode, which means tha t the pa rtic les  were p o s itive ly  

charged; whereas above th is  pH, the movement was toward the anode, 

which means tha t the surface was negative.

With c a lc ite , the measurements were conducted in  the pH range 

6 -  10.5. The surface charge o f ca lc ite  in th is  zone was found to be 

p os itive . In solutions containing sodium s il ic a te ,  the surface charge
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was reversed.

The zpc o f a p a tite , when placed in conductiv ity water, was found 

to be at pH 6 . 8 . Apatite placed in so lution containing sodium s il ic a te  

acquires a negative surface charge in  the pH range 4.0 -  11.0.

The zpc o f f lu o r i te  in  pure water was determined to be at pH 9.8. 

The surface charge was reversed when s il ic a te  was present in the 

so lu tion .

In general, additions o f sodium s il ic a te  to  the so lu tion change 

the surface charge from pos itive  to negative, but almost no change 

was noted in  the region where the calcium minerals already had a 

negative surface charge.
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DISCUSSION OF RESULTS

The analysis o f the experimental results are considered separately 

fo r the calcium m ineral-oleate system and the calcium m ineral-oleate- 

s il ic a te  system.

Calcium Mineral - Oleate System

In order to re la te  the experimental results w ith the action o f the 

c o lle c to r, one must fin d  the mechanism by which adsorption occurs.

In frared spectrophotometry measurements^ , and confirmed in th is  study, 

show tha t chemisorption o f the co lle c to r is  the mechanism involved. That 

is ,  oleate ions are adsorbed on the calcium minerals to form a surface 

calcium oleate. This chemical bonding between the oleate and the mineral 

surface was found to be present in the region where f lo ta t io n  is  obtained.

That chemisorption o f the co lle c to r is  the process involved can also 

be predicted from thermodynamic considerations, because calcium oleate 

is  a more stable compound than calcium phosphate, carbonate, and flu o rid e , 

respective ly , as can be seen from the fo llow ing e q u i l i b r i a ^ * ^ .

30
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CaCOg Ca++ f C0=g Ksp = 6.6xl0 " 9 0 )

CaF 2 Ca++ + 2F" = 4.0x10"^ ( 2 )

Ca3(P04)2 == 3Ca++ + 2P0= = l.OxlO ' 26 (3)

CaHP04 — Ca++ + HPO; = l.OxlO" 7 (4)

Ca(01)o Ca++ + 201" = 4.0xl0 " 15 (5)

The possible reactions by which adsorption of the co lle c to r takes 

place are:

CaCOg + 201" =?= Ca(01) 2 + COg Ksp = 1.6xl06 (6 )

CaFg + 201" Ca(01) 2 + 2F" = l.OxlO4 (7)

Ca3(P04) 2 + 601" =3C a(01 ) 2 + 2P04 = I.GxIO17 ( 8 )

CaHP04 + 201" —  Ca(01) 2 + HP04 = 2 .5xl07 (9)

Thus$ the above reactions are spontaneous ones in the d irec tion  

w ritte n .

On the other hand, the mechanism by which depression takes place 

in the acid and basic regions can be explained as follows : Depression 

of ca lc ite  in the basic region may be due p re fe re n tia lly  to the -action 

o f the carbonate ions. Reasons fo r  th is  postulate are tha t CaCOg and 

CafOHlg are stable at high values of pH and tha t the concentration of
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carbonate ions in  so lu tion increases more rap id ly  than the OH" ions 

w ith the pH. Thus, at pH 9.0 the carbonate a c t iv ity  is  2x10 (calcu­

lated from CaCOg, CÔ  e q u ilib r ia )  and tha t o f OH" is  1x10"^. When the 

pH is  raised to 10» the a c t iv ity  o f CÔ  and OH" are 2x10"^ and 1x10“ ^, 

respective ly . Therefore, the above statements ce rta in ly  indicate that 

CaCOg can be formed again on the surface o f the m ineral. So, depression 

probably results from a competition between carbonate and oleate ions 

fo r  the surface. For an addition o f 1x10"^ M KOI, the amount o f CÔ  

ions present in so lu tion — fo r  instance, at pH 10 — is  2,000 times 

greater than the o leate; as a consequence, a competition should be 

expected, and reaction 6 can be driven from r ig h t to le f t .

In the case o f f lu o r i te  and apa tite , depression in the basic side 

may re su lt from a repulsion between the charge on the mineral surface 

and th a t o f the oleate ions or from a competition between OH" ions 

and the c o lle c to r, because at high values o f pH the only ions present 

in large amounts are the OH" and CO” .

Depression o f these three species in the acid region can be 

a ttrib u te d  to  the hydrolysis o f the co lle c to r ions to o le ic  acid, 

which takes place at low pH.

Calcium Mineral-Oleate-Sodium S ilic a te  System

In re la tin g  the experimental results to  a certa in sp e c ific  mecha­

nism in the adsorption o f the reagent sodium s il ic a te ,  one must know
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the behavior o f i t s  aqueous so lu tions. I t  is  well known tha t the disso­

lu tio n  process o f sodium s il ic a te  is  complex. Hencet a knowledge o f i t  

may help in the in te rp re ta tion  o f the experimental data. In the past, 

the properties o f aqueous so lu tion o f sodium s il ic a te  have been studied 

by some investiga to rs . The common conclusion was tha t such d isso lu tion 

process gives rise  to the formation o f co llo id a l hydrated s i l ic a ,  also 

called s i l i c ic  acid.

Probably the more complete study o f the so lution o f sodium s il ic a te  

was tha t conducted by H arm an^^, who through measurements o f the con­

d u c tiv ity , transport number, sodium ion a c t iv ity ,  hydro lys is , phase 

ru le , e tc . ,  was able to analyze aqueous solutions o f ra tios  of 

NapOiSiOp ranging from 2:1 to 1:4. The fo llow ing were his conclusions :

1) The ra tio  o f NauO to SiO^ is  one important fac to r in the disso­

lu tio n  process. Thus, the monosilicate corresponding to the 

ra tio  1:1 is  strong ly hydrolyzed. The sodium d is il ic a te  is  less 

soluble in water and, hence, less hydrolyzed than the monosili­

cate. Solutions o f t r i -  and te t r a s i l i  cates ; tha t is ,  ra tios  of 

1:3 and 1:4, respective ly , contain complexes o f mono and d i­

s ilic a te s  w ith excess o f SiO^ or hydrated s i l ic a .  The fa c t tha t 

there is  an increasingly lower percentage hydrolysis as the 

proportion o f s i l ic a  increases in the ra tio  u n til hydrolysis 

is  p ra c tic a lly  n e g lig ib le  in 1:4 ra tio ,fa vo rs  very much the 

view tha t these higher ra tios  are complexes o f the two sa lts
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mentioned above. The substantia l differences in the properties 

o f sodium s il ic a te  solutions with the ra tio  present, were also 

found, fo r  a sp e c ific  ra t io ,  to  be a function o f the concen­

tra tio n . Thus, i t  is  in te res ting  to note tha t fo r  d ilu te  so­

lu tions o f sodium s i l ic a te ,  p a rt ic u la r ly  those o f 1:3 and 1:4 

Na^O:SiO^ ra tio s , the measurements o f conductiv ity , sodium ion 

a c t iv ity ,  e tc . ,  are much higher than fo r  concentrated solutions 

o f the same ra tio . Such discrepancies are understandable i f  i t  

is  supposed tha t complex s il ic a te  ions e x is t in  the stronger 

so lu tion and s p l i t  up in to  simpler ions in d ilu te  so lutions.

2) The amount of s i l ic a  present in these solutions in the co l­

lo id a l or c ry s ta llo id a l ( io n ic a lly  active) depends upon the 

ra tio  Na^O:SiO^ and upon the concentration. The co llo id a l 

s i l ic a  content fo r  a so lu tion also increases with the ra tio  

fo r  a fixed  concentration and with the concentration fo r  a 

fixed  ra tio .

3) The fundamental nature o f s i l ic a  in so lution appears to depend 

upon the existence o f only one acid, metasi1i c ic acid, in  which 

the equ ilib rium  between the c ry s ta llo id a l and the co llo ida l 

constituents depends upon the concentration.

As a re s u lt,  the d isso lu tion  process can be represented in some 

such manner as the fo llow ing :

|Na2p.RSi02]e*Na + S1O3 + (mSi03 .nSi02)m= +|nSi02j  + pla20 .rS i0 2 y (10)
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As was pointed out, breakdown o f these complex s ilic a te s  ions 

takes place as the so lu tion is  d ilu te d . This process can be repre­

sented as fo llow s:

where aggregates included in  square brackets are c o llo id a l.

The preceding equ ilib rium  reactions w i l l  tend to go in such d i­

rection depending on the concentration in any ra tio  or on the ra tio  

at any one concentration.

Harman's conclusions were checked la te r  by other investiga to rs . 

M a in ^ ^ ,  through v iscoc ity  stud ies, also suggests tha t above the 

ra tio  o f INagO : ZSiOg co llo id a l aggregates are formed in aqueous 

so lu tio n ; these aggregates undoubtedly correspond to p o lys ilica te  

ions. Nauman and Debye^^ also confirmed these points by l ig h t -  

sca tte ring  studies.

The above considerations on the aqueous so lution o f sodium s i l i ­

cate appear to agree w ith the behavior o f s ilic o n  or s i l ic a  and i ts  

hydrates i f  the fac t is considered tha t s i l ic a  forms complexes, mole­

cular compounds and aggregates, co llo id a l solutions and gels. Then, 

these resemblances in properties can also be extended to the surface 

charge on the co llo id a l p a rtic le s , which w i l l  be useful la te r  in  the 

discussion of the experimental re su lts , because i t  is  intended to

(mSi03.nSi02)m (U)

+ h20 ( 12)
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corre late them w ith surface charge e ffe c ts .

Since in solutions o f high ra tio s , IMa^O : S.SSSiO^ used fo r  the 

present inve s tig a tion , the products of the above reactions (10 to 12) 

are present, the p o s s ib ilit ie s  o f the depression o f calcium minerals 

can be due to the action e ith e r o f s il ic a te  ions or o f the co llo id a l 

hydrated s i l ic a .

The action o f the s il ic a te  ions w ith surface calcium ions possibly 

can take place through the formation of CaSiOy This compound w i l l  be 

formed i f  i t s  s ta b i l i t y  under actual f lo ta tio n  conditions is  greater 

than tha t o f the calcium mineral i t s e l f .  Furthermore, f lo ta tio n  can be 

diminished by i t s  action only i f  the corresponding s il ic a te  is  more 

stable than the surface calcium oleate. The s o lu b il it ie s  o f the d if fe r ­

ent compounds ( c a lc ite , ap a tite , f lu o r i te ,  and calcium oleate) already 

given and compared w ith th a t o f calcium s il ic a te  (7x10"^) suggest that 

the formation o f calcium oleate should be the favored reaction.

That CaSiQ^ is  a re la tiv e ly  soluble compound can also be concluded 

from the analysis o f figures 15 and 16. Figure 15 shows the zeta 

potentia l o f quartz as a function o f pH; the e ffe c t o f calcium and 

s il ic a te  ions is  also considered in the same figu re . In figure  16 the 

values o f the zeta po ten tia l o f quartz are charted against pH fo r  a 

constant addition o f 5x10“ ^ mole per l i t e r  sodium s il ic a te  with several 

additions o f Ca . I t  can be seen that the action o f Ca on the zeta 

po ten tia l is  independent o f the s il ic a te  add ition ; tha t is ,  formation
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o f CaSiOg does not take place in the so lu tion even at these high addi­

tions. Onoda and Fuerstenau^^ have presented the varia tion  of the 

zeta potentia l o f quartz as a function o f Ba concentration, and th e ir  

resu lts  are s im ila r to the values obtained in figure  16. These facts 

tend to  confirm that there is  no interference o f the sodium s il ic a te  

in the considered measurements.

From the preceding paragraphs, i t  can probably be concluded tha t 

the f i r s t  p o s s ib ility  o f the action o f sodium s il ic a te  — namely, the 

formation o f CaSiO^ on the surface— may be discarded. Now the second 

p o s s ib ility  — action o f co llo id a l s i l ic a - -  w i l l  be analyzed.

As was pointed out p rev iously , because of common properties of 

the co llo id a l s i l ic a  and quartz p a rtic le s , i t  was expected tha t in 

the former there was a negative surface charge except in  the very acid 

region. E lectrophoretic measurements conducted on sodium s il ic a te  in 

the pH region 5 - 1 0  confirmed the kind o f surface charge that was 

expected. Some values about surface charge of these co llo id a l pa rtic les  

were also re p o r te d ^

Studies on slime coating have shown tha t th is  phenomenon is  related 

to surface charge. Generally speaking, a coating is  produced when the 

mineral and slimes possess opposite e le c tr ic a l charges. Then, in te r ­

action between these co llo id a l charged aggregates and the mineral is 

expected i f  they have d iffe re n t kinds o f surface charge. Once these 

co llo id a l aggregates coat the surface o f a mineral p a r t ic le , th e ir
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surface properties are modified.

The adsorption o f co llo id a l s i l ic a  on the calcium mineral pa rtic les  

and the consequent coverage is  going to make them behave lik e  quartz.

I t  is known tha t quartz is  not floa ted by oleate unless an ac tiva ting  

ion in re la tiv e ly  high concentrations is  present. Then* co llo id a l 

s i l ic a  coverage might be responsible fo r  depression in these systems.

In order to proceed fu rth e r, i t  is convenient to point out at th is  

stage th a t quartz pa rtic les  have a zero po in t o f charge (zpc) in  the 

pH region 2.5 - 3.0. At pH values greater than the zpc, quartz pa rtic les  

have a negative e le c tr ic a l charge on th e ir  surface and at pH values 

below the zpc the surface charge is  pos itive . The same charges are 

expected fo r  the co llo id a l s i l ic a  in  the d iffe re n t pH regions.

Figure 12 shows tha t ca lc ite  pa rtic les  are p o s itive ly  charged 

above pH 6.0. Recent streaming po tentia l studies have shown tha t 

ca lc ite  is  p o s itive ly  charged up to a pH value o f 1 0 .7 ^ ^ .  Above 

th is  pH, the charge is reversed to negative. The preceding range of 

surface charge on ca lc ite  was also confirmed by studying the f lo ta tio n  

response w ith amine. As a consequence in te rac tion  between ca lc ite  

pa rtic les  and co llo id a l s i l ic a  might be expected in tha t region due 

to coulombic a ttra c tio n . This would coat the ca lc ite  pa rtic les  with 

the co llo id s , and f lo ta t io n  w ith oleate as co lle c to r would not be pos­

s ib le . Figure 3 shows tha t f lo ta t io n  recoveries in the cal ci te -o lea te - 

s i l ic a te  system diminish above pH 6.0. These results  tend to support
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th is  proposed mechanism o f depression. The same figu re  also shows that 

complete f lo ta t io n  is  obtained at lower pH values as the addition of 

sodium s il ic a te  is  increased. This may be due to the increase o f co l­

lo id a l s i l ic a  in so lu tio n , which was shown to increase as the concen­

tra tio n  is  increased fo r  a fixed  ra tio  of Nâ O : SiOg.

Figure 5 shows no in te rac tion  between the s il ic a te  so lu tion and 

the surface o f the mineral a t pH values higher than 10.5 because f lo ­

ta tion  is  restored. I f  physical adsorption is  the mechanism of the 

action o f s i l ic a te ,  no in te rac tion  between co llo id a l s i l ic a  and 

ca lc ite  would be expected because both have the same type o f surface 

charge.

Beside the action o f d iffe re n t additions o f sodium s il ic a te  in 

the f lo ta t io n  response o f c a lc ite , the e ffe c t o f the pH of the sodium 

s il ic a te  so lu tion  added was also investigated. Figure 4 shows th is  

e ffe c t fo r  a constant addition o f potassium oleate (1x10"^) and s i l i ­

cate (SxlcT^). I t  is  seen in the figure  tha t depression is enhanced 

as the pH o f the s il ic a te  so lu tion is  lowered. In order to explain 

these s h ifts  in  the f lo ta t io n  response i t  is  convenient to  point out 

tha t the state o f the hydrated s i l ic a  or co llo id a l s i l i c i c  acid is  

a ltered by the concentration o f H+ and OH" ions in so lu tion . Thus, 

from a typ ica l sol made from sodium s i l ic a te ,  i t  was found tha t the 

p a rtic les  o f co llo id a l s i l ic a  pass in to  true so lu tion to form s il ic a te  

ions when the pH is  increased to  about pH 11. This can also be seen i f
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the fo llow ing e q u ilib r ia  are considered:

H2Si03 =  H* + HSiO" K = 1 .58x l0 '10 (13)

HSiO" * *  H+ + SiO° = 6.91xl0’ 13 (14)

The H^SiOg or hydrated s i l ic a  is  the specie tha t polymerizes. With 

th is  in  mind and fo r  the s im p lif ic a tio n  o f ca lcu la tions, only the two 

equations w ritten  above w i l l  be considered, as these are s u ff ic ie n t 

to estimate the amounts o f s i l i c i c  acid and s il ic a te  ions which are 

present at d iffe re n t values o f pH. Table I shows the concentration of 

the d iffe re n t species fo r  these s im p lifie d  e q u ilib r ia ,  considering an 

addition o f 5x10*^ M sodium s il ic a te .

Table I shows tha t the predominant specie in the aqueous so lution 

o f sodium s il ic a te  is  co llo id a l s i l i c i c  acid i f  the pH is  lower than 

9.0. The fa c t tha t depression was found to be stronger fo r  low pH 

values o f the s il ic a te  so lu tion  seems to support the proposed mechanism, 

namely, tha t the co llo id a l hydrated s i l ic a  or s i l i c i c  acid may be the 

responsible fo r  depression and not the s il ic a te  ions.

Figure 14 indicates tha t the zero po in t o f charge o f the apatite  

used in th is  investiga tion  is  pH 6.8. Therefore, in the pH region 

3 - 6.8 physical adsorption o f co llo id a l s i l ic a  on the surface o f 

apatite  should be possible. The formation o f th is  co llo id a l coating 

does not permit the f lo ta t io n  o f apatite  using potassium oleate as 

co lle c to r. In figu re  9 i t  is  seen tha t depression occurs s lig h t ly
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on the acid side and i t  is  enhanced as the addition o f s il ic a te  is  

increased. The results o f m ic ro flo ta tion  experiments fo r  th is  mineral 

also agree with the proposed mechanism o f the action o f s i l ic a te .

As shown in figu re  11, f lo ta t io n  o f apatite  diminishes when the 

pH o f the s il ic a te  so lu tion is  lowered; th is  also supports the premise 

th a t co llo id a l hydrated s i l ic a  may be the depressor. When the s il ic a te  

so lu tion is  a t pH 2, depression is  observed in both ac id ic  and basic 

media. An explanation can be the fo llow ing : the surface o f the co l­

lo id a l s i l ic a  at th is  pH may be p o s itive ly  charged. In the pH range 

from 6 to 8, apatite  is  very s lig h t ly  charged (see figure  14); a clear 

in te rac tion  is  hard to define and th is  may be the reason fo r  that 

shape o f curve. As the pH is  increased, apatite  acquires a d e fin ite  

negative surface charge, which can in te ra c t w ith the positive  o f the 

co llo id a l s i l ic a .  As a re su lt o f th is  coulombic a ttra c tio n , co llo id a l 

s i l ic a  coverage can be present which gives rise  to the depression of 

apa tite .

In the case o f f lu o r i te ,  depression in the acid side is  observed 

only when the pH o f the s il ic a te  so lu tion is  lowered. This depression 

may also be a ttr ib u te d  to the physical adsorption o f the co llo id a l 

s i l ic a  on the f lu o r i te  surface because they have d iffe re n t surface 

charges. On the basic side, depression is  also observed, and the rea­

sons fo r  th is  are not s t i l l  c lear. Figures 7 and 8 show the experi­

mental resu lts .
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CONCLUSIONS

The resu lts  o f the preceding study based on m icro flo ta tion  experi­

ments and on e lectrophore tic  and in fra red  measurements can be summa­

rized as fo llow s:

1 .- F lo ta tion  o f ca lc ite *  f lu o r ite *  and apatite using potassium oleate 

as co lle c to r is  due to the formation o f calcium oleate on the 

surface o f these minerals.

2 .-  The action of the aqueous solutions o f sodium s il ic a te  in the 

calcium m ineral-oleate system was found to be related to th e ir  

co llo id a l s i l ic a  content.

3e-  The e lectrophore tic  measurements show tha t in te rac tion  between 

co llo id a l s i l ic a  and the calcium mineral p a rtic les  may be a t t r i ­

buted to surface charge e ffe c ts .

4 .-  The depressing e ffe c t o f an aqueous so lution o f sodium s il ic a te  

is  enhanced with the concentration fo r  a fixed ra tio  o f Nâ O 

to SiOp. As the concentration o f s il ic a te  is  increased, the 

amount o f co llo id a l s i l ic a  present in  the system is  also

45
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increased; consequently, depression is  more e ffe c tive  fo r  the 

higher additions.

5 .-  For a constant addition o f s i l ic a te ,  the depressing action is  in ­

creased as the pH o f the s il ic a te  so lution is  lowered. This is  

expected because the co llo id a l s i l ic a  content increases as the 

so lu tion is  a c id ifie d .
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