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1 • 

I. INTRODUCTION. 

The Caversham sandstone forms a large deposit, several hundred 

feet thick extending over an area of the East coast of the Dunedin dis

trict. It is also found outcropping in the Lookout Point area. The 

high carbonate content of the deposit (40 - 65%) has caused attention to 

be focussed on the sandstone as a possible source of calcium carbonate. 

Some time prior to 1865 calcination was attempted in a sandstone quarry 

near the Kaikorai Valley while in 1865 specimens containing up to 68% 
carbonate were reported(20). 

The favourable location of the deposit in relation to the Mil
burn Lime and Cement Company's cement w::>rks at Burnside make it of economic 

interest to this Company as a potential raw material for cement manufacture. 

Before the sandstone could be used for this purpose considerable upgrading 

of the carbonate content would be necessary and modifications to its 

natural mineral content would be desirable. The two possible methods 

of doing this are: 

( 1) to lightly grind the sandstone and size it to determine 

whether any of the constituents concentrate in particular size 

fractions 
(2) to float the carbonates with an anionic collector and modify 

the silicate, and perhaps the iron distribution, with a cationic 

collector. 

Froth flotation is widely used to produce cement raw materials of the 

correct chemical composition(2) and in all cases fatty acids or their 

derivatives are used as anionic collectors. This thesis attempts to 

explain the action of the more important fatty acids as collectors for 

calcite and to show how these reagents act as collectors for the carbon

ate minerals of the Caversham sandstone. 

II. PHYSICAL AND MINERALOGICAL PROPERTIES OF 

THE CA VERSHAM SANDSTONE. 

1. Size distribution of major constituent minerals. 

To ascertain the natural grain size of the acid insoluble and 
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carbonate minerals of the sandstone samples were subjected to an extremely 

light grind in a pebble mill before sizing. When wet the sandstone is 
readily broken down into its constituent mineral grains but further 

breakage of individual grains involves more severe treatment. One sample 

was screened down to 270 mesh* and the minus fraction elutriated and 

another classified hydraulically into short range size fractions. Each 

fraction was assayed for carbonate. The results are shown in Fig. 1, 

together with a screening and elutriation analysis carried out on the 

acid insoluble residue of a sandstone sample. These results show that 

ver,y little concentration of the sandstone could be obtained by classi-

fication or sizing. Quartz particles of less than 5 microns in diameter 

were well rounded while in the coarser fractions particles were more 

angular. The presence of appreciable quantities of quartz of less than 

10 microns diameter indicated that complete separation of the quartz 

from the carbonate would be difficult. 

2. Mineralogical cowosition of the sandstone. 

Most of the testwork was done on samples assaying 50 - 54% 
carbonate as samples of this composition are predominant throughout the 

deposit, particularly along the coastal and Blackhead outcrops. The 

assay procedure used during test work was a simple volumetric technique 

using normal hydrochloric acid and sodium hydroxide for the titrations 

and consequently no distinction was made between calcium, magnesium, and 

iron carbonates. Optical examination of various flotation concentrates 

in refractive index oils showed that the carbonate minerals were almost 
entirely calcite although ver,y small quantities of the calcium-magnesium 

carbonate, dolomite, and the iron carbonate siderite were also observed. 

X-ray diffraction patterns an these carbonate concentrates showed only 

the presence of calcite. Examination of the sandstone in thin section 

showed that calcite is present as a partially cemented fringe-like 

deposit on the borders of the quartz grains, and to a much lesser extent 

as detrital shell fragments. X-ray and microscope examination of the 

* All mesh sizes are Tyler meSh. 



acid insoluble residue showed the presence of biotite, muscovite, 

chlorite, felspar, apatite, epidote, hornblende, zircon and the major 

acid insoluble mineral quartz. The first three minerals mentioned 

make up approximately 10% of the acid insoluble minerals present in the 

sandstone. This assemblage agrees with those repo1~ed for the sand-

stone by Hutton and Turner(23) with the exception of the mica content 

which is considerably hi~er than that of the sample examined by these 

authors. 

In view of the interest in the iron content of the sandstone 

and the possibility of including the iron in the carbonate concentrate 

a study was made of the iron bearing minerals in the sandstone. Using 

a Franz iso-dynamic laboratory separator a magnetic concentrate was made 

from the acid insoluble residue. It is reasonable to expect that this 

concentrate would contain most of the iron bearing minerals present in 

the sandstone. An X-ray analysis of this concentrate showed a close 

correlation with the pattern for chlorite. Thus the iron content of 

the sandstone ( 1. 7%. Milburn Lime and Ce~nt Co. Pers. comm.) is derived 

from the following minerals: 

(a) appreciable quantities of chlorite 

(b) small quantities of biotite and amphiboles 

(c) very small quantities of iron bearing carbonates. 

3. 

The iron contained in the sandstone is not therefore present as one 

specific mineral but is instead present as a constituent of several iron 

bearing minerals t.h e majority of which are ferro-alumina silicates. 

Analyses of chlorites from the Otago schist from which the sandstone was 

probably derived(22) give iron contents of 25% FeO and a total iron con

tent of approximately 20%. Thus it may be concluded that inclusion of 

all the chlorite present in the sandstone in the carbonate concentrate 

would not produce a concentrate significantly enriched in iron. The 

widely varying nature of the iron bearing minerals in the sandstone com

bined with the difficulty of selectively floating these minerals from 

quartz makes production of an iron enriched carbonate concentrate virtually 
impossible. 



III. GENERAL PROPERTIF.S OF THE FATTY ACIDS. 

1. Introduction. 

Fatty acids, so called because the middle and higher members 

of the aliphatic carboxylic acid series occur in fats, and their deriva

tives, for.m a large and widespread naturally occurring group of organic 

chemicals. As a result of their widespread occurrence and importance 

to mankind a vast quantity of scientific litera,ture dealing 'Wi. th the 

fatty acids has accumulated since their discovery by Chevreul in 1 B15. 

The quantity of flotation research carried out using fatty acids has, 

however, until recent years, been small when compared with that carried 

out using other collectors such as the xanthates. This may be partly 

due to the difficulty of isolating the fatty acids and in particular to 

the difficulty of obtaining pure samples of the long chain unsaturated 

fatty acids. 

4. 

Fatty acids, and their soaps, possess the main characteristics 

of flotation collectors: i.e. a non ionic, hydrophobic, hydrocarbon group 

and a locally reactive water avid group. As a result of their structural 

suitability and ready availability in the crude form, fatty acids have been 

used as mineral collectors since the inception of the flotation process. 

Initially fatty acids were used in sulphide flotation but the development 

of the more selective sulphydryl collectors led to their exclusion from 
this field. Subsequent work by Gaudin et al( 15), TaggartC41), Ralston(3Z), 

Keck(24), and other workers on the fUndamentals of fatty acid flotation 

lead to the development of fatty acids as collectors for non sulphide 

minerals and in particular for non metallic minerals. Today fatty acids 

and their derivatives are the most ubiquitous of all flotation collectors. 

They are extensively used in the flotation of non metallic minerals such 

as oxides, carbonates, sulphates, phosphates, halogen minerals and sili-

cates. Although fatty acids are in general unselective as collectors 

their low unit cost and ready availability, combined 'Wi. th advances in 

the use of modifying agents has made them collectors of economic importance. 

In the past decade, considerabl~· attention haa been focussed 
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on fatty acid flotation. In particular this attention has been focussed 

on the collecting properties of the components of crude fatty acid raw 

materials(26 ). This has led to a wide variety of fatty acid products 

being used as flotation collectors. 

As with many collectors, much work remains to be done on the 

mechanism of collector action and the actions of modifying variables such 

as pH and temperature. Before discussing the action of fatty acid 

collectors it is necessar,y to consider some of their physical and chemical 

properties. The discussion which follows will be directed at those 

physical and chemical properties which may affect the collector action of 

the fatty acids. 

2. Nomenclature and structure of the fatty acids. 

With few exceptions fatty acids are composed of an even number 

of carbon atoms arranged in a straight chain with an alkyl group at one 

end and a carboxyl group at the other, e.g. capric acid. 

CH -3 

Alkyl group 

H H H H H H H H 
I I I I I I I 

C-C-C-C-0-C-C-C 
I I I I I 

H H H H H H H H 

Hydrocarbon chain 

- COOH 

Carboxyl group 

The carboxyl group is typical of the fatty acids which are often referred 

to as monobasic carboxylic acids. Fatty acids containing odd numbers 

of carbon atoms or branched chains are rarely found in nature. Fatty 

acids may be classified as saturated fatty acids which are those containing 

no double bonds in the hydrocarbon chain and unsaturated which are those 

containing one or more double or triple bonds in the hydrocarbon chain. 

(a) Saturated fatty acids. 

The saturated fatty acids form a homologous series starting 

with formic acid and have the general formula On H2n+ 1 COOH. The 

nomenclature of the fatty acids has been the source of much confusion 
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and many fatty acids such as oleic are known almost exclusively by their 

common name which gives no clue to their structure. 

(b) Unsaturated fatty acids. 

These acids are characterized by the presence of one or more 

double or triple bonds in the hydrocarbon chain. Where these bonds are 

separated by one or more singly bonded carbon atoms the acid is said to be 

unconjugated. Where the double bonded carbon atoms ·are adjacent the 

acid is said to be conjugated, e.g. 

- c - c - c - c = c -n 

Unconjugated carbon atoms 

-C=C-C=C-C=C 

Conjugated carbon atoms 

Ensaturated fatty acids maybe further subdivided depending on the number 

of double bonds present in the hydrocarbon chain. Those with one double 

bond or ethylenic linkage are termed monoethenoid acids, whilst those with 

two and three double bonds are termed diethenoid and triethenoid acids 

respectively. A Table of the more commonly occurring unsaturated fatty 

acids is given below: 

Systematic name Common name Formula 

fj 9,10 Decenoic Caproleic C10H1B02 
fj 9,10 Dodecanoic La.uroleic c1~22o2 
fj 9,10 Tetradeeenoic Myristoleic c14H26°2 
fj 9,10 Hexadecanoic Palmitoleic c16H3o02 
fj 9' 10 Octadecenoic Oleic C1BH3402 
fj 9,10,12,13 Octadecadienoic Linoleic C1sH32°2 
!J. 9,10,12,13,15,16 Oetadecatrienoic Linolenic C1sfl30°2 

Table 1 : Commonly occurring unsaturated fatty acids. 

(c) Substituted fatty acids. 

These acids differ from those already discussed in that they 

contain one or more substituted atoms or radicles in the place of hydrogen 

atoms of the hydrocarbon chain. Substituted saturated fatty acids are 



rare and of the unsaturated fatty acids only ricinoleic or 12 hydroxy 
8 9,10 octadecenoic acid is of any commercial value. 

(d) Isomerism of fatty acids. 

Fatty acids are capable of isomerism which may be of the 

follol~g types: 

(1) Structural isomerism-

(a) Nuclear or branch chain isomerism. 

(b) Positional isomerism. 

(c) Functional group isomerism. 

(2) Stereoisomerism -

(a) Optical isomerism. 

(b) Geometrical isomerism. 

The saturated fatty acids are capable only of nuclear isomerism and this 

is rare. In the case of unsaturated and substituted fatty acids iso-

merism is common and is responsible for many changes in the chemical and 

physical properties of commercially important acids such as linolenic 

acid. 

(e) Structure of the fatty acids under investigation. 

The acids considered are stearic, the so called oleic acid 

series, oleic, linoleic, and linolenic, and the substituted acid ricin-

oleic. Some of the properties of these acids are summarized in 

Table 2. 

Common name Classification 

Stearic Saturated 

Oleic Monoethenoid 

Linoleic Diethenoid 
unconjugated 

Linolenic Triethenoid 
unconjugated 

Ricinoleic Substituted 
monoethenoid 

Systematic name 

n-Octadecanoic 
cis 8 9,tO Octadecenoic 

cis 8 9, 10, 12, 13 Octadecadienoic 

• A 9, 10, 12, 13, 15,16 Octadecatrienoic c~s u 

12 Hydroxy cis 8 9,lO Octadecenoic 

7. 

Table 2. Properties of the fatty acids under investigation (cont 1d p.8) 



Structural formula Mol.Wt. Neutr.Val. Iod.Val. 

CH3(cH2)16co2H 284.47 193.23 

CH3(cH2)
7

CH=CH(CH2)
7
co2H 282.45 198.63 89.87 

CH3(cH2)4CH=CHCH2CH=CH(CH2)
7
co2H 280.44 200.06 181.03 

CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7coza 278.42 201.51 273.51 

CH3(cH2)
5

CHOHCH2CH=CH(CH2)
7
co2H 298.45 187.98 170.10 

Table 2. Properties of the fatty acids under investigation. 

Stearic acid: 

Stearic acid is composed of a zig-zag chain of methylene 

groups terminated at one end by a carboxyl group and by an alk,yl group 

at the other. The absence of double bonds simplifies its structure 

and chemical properties. 

Oleic acid: 

8. 

Oleic acid due to the presence of a double bond is capable of 

structural and stereoisomerism. Oleic acid has two naturally occurring 

positional isomers ~ 6' 7 octadecenoic and~ 11 , 12 octadecenoic acids. 

Oleic acid is also capable of stereoisomerism giving rise to cis and trans 

forms. Naturally occurring oleic acid has a cis structure. 

Linoleic acid: 

Usually naturally occurring linoleic acid has the structure 
cis ~ 9,tO,l 2, 13 octadecadienoic acid. The presence of certain natur-

ally occurring isomers has been inferred while isomers may readily be 

produced by artificial means. 

Linolenic acid: 

Naturally occurring linolenic acid has only one known positional 

isomer but due to the presence of three double bonds geometrical isomerism 

may exist. Markley(28) says "It can only be said that the exact geo-
metrical configuration of naturally occurring linolenic acid is not known. 
It cannot even be stated with assurance whether this acid is a single geo
metric isomer or a mixture of isomers, and if the latter, in what propor
tionsn. 
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Ricinoleic acid: 

Ricinoleic acid, unlike the other acids considered is capable 

of rotating the plane of polarized light. Dehydration of ricinoleic 

acid will produce isomeric linoleic acids. 

Concerning the structure of these fatty acids in general it 

may be said that purification of these acids from their natural sources 

can, unless great care is taken, introduce structural changes. These 

alterations include oxidation changes, shifting of the double bonds, poly-

merization and hydrogenation. Fatty acid products used in commercial 

flotation may therefore contain a variety of isomers of the original fatty 

acid. This may in some cases lead to deviations from flotation behaviour 

predicted by experiments using pure fatty acids. In some cases these 

alterations may improve the flotation properties of the crude fatty acid. 

3. Sources of the fatty acids. 

The high cost and great technical difficulties associated with 

the purification of fatty acids excludes the use of pure fatty acids as 

flotation collectors. Instead impure fatty acid products which usually 

consist of a mixture of the C 18 fatty acids are used. The Armour and 

Company range of "Neo Fats 11 is typical of conmercial fatty acid products. 

Fatty acids occur in nature as glycerides, the esters of 

glycerol with the fatty acids. These glycerides and related fatty acid 

compounds occur in nature in almost every type of plant and animal cell. 

The know.n fats and oils of economic significance are an almost inexhaust

able source of long chain aliphatic compounds. From this it may be 

seen that the range of fatty acid products available for flotation of 

minerals is very large. Flotation performance, modified by such factors 

as availability and cost dictate the final selection. 

The lower fatty acids, C10 and below, do not occur in nature 

to any great extent. Of the acids containing more than 1 0 carbon atoms 

those with even numbers of carbon atoms are met with predominantly if not 

exclusively in nature. Stearic acid is a major constituent of animal 

fats and is found in small amounts in seed oils. Of the unsaturated 

acids the C18 acids, oleic, linoleic and linolenic are the most commonly 



occurring. Oleic acid may be considered to be the predominant 

naturally occurring fatty acid. This means that it is readily avail

able a.s a co:rmn.ercial product and is one of the reasons for it being the 

preferred fatty acid collector. It comprises some 80% of olive oil, 

60% of peanut oil and 30 - 40% of corn oil, cottonseed oil, palm oil, 

10. 

tallow beef, soybean oil, lard, sunflower oil, and whale oil. Linoleic 

acid occurs in most oils which contain oleic acid and is a major constit

uent of corn, cottonseed, soybean, walnut, linseed, peanut, sunflower, 

and perilla oils. Linolenic acid constitutes some 40% of linseed and 

perilla oils. Ricinoleic acid is the major constituent (up to 80%) of 

castor oil. Tall oil , a product of the paper industr,y, contains about 

40% of fatty acids, the remainder be:ing rosin acids and unsaponifiable 

material. From this it may be concluded that of the naturally occurring 

oils, cottonseed, corn and linseed oils may be expected to be excellent 

fatty acid collectors. 

4. Chemical properties of the fatty acids which may affect their 

flotation performance. 

Fatty acids are in general insoluble in water. Their solubil-

ity in w~ter decreases with the number of carbon atoms and increases with 

the degree of unsaturation. Fatty acids containing more than B carbon 

atoms are practically insoluble. Fatty acids , when dissolved in water, 

dissociate to form ions. Since ions are usually more effective mineral 

collectors than dispersed droplets, this dissociation is of imPortance in 

flotation. In general the chemical reactions of fatty acids may be 

classified as: 

(1) Those involving the double bond. 

(2) Those involving the carboxyl group. 

(a) Reactions involving the double bond: 
Oxidation of the double bond may be brought about by oxidizing 

agents such as potassium permanganate. The result is usually the pro

duction of aldehydes, ketones and hydroxy compounds. Oxidation of the 

double bond may also occur by autoxidation (oxidation by air) and as air 



is an important phase in flotation, this process is of some importance. 

The exact mechanism of autoxidation is not understood but it is known 

to occur at relatively low temperatures and in many cases leads to un

desirable rancidity. Halogenation of the double bond is employed in 

analytical work as a measure of the degree of unsaturation of the double 

bond and gives rise to the iodine value. Sulphonation and sulphation 

are important reactions of the fatty acids as they give rise to sulphon

ated oils used as wetting agents and flotation collectors. 

(b) Reactions involving the carbonyl group: 

These are of two general types: 

( 1) Substitution of the H or OH ion of the carbonyl group as in 

the formation of soaps, esters, anhydrides and acid halides. 

11. 

Soaps of the alkali metals are water soluble and form an important 

class of flotation collectors. 

(2) l-1odification or complete replacement of the carbonyl group 

as in the formation of nitriles, aldehydes, alcohols and the 

important group of flotation collectors the amines. 

5. Properties of soap solutions. 

Solutions of the alkali soaps of fatty acids, in particular 

the C18 fatty acids constitute an important group of flotation collectors. 

The action of flotation collectors are essentially the actions of collec

tor ions and so the physical properties of soap solutions are of great 

importance when considering the action of soaps as mineral collectors. 

The literature pertaining to the study of soap solutions is voluminous, 
the main workers in this field being McBain(29), Harkins( 1S), Alexander 

and Johnson( 1) and Moilliet and Collie(30). 

Soap solutions are amphipathic electrolytes and display a 

variety of properties which distinguish them from electrolytes such as 

sodium chloride solutions. 

When the physical properties of aqueous solutions of amphipathic 

electrolytes are examined it is noticeable that a rapid change in these 

properties occurs over a limited range of concentration. These changes 



are due to the formation of oriented soap aggregates termed micelles. 

(a) The nature of micelles: 

Considerable controversy exists as to the nature of micelles 

and the processes accompanying their formation. The range over which 

the physical properties of a soap solution show a rapid mange is known 

as the critical micelle concentration {c.m.c.). While it is not in-

12. 

tended tc discuss in detail the formation of micelles the main theories 

of micelle size and shape will be considered insomuch as they may affect 
the flotation process. McBain considers that two types of micelle 

exist, a spherical ionic micelle composed of ten or less ions retaining 

their electrical charges, which form at concentrations below the c.m.c., 

and a lamellar micelle which forms at concentrations above the c.m.c •• 

The ionic micelle has a net electrical charge equal to the sum of the 

charges of all ions in the micelle. The second or lamellar micelle is 

much larger and much of the total charge of the ions from which the micelle 

is formed is neutralized by adhering gegen ions. The lamellar micelle 

can exist in conjunction with the ionic micelle though as the molar concen

tration becomes well in excess of the c.m.c. the lamellar micelle becomes 

the dominant species. The lamellar micelle is formed by parallel align-

ment of the hydrocarbon chains into sheets, Fig. 2, with an hydrated, un

ionized double layer on the outer surface. 
Hartly(t9) considers that only one type of micelle exists in 

solutions of amphipathic electrolytes. Below the c.m.c. there are no 

micelles, while above the c.m.c. there are series of micelles of similar 

form but whose size increases 'With the concentration. The micelles are 

ionic and essentially spherical containing approximately 70 ions. The 

charge of at least half these ions is neutralized by adhering gegen ions. 

The transition from micelle to solution is a gradual one, with ion pairs 

formed from gegen ions and the hydrophylic head of the amphi)athic ion 
existing in the transition la~er or interface. Harkins{tB also favours 

one type of micelle but because of X-ray diffraction results considers 

the micelle to have a regular structure, either cylindrical or disc shaped. 

It cannot be said that either Harkins, Hartly, or McBain are 
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exclusively correct. Recent X-ray examination(2?) would seem to 

support the presence of a lamellar micelle while other evidence(l4a) 

makes it seem unlikely that micelles exist in any numbers below the 

c.m.c.. The shape and size of micelles is influenced by geometrical 
and free energy considerations. Stauff(37) considers that ever.y agg-

regate which reduces the free energy (as, for example, by reducing the 

area of the hydrocarbon water interface) will occur in solutions of 

amphipathic electrolytes in proportion to its effectiveness in reducing 

the free energies and in .accordance with the law of mass action. 

Micelles which exist in solutions of mixed soaps, for example 

in solutions of tall oil soaps, may contain ions of several soaps. The 

c.m.c. of the mixed micellar solution so formed depends on the mole 

fractions of soaps present and their individual c.m.c. values. 

(b) Solubilization; 

Micellar solutions exhibit the property of solubilization. 

13. 

Solutions of amphipathic substances can dissolve, often in considerable 

quantities, substances which are only slightly soluble in water. This 

solubilization process does not occur appreciably until the critical 

micelle concentration is reached and is due to the presence of micelles. 

Micelles have a paraffinic interior and hence provide a new solvent medium 

for the solubilizate. 

Solubilization may occur by: 

(1) Adsorption at the surface of the micelle. 

(2) Solution into the interior of the micelle. 

(3) Penetration into the polar surface of the micelle. 

The effect of (1) is slight and (3) only occurs with solubilizates: which 

contain a polar group. Solubilization is usually accompanied by an 

expansion of the micelles. Fig. 2. 

(c) Surface activity of soap solutions: 
Soaps are surface active reagents and are positively adsorbed 

at air water interfaces. This adsorption results from the strong 

cohesional force of water and the lowering of the free surface energy 



by the adsorption of amphipathic molecules to the interface. This 

adsorption is accompanied by a lowering of surface tension. The mole-

cules of amphipathic electrolytes are oriented with the hydrophobic end 

out of the water and the polar or hydrophylic end in the water phase. 

The orientation of these ions depends on the concentration of these ions 

at the interface. This is also the case with films of water insoluble 
surface active reagents. 

Cavier(3) has studied the surface tension of solutions of C1S 

fatty acid soaps and has come to the following conclusions: 

(1) The surface activity of these soaps increases with the number 

of double bonds in the hydrocarbon chain, viz. 

oleate < linoleate ( linolenate. 
(2) Sodium ricinoleate is slightly less s'urface active than the 

other three soaps at high concentrations but is markedly more 

surface active at low concentrations. 

(3) Replacement of the ethylenic bond of the ricinoleate by an 

acetylenic bond reduces the surface activity. 
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(4) Halogenation of the double bond of sodium ricinoleate to yield 

sodium dibromo ricinoleate increases the surface activity. 

From these results it may be concluded that the polar nature of the double 

bond in the hydrocarbon chain, and of the OH group in ricinoleic acid is 

partly responsible for causing an incre~se in surface activity. The 

importance of this result from a notation viewpoint will become evident 

when the Hallimond tube tests with soaps of these acids are considered. 

It is possible that the reason for the high surface activity of molecules 

containing double bonds lies in the orientation of these molecules or 

their amphipathic ions at the water air interface. The double bond is 

polar and tends to lie in the water plane. This is illustrated by the 

adhesional work between water and octane, and water and octylene. The 
double bond of the la~ increases the adhesional work by 66%(tSa). 

Orientation of the double bond and the COO- group in the water 

phase would mean that the effective area covered by the molecule would 

increase resulting in an increase in surface activity. The cross sec-



tional areas of fatty acid molecules increase to a certain extent with 

the degree of unsaturation and this would also tend to increase the 

surface activity(35). 

IV. , THE ACTION OF FATTY ACIDS AS COLLECTORS FOR CALCIUM MINERALS. 

The action of fatty acids as flotation collectors has been 

investigated by several authors. Their results and the conclusions 

drawn therefrom have varied considerably. It is well established that, 

with the exception of minerals such as talc which display native flota

bility, a necessary condition for flotation is the coating of mineral 

surfaces with a hydrocarbon phase oriented so that the non polar groups 

are in the water phase. This hydrocarbon layer is now accepted in 

general as being an incomplete monolayer(l3a). When consider:ing the 

action of fatty acids as flotation collectors two main questions arise. 
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By what mechanism is the collector species attached to the mineral surface 

and why does depression occur at high collector concentrations? Con-

siderable controversy exists over these two questions. Closely connected 

with the first question is the problem of deciding what form the collector 

takeso While the majority of workers agree that the active form of 

fatty acid collectors are ions, others(7) consider that the active form 

of collector is a ,non ionic neutral molecule derived from the bulk 

solution by hydrolysis. 

1. The chemical reaction theotr• 

Taggart (42) and coworkers consider that adsorption of a 

collector ion will only occur '\<hen the collector ion reacts with some 

portion of the mineral surface to form an insoluble mineral-collector 

coating. Calcium salts of the C18 fatty acids are all insoluble. Sol

ubility products calculated from the data of l:lu Rietz< 11) are given below: 

Soap 

Calcium stearate 
Calcium oleate 

Calcium linoleate 
Calcium linolenate 

Solubility product 

Oo4 X w-18 

0.4 X tQ-13 

0.4 X 10-13 
o.6 x w-13 
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Thus in the case of calcite flotation using sodium oleate as a collector, 

the collector coating will result from the action of oleate ions with the 

calcium at the surface of the calcite to form insoluble calcium oleate. 

This theory of collector action has been criticized by other workers(34). 

In many instances of collector action it is likely that both ion adsorption 

and chemical reaction occur in varying extents. Since collector action 

occurs on a molecular scale the distinction between ion adsor-ption and 

chemical reaction is a fine one. 

2. The effect of pH on calcite flotation by fatty acids. 

For reasons explained later, experimental work on the soap 

flotation of calcite was carried out at the natural pH of the soap solutions. 
other workers, notably Rogers and Lyons<~3} and Taggart and Arbiter(44), 

have carried out experiments on the effect of pH on the soap flotation of 

calcite and similar minerals. Solutions of fatty acid soaps in water 
hydrolize. Rogers and LyonsC33) consider that hydrolysis of soap 

solutions occurs according to the following equations: 

RCOONa ' 
+ RCOO-rNa + 

H20 '- 7 H+ + OH-

RCOO- + H+ ~ .,. RCOOH. 

From these equations it is possible to show how the (RCOO-) varies with 

the pH in accordance with the Henderson equation: 
[Rcoo-] 

pH = pK + log {RCOOH) 

Thus at low pH values the concentration of RCOO- ions is reduced. McBa~29a) 
considers that soap solutions made from equivalent quantities of fatty acid 

and sodium .hydroxide will never produce sufficient free acid to saturate 

the water. Instead the major product of hydrolysis is one or another 

of the acid soaps, e.g. Na Ot.HOl which are insoluble in water and cause 

turbidity. Whether free acid or acid soap is for.med the result of 

hydrolysis is to decrease the effective collector concentration, i.e. to 

decrease the soap ion concentration. Hydrolysis also removes H+ ions 

from solution resulting in a corresponding increase in the OH- giving 
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rise to high pH values. The degree of hydrolysis of the various 018 

fatty acid sodium salts are shown in Fig. 9. 
It will be noted that the degree of hydrolysis decreases wi. th 

an increase in the degree of unsaturation. The importance of this will 
be shown later. The effect of pH on the contact angles developed on 

calcite using sodium oleate as collector are shown in Fig. 3. The graph 

shows a rapid decrease in contact angle above pH13 and a less marked de-

crease in contact angle at values above 1 0. This is due to competition 

between the OH- ions and the RCOO- ions for positions in the electrical 

double layer. The drop off in contact angle below pH 10.is due to re

duction of the oleate ion concentration in accordance with the Henderson 

equation. There may also be some competition between H+ ions and 

collector ions. Results of experiments using soap solutions as collectors 

for other minerals such as barite, over a wide range of concentration show 

similar effects with contact angles of zero at pH3 (TaggartC41)). 

Taggart(4l) considers the effect of pH on soap flotation from 

a solubility viewpoint and postulates that depression by OH- ions is due 

to the formation of a metal hydroxide at the interface in preference to a 

metal oleate and that depression by H+ ions is due to the formation of acid 

soaps containing oleic acid molecules with their polar group oriented away 

from the mineral surface. In view of the definite adsorption of OH- ions 

into the compact layer of calcite as shown by Douglas and Walker(10), this 

hypothesis does not seem likely. Also the fact that calcium oleate is 

many times more insoluble than calcium hydroxide is not altogether in 

accord with Taggartts theory that the hydroxide would precipitate in pre

ference to the oleate. 
While the postulate that soap flotation proceeds by the form

ation of an :insoluble layer of calcium soap at the mineral surface and 

that such formation is governed by the funda.men tal laws of well known 

chEmical reactions has much in its favour, it is more convenient to consider 

the action of fatty acids from the viewpoint of ionic adsorption. The 

theory of adsorption of collector ions has been applied to sulphide collec

tion by xanthates and to q)J.artz collection by anionic and cationic collect-

ors to mention two of the most notable applications of this theory. A 



search of the literature indicates that ver.y little work has been done 

to show that the action of fatty acids as collectors for calcite is one 

of ion adsorption. However, the available evidence indicates that 

this action may be considered one of ion adsorption modified by chemical 

reactions and solubility factors. 

3. The neutral molecule theory of fatty acid collector action. 

Cook and Last(?) have studied the flotation of the calcium 

mineral fluorite using oleic as a fatty acid collector. Cook applies 
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his neutral molecule theory of collector action to the action of fatty 

acids on fluorite on the basis of the effects of the time and temperature 

of conditioning on the flotation results. When conditioning at room 

temperature is carried out, the oleic acid is only weakly held to the 

fluorite surface, presumably by physical adsorption, and consequently is 

easily removed during washing of the pulp. If, however, the pulp is 

conditioned at 90°C then the adsorption is no longer physical but chemical 

in nature and results in a strongly held collector coating which is more 

specific with respect to fluorite than the ph~sically adsorbed collector 

coating. By considering the theoretical basis of rate processes, it may 

be concluded that if chemisorption of a collector is to occur then the 

reaction should be time-temperature dependent. The work of Cook and 

Last shows that for the adsorption of oleic acid on fluorite the process 

is strongly time-temperature dependent. According to Cook and Last (7) 

oleic acid is physically adsorbed onto the fluorite at room temperature 

and on heating becomes chemisorbed onto the fluorite surface which is al

ready covered with adsorbed water molecules and splits out water molecules 

to form calcium oleate at the mineral surface. 

Infra-red spectroscope measurements carried out by Cook and 

Last(6) showed that after boiling of a fluorite oleate s.ystem there are 

both calcium oleate and undissociated acid molecules present at the mineral 

surface. The undissociated acid is strongly adsorbed as repeated washing 

of the mineral surface did not remove it. The trans acid peak present 

before heating disappears and only the cis peak remains on the infra-red 

spectrograph. The authors consider this to be due to lateral polymeri-
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zation of the hydrocarbon chains following chemisorption and that this 

is what causes oleic acid to be a superior collector compared to saturated 

fatty acids. 

The results of Hamilton et al(l 7) on the beneficiation of 

fluorite show that fluorite may be selectively floated from calcite using 

oleic acid as a collector by using an elevated temperature during condit-

ioning. These results indicate that the mechanism of adsorption of 

oleic acid onto fluorspar differs from that of oleic acid onto calcite and 

that the adsorption of oleate ions onto calcite is not a process of chemi

sorption. The adsorption of undissociated acid at low temperatures onto 

what Cook and Last consider to be a water coated fluorite surface does 

not agree entirely with the picture of the water fluorite interface pre-
sented by Douglas and Adair(9). However, from the results of 0 1Connor(Jl) 

concerning the adsorption of oleate ions onto scheelite it may be concluded 

that where there are appreciable quantities of undissociated oleic acid 

molecules as in the case of acidified oleate or unsaponified oleic acid 

then adsorption of these molecules as oriented dipoles into the compact 

layer may occur along with adsorption of oleate ions. 

Thus, adsorption of neutral oleic acid molecules into the 

compact layer produced by calcium minerals such as scheelite, calcite and 

fluorite in electrolyte solutions would seem to depend, at normal flotation 

temperatures at any rate, on the relative concentrations of oleate and 

undissociated oleic acid molecules present in the solution. 

4. Electrokinetic properties of calcium minerals and the ion adsorption 

theory of fatty acid collector action. 

The surface of solids and in particular cr,ystals has been the 

subject of extensive study. The question has arisen as to why these 

surfaces adsorb ions and, in particular, anions. Weyl (44) considers 

that the free energy of a crystal surface may be lowered by the adsorption 

of polarizable foreign substances: molecules, dipoles, or charged part

icles, in particular anions Which are in general much more polarizable 

than cations. Certain rules governing this adsorption have been pro-

posed by Paneth and Fajons(4J). These rules may be summarized as 

follows: 



(a) An ion is strongly adsorbed on an equivalent compound of the 

salt type only when it forms a sparingly soluble or weakly ionized 

compound with the oppositely charged ion of the lattice. 
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(b) The adsorption of a cation is arised by the presence of adsorbed 

anions, that is, by charging the surface negatively and is lowered by 

adsorbed cations. 

(c) The converse of (b). 

Three of the commonly occurring calcium minerals, calcite, 

fluorite and scheeli te have been studied from an electrokinetic viewpoint 

using streaming potential, and electro-osmotic cells(3t)(9)(to). 

0 1Connor(Jt) has measured the zeta potential of scheelite in aqueous sol

utions of various electrolytes and from his exper~ntal results has 

concluded that when sd:leelite is placed in water preferential release of 

the ca2
+ ions from the crystal lattice occurs, resulting in the formation 

of an electrical double layer at the scheelite solution interface and a 

negative (-19.0mV) zeta potential. Two series of experiments carried 

out by 0 1Connor of particular interest from a flotation viewpoint are those 

measuring the zeta potential of scheelite in solutions of sodium oleate 

and acidified sodium oleate (in 1 x 10-~.HCl). In the case of sodium 

oleate solution the zeta potential decreased continuously as the oleate 

concentration :increased. O'Connor considers that this is due to prefer-

ential physical adsorption of oleate ions into the compact double layer, 

the hydrocarbon chains being oriented perpendicularly into the solution. 

Zeta potential and plug resistance measurements suggested that no apprec

iable formation of insoluble calcium oleate had occurred. The results 

for the acidified oleate solution were similar, but because of the lower 

concentration of oleate ions, the adsorption was one of undissociated 

oleic acid dipoles into the compact layer along with simultaneous adsorption 

of free oleate ions. 

The electrokinetic properties of calcite and fluorite in 

aqueous solutions of various electrolytes have been studied by Douglas and 

vlalker(10) and Douglas and Adair(9). These workers have concluded that 

when a calcite surface comes into contact with water or an aqueous electro

lyte solution, two processes which could occur and give rise to an 
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electrical double layer are: 

(a) Either Ca2
+ or CO~- ions might preferentially leave the crystal 

surface and pass into solution, the result being that the surface 

acquires an opposite charge which would tend to retam the ions lost 

by thermal agitation into the solution and so lead to the fonnation 

of an electrical double layer. 

(b) The surface might preferentially adsorb H+ or OH- or other ions 

present in the solution and so ~cquire a net charge whiCh would give 

rise to the fonnation of an electrical double layer. 

Douglas and Walker conclude that the major cause of the negati. ve zeta 

potential of calcite in, water is the preferential release of ca2+ ions 

from the lattice sites and that ions in the bulk solution which may affect 

the zeta potential do so by be:ing adsorbed :into the compact layer. The 

marked increase in the negative value of the zeta potential in aqueous 

sodium hydroxide solutions led the authors to conclude that OH- ions may 

also be strongly adsorbed into the compact layer. 

Electrokinetic experiments on fluorite by Douglas and Adair(9) 

show that there is a strong parallel between the results of fluorspar and 

calcite and that the same general principles as applied to calcite also 

apply to fluorite but that the actual changes in zeta potential are smaller 

in magnitude than they are for calci. te. From these results it may be 

concluded that the calcium minerals, seheelite, fluorite and calcite, 'When 

placed in water or aqueous solutions of electrolytes, all give rise to 

similar electrokinetic effects and that in each case formation of the 

double layer is primarily governed by preferential release of Ca2
+ ions 

from the lattice sites, an effect which is modified by the adsorption of 

other ions from bulk solution. The adsorption of these ions in general 

obeys the Paneth-Fajans rules. While unfortunately there has been no 

work done on the effect of flotation collectors, and in particular fatty 

acids on the electrokinetic properties of calcite, the data available from 

the papers of O•Connor(31) and Douglas et al (9)(lO) is still :interesting 

and from it the following possibilities arise. 

(1) Calcite, in common with scheelite and fluorite, in water releases 

ca2+ ions which results in a negative zeta potential and the formation of 

an el ectrl cal double layer of the Stern type • 



(2) Adsorption of other ions into the compact layer is, in general, in 

accordance with the Paneth-Fajons rules, i.e. adsorption of ions which 

form insoluble ca2+ or CO~- salts will occur in pref'erence to adsorption 

of those ions which forms oluble salts with Ca2+ or CO~- ions. 

(.3) This adsorption of ions into the calcite solution interface, while 
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directly influenced by the solubility of the· salt which that ion fonns 

with Ca 2+ or co~- is not entirely governed by this solubility. Stearic 

effects, polarizability, electronic charge and hydration may all influence 

the adsorption of ions. 

(4) The adsorption of oleate ions onto the scheelite surface is dtie to 

a physical mechanism and isnot accompanied by appreciable calcium oleate 

formation. In view of the similarity between the electrokinetic propert-

ies of calcite, scheelite and fluorite, it may be tentatively postulated 

that a similar result would be obtained with a calcite-oleate system. 

(5) Adsorption of OH- ions into the compact layer at the calcite 

solution interface readily occurs in solutions of high OH- ion concentration. 

Therefore, at high pH this affect may, by a process of competitive adsorp

tion, cause depression of the calcite using oleate ions as a collector. 

This is in agreement with the results shown in Fig • .3. 

The results of experiments to determine the effects of the 

CO~- ion on the flotation of calcite using oleate ions as a collec·tor are 

shown in Fig. 4. The experimental procedure was the same as that used 

in other Hallimond tube tests. These results indicate that the effect 

of the CO~- concmtration on the flotation of calcite using oleate ions 

is not particularly marked. The recoveries in fact increase with sodium 

carbonate addition. This may be due to the accompanying increase in pH. 

Since calcium carbonate is more than 10 times as insoluble as calcium 

oleate* it would be expected that, if the chemical theory of Taggart was 

correct, then carbonate ions would be adsorbed to the lattice sites in 
. ( 10) 
preference to the oleate ions. The work of Douglas and Walker has 

shown that co~- ions do not leave the lattice sites to any great extent 

and are in fact adsorbed from solution into the compact layer and 

* Handbook of Chemistry and Physics gives the 
oleate, hydroxide and carbonate as follows: 
gms/litre; calcium oleate 0.4 gms/litre; 
litre. 

solubilities of the calcium 
calcium carbonate 0.014 

calcium h;ydroxide 1 .85 gms/ 



presumably onto the lattice sites and as a result of this it would be 
2-e.xpected from the Taggart theory that the presence of an excess of co
3 

ions over oleate ions would prevent collector action of the oleate ions. 

The experimental results show, however, that this is not so. 

From these results and those of Douglas and Walker(lO), 

Douglas and Adair(9) and o•connor(3t), it may be concluded that, while 
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the insolubility of calcium oleate plays an important part in the formation 

of a collec·tor coating on the calcite surface, the process of formation 

of this coating is not one of simple calcium oleate precipitation but 

rather one of adsorption of oleate ions in .competition with other ions 

in solution. This adsorption is in general but not direct accordance 

with the Paneth-Fajons rules. 

V. THE EFFECT OF UNSATURATION ON THE COLLECTING PO~ 

OF FATTY ACIDS. 

It has lang been recognised that the unsaturated fatty acids 

are in general superior collectors to their saturated homologues. In 

1939, Keck et al(24)(25 ) noted that for hematite and magnetite oleic acid 

was a superior collector to other saturated fatty acids such as stearic, 

lauric and myristic. other workers( 15 ) showed that for calcite the 

collecting powers of the fatty acids increased with the length of the 

hydrocarbon chain. Oleic acid therefore with eighteen carbon atoms and 

one double bond, when considered from a viewpoint of availability, cost, 

degree of unsaturation and length of the hydrocarbon chain, became the 

preferred collector for fatty acid flotation operations. 

In 1953, Hukki and Vartianen (21 ) initiated investigation into 

the collecting properties of Finnish tall oil compon:ents. From studies 

of the collecting properties of palmitic, oleic, linoleic and linolenic 

acids on ilmenite, rutile, hematite and magnetite, they concluded that 

the collecting power of fatty acids increases with increasing unsaturation 

of the hydrocarbon chain. The actual results showed that linoleic acid 

was a superior collector to linolenic but in view of the low purity of the 

linolenic acid used (65%) the authors disregarded these results. 



Gaudin and Cole (l 4) carried out experiments to determine 

whether the superiority of these collectors was related to the oxidiza-

24. 

bility of the double bond. They concluded that oleic and linoleic acids 

under\<fent no appreciable oxidation of the double bond dur:ing fluorite 

flotation and that linolenic acid, on the other hand, with three double 

bonds was measurably altered by air during notation. From this, Gaud:in 

and Cole concluded that the extraordinary utility of the unsaturated 

acids is related to some property of the compounds other than the oxidiza

bility of their O:ouble bolids. 

Sun et al (39) investigated the collect:ing properties of stearic, 

oleic, linoleic and linolenic acids on a Florida leached zone phosphate ore. 

Their results may be summarized as follows: 

(1) The collecting power of these £atty acids on the phosphate ore was 

in the order: linoleic, oleic, linolenic and stearic. 

(2) The collecting power of these acids therefore increases with in-

creasing unsaturation of the hydrocarbon chain up to two double bonds but 

further unsaturation decreases the collecting power. 

Sun(38), in a more recent publication, has studied the collect

ing power of the C1S fatty acids stearic, oleic, linoleic and linolenic, 

on 37 minerals. The results of th~se experiments show that the collector 

action of the fatty acids tested generally increases in the order stearic, 

oleic, linoleic, linolenic. For zircon the order is reversed. The 

relative collecting powers of linoleic and linolenic are in many cases 

altered by the degree of cleaning carried out on the mineral prior to 

testing. Sun concludes that during the flotation operation, linolenic 

acid because of its ready oxidizability may become oxidized by atmospheric 

o.xygen and consequently become less effective as a collector than the less 

easily oxidized linoleic acid. 

The most complete investigation on the influence of unsatur

ation on the collecting powers of fatty acids is that of Kivalo and 

Lehmusvaara ( 26). These authors, using linolenic acid of a higher purity 

than Hukki and Vartia.nen (21 ), showed that this acid was a superior 

collector for magpetite than both oleic and linoleic acids. They also 



found that ricinoleic acid was superior to linoleic acid as a collector 

for this mineral, an observation particularly apparent at high collector 

concentrations. Seeking to explain the superiority of the unsaturated 

acids, these authors considered the effects of critical micelle concen

tration, surface activity, hydrolysis and cross sectional area of the 

hydrocarbon chain with regard to unsaturation. Using what according to 

the data of Cavier(J) are erroneous results for the surface tension of 

soap solutions of these acids, they conclude that the surface activity 

of these solutions decreases with increasing unsaturation and that the 

critical micelle concentration of these soap solutions increased with 

increasing unsaturation. In view of the data of Cavier, however, both 

of these deductions must be regarded as suspect. The hydrolysis of the 
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soap solutions was measured and it was found that the degree of hydrolysis 

decreased as the degree of unsaturation increased. If the ion adsorption 

theor.y of collector action is accepted then those soaps which hydrolise 

readily will be inferior as collectors to those which do not hydrolise so 

readily since hydrolysis will reduce the concentration of collector ions 

present in solution. 

In view of the superiority of these unsaturated fatty acids 

as collectors for many minerals, attention has been directed toward the 

utilization of fatty acid raw materials such as tall oils and linseed oils 

which contain appreciable quantities of unsaturated Ct8 acids. 

VI. EXPERIMENTS ON THE ACTION OF FATTY ACIDS AS 

COLLECTORS FCR CALCITE. 

1. Experimental procedure. 

(a) Materials: 

The pure fatty acids used were oleic, linoleic and linolenic. 

Of these, oleic was a B.D.H. product while the other two acids were produced 

by the Hor.mel Foundation. These acids were of the highest purity and 

every effort was taken to ensure that they underwent no structural or 

chemical changes prior to being used as collectors. The linoleic and 

linolenic acids were stored under nitrogen in a refrigerator to prevent 

oxidation of the double bonds. The ricinoleic acid used was obtained as 

a sodium salt from the Fisher Chemical Corporation; an analysis of this 

acid is given in Table 3. 



Tall 
Oil 

c8 (Caprylic) 0.38 

c 10 (Capric) 0.76 

c12 (Lauric) 

c14 (Myristic) 

8.42 

6.89 

isoc16 1.15 

c16 (Palmitic) 11.87 

c17 (Margaric) 1.15 

c18
2: (Linoleic) 6.51 
1-

c18- (Oleic) 34.45 

C18 (Stearic) 9.96 

Unknown (perha:ps 
c,g conjugated) 

c20 (Arachidic) 

Unknown 

9.50 

1.57 

6.32 

c22 (Behenic) 1.07 

Ricinoleic acid 

Linolenic 

100.00% 

Ricin
oleic 
acid 

2.08 

4.17 

11 • 11 

trace 

82.64 

Castor 
Oil 

2.63 

8.95 

9.48 

trace 

78.90 

100.00% 99.96% 

Linseed 
Oil 

trace 

4o43 

14.52 

15.72 

1 .21 

64.10 

99o98% 

Table 3: Gas Liguid Chromatographic Analyses of Oils. 
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High acid 
Linseed Re
covery Oil 

trace 

4.84 

18.55 

13.30 

1 .21 

trace 

6.45 

55.65 

100.00% 

The author is indebted to Dr. F.B. Shorland of the Fats Research 
Laboratory, D.S.I.R., Wellington, for these analyses. 

Various locally occurring fatty acid products with a high C18 

fatty acid content were also used as collectors. The analyses of these 

acids are also given in Table 3. The stearic acid was an Armour and Com

pany product (Neo-Fat 1-65) containing 90% stearic acid, 6.0% palmitic acid 

and 4.0% oleic acid. 
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Sodium salts of these fatty acids were prepared by neutralization with 

aqueous sodium hydroxide in the case of the pure fatty acids and saponi

fication with etheylinic sodium hydroxide in the case of the crude products. 

The calcite used was selected from the quarry of Lime and 

Marble Ltd., Takaka Hill, Nelson. The marble was reduced to -10 mesh in 

a jaw crusher and rolls and then ground in a pebble mill using marble lumps 

as a grindmg medium. 

(b) Hallimond tube tests: 

A Hallimond tube, the design of Which is shown in Fig. 5, was 

used to investigate the collecting properties of the fatty acids mentioned 

above. Two and a half grams of 35/65 mesh calcite was placed in a 

stoppered 100 c.c. measuring cylinder and reagents and distilled water 

added to make up a total volume of 70 c.c.. The pulp was conditioned 

for 40 minutes and then transferred to the Hallimond tube. In order to 

obtain similar aeration for each test the constant pressure air supply 

designed for the continuous flotation tests, Fig. 19, was used. The 

manometer reading during ilotat.ion was maintained at 9 em. of mercur.y-. 

Flotation time was 1.5 minutes, after which the concentrate was recovered, 

filtered, dried and weighed. Throughout the series of experiments great 

care was taken to ensure that all the glassware used was clean, the stopp

ered cylinders and the Hallimond tube being washed with hot water then 

rinsed with chromic acid followed by several rinsings with distilled water. 

Results of the Hallimond tube tests are shown in Figs. 6 and 7. 

Experiments were carried out at a constant room temperature of 

67°F and at natural pH. Natural pH was used in order that the effect of 
+ 

hydrolysis or micelle formation mignt not be influenced by excess H or 

OH- ions. 

(c) Measurement of the critical micelle concentration of fatty acid 

soap solutions: 
Standard methods for the determination of critical micelle 

concentrations of soap solutions are both numerous and varied. The methods 

all depend on some property of micellar solutions which varies from the 

properties of non-micellar solutions. Methods involving conductivity 
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studies, osmotic coefficients, surface tension effects, changes in 

partial molar volume, changes in refractive index, solubilization effects, 

and colour changes of dyes in colloidal electrolytes have all been used. 

As may be expected the various methods do not yield the same value for 

the c.m.c. or a precise and sharply defined concentration but rather a 

range of concentration as defined by the mass law. This may be clearly 

understood if the reasoning of Alexander and Johnson is followed(la). 

In order to obtain the critical micelle concentrations for 

the various soap solutions investigated the method of dye solubilization 

was used. The dye used was a B.D.H. adsorption indicator di-iodo (r) 

dimethyl (r) fluorescein. The experimental procedure was as follows: 

25 c. c. soap solutions of varying concentrations were made up and to each 

was added a few grains of the dye. Just sufficient dye was added to 

obtain an excess on the bottom of the container. The solutions were 

then shaken, conditioned for 40 minutes, centrifuged to remove suspended 

dye particles, and the resulting coloured solutions tested for optical 

density using a Spekker photometer with green filters. The photometer 

drum reading was set to zero for the deepest coloured solution. Results 

are show.n in Fig. B. 

(d) Measurement of the hydrolysis of soap solutions: 

A series of soap solutions were made up in 50 ml. flasks and 

the pH of each sample was measured using a Cambridge pH meter. The 

results are shown in Fig. 9. 

2. Results. 

(a) Hallimond tube tests using stearic, oleic, linoleic, linolenic and 

ricinoleic acids: 

The results of these experiments, Fig. 6, show the variation 

in recovery of calcite with the concentration of collector expressed in 

gms/li tre. \'ii th the exception or stearic acid the curves all follow 

a general pattern. Initially at low collector concentrations the recov

ery increases linearly with respect to the logarithm of the collector 

concentration. This section corresponds to a zone in which the collector 
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concentration is insufficient to render all the calcite particles flotable. 

The second section of the graph takes the for.m of a plateau region, the 

extent of which is partly determined by the cell design and the time of 

flotation. Had the flotation time been reduced then this plateau region 

would have reduced accordingly. However, the fact that the plateau 

region occurs at differing values of recovery for different reagents in

dicates that the maximum recovery obtained during tests at optimum reagent 

additions is not entirely dependent on cell design and flotation time and 

that such factors as contact angle or relative flotability will also 

influence the nature of this plat~au region. Initially it was intended 

to measure cumulative recovery w.i. th tjme during Hallimond tube experiments 

but the heavy froth which accumulated at the tube mouth during some of the 

tests did not immediately release its mineral load and this technique had 

to be abandoned. Following the plateau region there is a sharp change 

in the curve after which recovery decreases rapidly with increasing collec-

tor concentration. Shaking of the conditioning cylinders prior to 

flotation in the Hallimond tube showed that the point at which t~is sudden 

change occurs corresponds to the point at which flotation ceases using 

a cylinder test. 

(b) Hallimond tube tests using crude fatty acids: 

The curves in Fig. 7 in general follow the pattern of the fatty 

acid constituents from which the crude acids are made up. An exception 

is castor oil which although containing 78.9% ricinoleic acid ceases to 

follow the ricinoleic acid curve at collector concentrations above 0.4 gms/ 
litre. This behaviour may be due to the presence of other constituents 

in the castor oil soap. The curves for the linseed oils show high recov-

eries at low collector concentrations which is in accordance with their 

high linoleic and linolenic acid contents. The curve of the high acid 

recovery oil shows that it is a superior collector at low concentrations 

to the raw linseed oil and that depression due to excess collector occurs 

at lower values than for the raw oil. This difference between the 

collecting properties of the two oils may be due to their difference in 

linoleic acid content. The high acid recovery oil with a linoleic acid 

content of 18.55% as against 14o52% for the linseed oil follows the linoleic 



acid curve more closely than does the linseed oil and is superior as a 

collector at low concentrations which is in accordance with the linoleic 

acid content of these oils. The curves for the linseed oils and the 

tall oil show a definite bump about halfway along the plateau region and 

there is a suggestion of this bump in the castor oil curve. The reason 

for this is not understood; but it may be due to the fact that as these 

collectors contain mixtures of different fatty acids, ions of different 

types will be adsorbed at the calcite solution interface and hence the 

curves represent the cumulative affect of adsorption of differing ions 

modified by the presence of impurities and other ions such as OH-. The 
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graphs show that the optimum concentration is more critical for impure re

agents than for the pure reagents which have a broad range over which 

optimum results may be obtained. 

It is apparent from Fig. 6 that the collecting properties of 

the fatty acids investigated increase with degree of unsaturation, an 

effect particularly noticeable at the lower collector concentrations. At 

a concentration of 0.04 gms/litre the recoveries are as follows: 

linoleate 84% stearate O% 

linolenate 88% oleate 59% 
ricinoleate 32% 

Itshould, however, be noted that the order of superiority of the various 

collectors for calcite does to some extent depend on the collector concen-

tration and pH at which the comparison is made. For example, at a 

collector concentration of 0.02 gms/litre linoleic acid is a superior 

collector to linolenic acid while at a concentration of 1.0 gms/litre the 

order is reversed. This may explain some of the anomalies in the paper 
of Sun(3B) who compared the various C18 fatty acids at only one collector 

concentration. Thus, when considering the collecting properties of these 

fatty acids, it is important to consider these collecting properties over 

a range of concentration and pH. 

(c) Measurenent of the critical micelle concentration of soap solutions: 

The results in Fig. 8 show that the approximate concentrations 

at which micelles begin to form in appreciable quantities are as follows: 
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Linoleate 

Linolenate 

Oleate 

Ricinoleate 

Tall oil soap 

o. 15 gms/litre 

0.20 gms/litre 

0.30 gms/litre 

0.45 gms/litre 

0.50 gms/litre 

The results for the linolenate and linoleate are somewhat obscured by 
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turbidity caused by hydrolysis. The addition of excess sodium hydroxide 

solution to control this hydrolysis was not carried out for the following 

reasons: 

( 1) The dye was soluble in sodium hydroxide solution. 

(2) The conditions would not be equivalent to those encountered in 

the Hallimond tube tests which were carried out a.t natural pH. 

The results obtained indicate that the critical micelle concentration de

creases with increasing unsaturation of the hydrocarbon chain until the 

hydrocarbon chain is doubly unsaturated and that further unsaturation will 

cause the critical micelle concentration to increase. The result for 

the oleate of Oo001 moles/litre compares reasonably well with the results 

of Flockhart and Graham( 12) of 0.0015 moles/litre. A search af the 

literature did not reveal any published values of the critical micelle 

concentrations of the other soaps. From the osmotic coefficient data 
of McBain(29b), however, it is possible to predict qualitatively the 

micelle concentrations for the sodium salts of oleic, linoleic, linolenic 

and ricinoleic acids. The data given by McBain are incomplete and do not 

permit estimation of the actual values of the micelle concentrations of 

these acids. They indicate, however, that the critical micelle concen-

trations will decrease in the following order: oleate, ricinoleate, 

linoleate and linolenate. These results, similar, wi. th the exception of 

the linolenate, to those obtained by dye solubilization techniques do not 

agree with the inferred trend of Kivalo and Lehmusvaara (26 ) who suggest 

that the critical micelle concentration of these soaps will increase with 

increasing unsaturation. The results obtained by these authors, however, 

are derived from surface tension measurements which are in disagreement 

with the results of Cavier(3) and as a result may be incorrect. 
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(d) Measurement of the hydrolysis of soap solutions: 

The pH values shown in Fig. 9 agree, with the exception of the 

stearate and ricinoleate, with the values reported by Kivalo and Lehmus-

vaara(26). The actual pH values are greater than those reported by 

these authors but the order in which the degree of hydrolysis decreases 

for oleate, linoleate and linolenate is the same. 

3. Discussion of results. 

32. 

The results shown in Figs. 6 and 7 in general illustrate the 

original law of Hukki and Vartianen( 2l) who, as a result of vacuum flotation 

tests on oxide minerals, postulated that the collecting powers of the fatty 

acids increase with the degree of unsaturation of the hydrocarbon chain. 

It is noticeable that at some concentrations linolenic acid 

is inferior as a collector for calcite to linoleic acid. The deviations 

of these two acids from the postulate of Hukki and Vartianen has been noted 
by Sun(3S)(39) and by Hukki and Vartianen( 21 ). 

The observed increase in collecting powers of the C18 fatty 

acids with increasing unsaturation may be due to: 

(1) Oxidizability of the double bond. 

(2) Hydrolysis of fatty acid soap solutions. 

(3) Orientation and cross sectional area of the hydrocarbon chains. 

(4) Critical micelle concentrations of fatty acid soap solutions. 

Oxidizability of the double bond. Gaudin and Cole ( 14) concluded that 

this ordered increase was not due to the oxidizability of the double bonds 

in these acids although the double bonds of linolenic acid may undergo 

oxidation due to the flotation cell aeration. This ready oxidizability 

of linolenic acid, a property used extensively in the drying oil industry, 

may however explain some of the anomalous behaviours of this acid as a 

flotation cellector. 

Hydrolysis of fatty acid soap solutions. Hydrolysis of soap solutions 

whether to form acid soaps or the free acid causes removal of collector 

ions from solution and so decreases the efficiency of the soap as a 

collector. The results shown in Fig. 9 agree with those of other workers 
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and show that the hydrolysis of soap solutions is controlled by the degree 

of unsaturation of the hydrocarbon chain. Thus soaps such as sodium 

linoleate and sodium linolenate Which hydrolize to a lesser degree than 

the oleate may be expected to be superior collectors. However, the 

collecting properties are not altogether in agreement with the hydrolysis 

results and it is concluded that the effect of hydrolysis is relatively 

unimportant in deter.mining the superiority of the unsaturated acids as 

collectors for calcite. The collector concentration pH curves show 

that the pH varied considerably during Hallimond tube tests. Addition 

of acid or alkali to the solution in order to maintain a constant pH would 

have hidden the hydrolysis effects and altered the physico-chemical con

ditions existing in the soap solution, in particular the critical micelle 

concentrations. The experiments were carried out between pH values of. 7 

and 11.5 and so did not enter the range where OH- ions could cause marked 

depression. However, the low pH values encountered at collector concen-

trations below 0.1 gms/litre may have depressed calcite flotation due to 

reduction of the collector ion concentration in accordance with the Henderson 
equation, Rogers(33). 

Orientation and cross sectional area of the hydrocarbon chains. Studies 

of monomolecular films of fatty acids on water with )articular reference 

to force area curves by Schneider, Holman and Burr(35 have yielded infor

mation regarding the apparent cross sectional area of the fatty acid 

molecules. From these experiments the increase in limiting area with un-

saturation which has been known for some time was confirmed. 

of Schnieder, Holman and Burr are 

Acid 

stearic 
oleic 
elaidic 
linoleic 
linoelaidic 
linolenic 
elaidolinolenic 
ricinoleic 
ricinelaidic 

summarized below: 

Apparent cross-sect~onal 
limiting area. A0 

24.4 
56.6 
48.5 
59.9 
53.3 
68.2 
60.0 

109.4 
29.7 

The results 
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According to Langmuir's original postulate, the double bonds in the fatty 

acids have an affinity for water and the molecules are oriented in a more 

or less reclining position. This is in agreement with the results above 

and with the surface activity data of Cavier(J). However, mere solution 

tendencies of unsaturated centres of the hydrocarbon chain cannot alone be 

responsible for this increase in the apparent molecular cross sectional 

area as some unsaturated fatty acids such as ricinelaidic form condensed 

monolayers. 

Possible adsorption attitudes for the fatty acids are shown in 
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Figs. 10 and 11. It is suggested that at low collector concentrations the 

carboxylate ions of linoleic and linolenic acids are almost parallel to 

the mineral solution interface, Fig. 10(a) and (b). At higher collector 

concentrations the orientation of the ions could change and become one of 

almost perpendicularity to the mineral surface, Fig. 10(c) and (d). Under 

these conditions the hydrocarbon chains would occupy an area determined by 

the space requirements of the chain rather than the cha:in orientation. 

The tendency of the hydrocarbon chains to orient themselves more or less 

parallel to the mineral surface would increase with increasing unsaturation. 

This effect is not noted with stearic acid which forms a compact monolayer, 

the limiting cross sectional area being 24.4 A
02

• While this effect 

helps to explain the marked superiority of the doubly and triply unsatur

ated acids at low collector concentrations the behaviour of ricinoleic acid 

is anomalous. The hydroxyl group is water avid as lis suggested by the 

high apparent cross sectional area, of 109.4 A02
• However, the flotation 

results do not suggest that ricinoleic acid is adsorbed parallel to the 

calcite surface as in Fig. 11(a) but instead they suggest that ricinoleic 

acid is adsorbed in much the same manner as oleic whose structure it 

closely resembles, Fig. 11(b) and (c). Orientation of the hydrocarbon 

chain at the water mineral interface is however not the only factor deter

mining the surface coverage of the mineral by collector ions. 

The unsaturated fatty acid cis isomers will, by their verj

structure, have increasing cross sectional area with increasing unsaturation. 

This increase in space requirement as well as the increase in thermal 

agitation of fatty acid molecules with an increase in unsaturation explains 
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the expanded type of monolayers formed at the mineral solution interface 

by the cis isomers of the unsaturated fatty acids. As the collector con-
centration increases so the percentage monolayer present at the mineral 

solution interface increases. Closer packing of the hydrocarbon chains 

occurs and the collector ions become oriented almost perpendicular to the 

calcite surface. 

A factor which determines the type of monolayer formed at 

the interface is the stereo isomerism of the hydrocarbon chains. The 

trans isomers, because of their greater regularity of structure, will pack 

closer than the cis acids and so tend to fom condensed monolayers. This 

is illustrated by the wide difference in apparent cross sectional areas 

between the cis and trans isomers of ricinoleic acid(35). A sim:i.lar 

effect is noted for the isomers of oleic, linoleic and linolenic acids. 

The effect of lateral bonding between the hydrocarbon chains 

of the hydrogen bond and Van der Waals' types will tend to pack the ions 

together in such a way as to form compact monolayers. It is possible 

that in the case of ricinoleic acid hydrogen bonding between the OH groups 

will cause the hydrocarbon chains to orient themselves in a manner sim:i.lar 

to that of oleic acid and in a more compact form than the more unsaturated 

acids. 

Critical micelle concentration of fatty acid soap solutions. Depression 

collector concentrations may be due to two factors: 

Bubble ar.mouring. 

due to high 
( 1) 

(2) Adsorption of a double layer of collector ions onto the 

mineral surface. 

Collector ions when adsorbed to a mineral surface have their 

hydrocarbon. chains oriented towards the solution. When these ions reach 

a certain concentration corresponding to the critical micelle concentration 

of the bulk solution they fonn what may be tanned hemi-micelles. These 

may be considered as being half a ~IcBain lamellar micelle with the mineral 

surface taking the part of the water phase. Fig. 12. The formation of 

complete micelles is characterized by the collection of the hydrocarbon 

chains to form what is virtually a hydrocarbon phase. If the lamellar 



0 1 
(0 I 

~ ; 
(i) l 

CALCITE SOLUTION 

FIG.I2. HEMI MICELLE AT CALCITE 

INTEF\FACE. 

L (t) C I~ SOAP ION 

CALCITE SOLUTION 

FIG. 13. COMPLETE MICELLE AT CALCITE 

INTERFACE. 

IN PART AFTER GAUDIN AND FUERSTENAU T~ANS. A.I.M.E. P. 958 1955. 



36. 

micelle of Jl.fcBain is accepted, and there is evidence that such a micelle 

does exist, then at collector concentrations corresponding to the critical 

concentration of the bulk s0lution the hemi-micelle should become a 

lamellar micelle and so present a hydrophylic surface. Fig. 13. From 

the cur:Ves in Figs. 6 and 7 it is suggested that hemi-micelle fonnatiom 

at the mineral surface becomes a.Jlnost complete during the plateau region 

and that the abrupt decrease in recovery with increasing collector concen

tration is due to formation of complete micelles at the interface. If 

the above hypothesis is correct then there should be correlation between 

the critical micelle concentration of the bulk solutiion and the concentrat-

ion at which depression commences. 

concentrations are as follows: 

Critical micelle 
concentration 

L~nsLlitrel 

Linoleate 0.15 

Linolenate 0.20 

Oleate o.;D 
Ricinoleate 0.45 

Tall oil soap 0.50 

These values and critical micelle 

Concentration at which 
depression commences 

(wsLlitre) 

0.6 
1.0 

1.25 

2 .. 2 

2.5 

Considering the approximations made in deriving thflse results from Figs. 6, 
7 and 8 and the broad zone over which micelle formation occurs, a close 

correlation between the critical micelle concentration of the solutions 

and the concentration at which depression commences is indicated. The 

exact reason for the concentration at which flotation ceases being approx

imately four times the critical micelle concentration is not understood. 

It is considered possible that the micelles which form initially, although 

capable of adsorbing a dye, are not sufficiently dominant to prevent 

collection of the calcite. 

VII. SOAP FLOTATION "OF 'CAVERSHAM SANDSTONE. 

1. Experimental procedure. 

(a) Materials: 

The fatty acid soaps used were sodium salts of oleic, linoleic, 
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linoleriieacids and the saponified products derived from high acid 

recovery oil and tall oil. These reagents have already been described. 

The sandstone was a sample taken from the Blackhead region and contained 

53.4% carbonate. The sandstone was reduced to -~ inch in rolls and 

then ground :in a rod mill under the following conditions: 

Weight of sandstone 2000 gms. 

Volume of water (tap) 2000 c.c. 

Time. of grind 30 mins. 

The sandstone was then filtered, dried and stored. 

The size distribution of the product was as follows: 

Screen size (microns) 

208/147 

147/104 

104/74 

74/53 

minus 53 

(b} Flotation cell. tests: 

Wt. (%) 

9.98 
30.75 

7.17 

4.97 

47.13 

100.00 

The flotation cell used was a small perspex cell equipped 

with a mechanical scraper. Fig. 14. Two hundred grams:of the dried 

sandstone were added to the cell which had a volume of 1.4 litres. The 

initial pulp density was therefore 13% solids by weight. Reagents were 

added in dilute solution, and adjustment of pH was obtained by adding 
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dilute (0.01 N) hydrochloric acid or sodium hydroxide. M.I.B.C. frother 

(0.04 lb/ton) was added in each test. Conditioning was carried out for 

1 0 minutes during which time the pH was measured using a Cambridge pH 

meter and adjusted if necessary. Ma~e up water of a pH corresponding 

to that of the pulp was added during the test. Flotation time was 10 

minutes during which time aeration was controlled using an open tube 

manometer. Cell products were collected, filtered, dried, weighed, 

ground in a pestle and mortar, sampled, and assayed for carbonate content. 

Flotation was carried out in a thermostatically controlled room. 
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2. Results. 

Detailed results are given in the Appendix and are summarized 

in Figs. 15, 16 and 17. The results shown indicate, as may be expected 

from the Hailimond tube tests, that the recovery obtained using a given 

·collector concentration increases in general wl th the degree of unsaturat-

ion of the hydrocarbon chain. The pure soaps produced, in most cases, 

higher grade products than the commercial soaps which contained impurities 

capable of producing a more persistent froth which mechanically entrapped 

small quartz particles in the concentrate. The grade of the concentrates 

produced varied between 76 and 90% carbonate depending on the collector 

concentration and the collector used. In view of this variation, and 

the variation of the cal.culated feed to individual tests, Gaudin 1 s Select

·ivity Index< 13b) was calculated for each test. These results which are 

shown in Fig. 16 do not differ significantly in order from the values of 

recover,y shown in Fig. 15. 

Fig. 17 shows the effect of pH on flotation of the sandstone 

using oleate and high acid recovery oil soaps as collectors. These 

curves are in agreemEnt with the contact angle curves of Rogers, Fig. 3, 
and show that depression of calcite at pH values above 11 is appreciable 

and that it is accompanied by quartz flotation. 

3. Discussion. 

Although the results on the sandstone show the superiority of 

the doubly and triply unsaturated fatty acids as collectors for calcite, 

the order of this superiority is not quite that which might be expected 

from the Hallimond tube tests. The conditions existing during the 

tests are quite different and consequently some differences between the 

results can be expected. A collector concentration of 0.1 gms/litre in 

the Hallimond tube corresponds to a concentration of 5.6 lbs/ton. This 

high collector concentration in terms of lb/ton becomes all the more 

significant when it is remembered that due to the coarse nature of the 

Hallimond tube feed the surface area/ f!}Il of the calcite is lower than for 

the batch cell feed. As a result of t~e much larger calcite surface 

area per gram of collector which is present in the batch tests, the 

differences in collecting properties which are associated with differences 

in apparent cross-sectional area of the collector ion become more apparent • 

The superiority of the linoleic acids both pure and as 
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commercial products over oleic acid is ra~her more evident in the sandstone 

tests than in the Hallimond tube tests. The order of superiority at 

low collector concentration determined from Fig. 15 is linoleate, high 

acid recovery oil soap, tall oil soap, linol~~te and oleate. This oom-

parison is made at 1.5 lbs/ton which corresponds to 0.0268 gms/litre in 

the Hallimond tube. The order of superiority at low collector concen

trations for the Hallimond tube tests (0.0268 gms/litre) may be taken as 

linoleate, linolenate, high acid recovery oil, oleate, and tall oil soap. 

The high recoveries obtained with tall oil soap which, in comparison with 

those obtained in the Hallimond tube, are anomalous may be due to: 

( 1) The hieY:l linoleic acid content of this oil as compared to 

pure oleic ac:id. 

(2) The presence of other h~rocarbons 'Which may act as smear:ing 

oils and produce a more strongly hydrophobic surface. 

The marked superiority of the linoleate as a collector for the 

sandstone over the linolenate does not agree with the results obtained 

using these two collectors on pure calcite. The difference may be due 

to the intense aeration in the batch cell as compared with that in the 

Hallimond tube. Aeration may cause considerable oxidation of the lino-

lenic acid and so ren:ier it inferior as a collector to the less easily 

oxidized linoleic acid. Batch tests and Hallimond tube tests show that 

linoleic acid is the most powerful of the fatty ac:id collectors tested on 

calcite and that those commercial fatty acid products Which contain 

appreciable quantities of linoleic ac:id, usually in conjunction with oleic 

and linolenic acids may be expected to be equally good and in many cases 

superior to oleic acid as a collector for calcite. . The addition of 

make up water during batch testing would mean that the collector concen

tration in gms/litre was continually decreasing. This effect would be 

all the more significant for those oollectors which produce wet and 

voluminous froths and so necessitate the addition of larger quantities 

of make up water. As a result complete micelles which had formed at 

the mineral surface during conditioning may, if sufficient mineral floats 

to necessitate the addition of make up water, dissociated as the collector 

concentration was redreed in accordance with the equation: 
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+ pNa + mA- ¢ M(m-p)- where A = amphipathic soap ion 

M = micelle. 

Thus the abrupt depression due to excess collector which is a feature 
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of the Hallimond tube test results is modified due to progressive dilution 

of the pulp during batch testing to produce a more gradual drop off in 

recovery at high collector concentrations. 

During soap flotation tests on the Caversham sandstone, a 

considerable quantity of gangue minerals (mostly quartz) were found 

reporting in the carbonate concentrates. While much of this gangue 

consisted of very fine quartz particles of less than 10 microns in dia

meter, which were mechanically carried over in the froth under certain 

conditions, particles of up to 200 microns in diameter were observed. 

In tests where the pH was varied the percentage of quartz reporting in 
' 

the carbonate concentrate increased rapidly with increasing pH over the 

range 10 to 12. This is shown in Fig. 17. From these observations 

it may be concluded that the fatty acid soaps may become collectors for 

quartz at high pH values. 

The flotation of quartz due to calcium ion activation has 

been studied using bubble pick up techniques by Cook_and Di.ngre(5) whose 
~--· ... ~-.... ~···" 

results are summarized in Fig. 1B. The solubility of calcite in water 

at 25°C is 0.014 gms/litre therefore calcium carbonate in ~elution will 

produce approximately 0.0056 gms/litre of calcium ions. The horizontal 

line dra'Wtl on Fig .. 1 B at this value shows the zone in \'rhich calcium ion 

activation of the quartz using sodium oleate as a collector is likely to 
occur. Fig. 17 shows how soap flotation of the quartz and silicate 

gangue minerals from the sandstone is governed by pH. These curves do 

not follow exactly those of Cook and Dingre but as the concentration of 
'";'"~ ~:.::::>''"_.~-· 

sodium ions affects the calcium ion activation of quartz, the presence 

of sodium ions present due to the dissociation of the collector soap may 

cause deviations from the predicted behaviour. Fig., 17 shows that at 

pH values of 11 and above calcium ion activation of the quartz in the 

sandstone becomes appreciable and is accompanied at the same time by OR

ion depression of the calcite. _ 
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VIII. CONTDJlJOUS FLOTATION OF THE CAVERSHAM SANDSTONE. 

1. Introduction. 

Batch flotation tests on the sandstone over a range of pH 

and collector concentration did not produce concentrates containing more 

than 92% carbona:t:e. Visual examination of the concentrates after the 

carbonates had been dissolved in acid showed that for concentrates obtained 

at optimum pH the major impurity was -30 micron quartz particles while at 

pH values of 12 and above where quartz activation was most noticeable the 

acid insoluble fraction of concentrates contained appreciable quantities 

of larger quartz and silicate minerals. Examination of the results of 

batch tests using stage additions of sodium oleate at a pH of 8.2 where 

calcium ion activation of the quartz is not appreciable showed that the 

initial concentrates had a higher quartz content than the scavenging con-

centrates. This is contrary to mat would be normally expected and 

suggests that q1artz particles of less than 30 microns are floated under 

conditions of pH and collector concentration which do not permit flotation 

of larger particles. 

In order to determine the relationship between particle size 

and floatability for quartz and silicate minerals under specified conditions 

of pH and collector addition, continuous flotation tests were carried out 

using the continuous flotation cell described by Schulmann( 36). Flotation 

in batch cells, because pulp density, collector concentration, concentrate 

and tailings grade, and size distribution of particles in the pulp a.fe 

continually changing with time, does not allow the effect of a single 

variable such as pH to be studied over a period of tima. Size analysis 

of the quartz particles in a carbonate concentrate produced by batch tests 

would not yield a true iniication of the relative flotability of these 

particles since after a short initial period the size distribution of 

flotable quartz particles in the pulp would have changed and consequently 

the number of these particles appear:ing in the froth per unit time would 

also change. 

Qontinuous operation of a :flotation cell in the steady state 
has been used by Gaudin et al( 16 ) and de Bruyn and Modi(S) to study the 
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relation between the size of a particle and its flotation behaviour. 

2. Experimental procedure. 

(a) Description of the continuous flotation cell: 

The continuous flotation cell and its operation have been 

fully described by Schulmann. The cell constructed for the sandstone 

investigations followed Schulmann's original design and is shown with 

modifications in Figs. 14 and 19. In operation, conditioned pulp is 

continuously metered from the conditioning tank to the flotation cell 

by the constant head siphon which ensures a constant feed rate. The 
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froth product is continuously removed by a motor driven scraper (50 r.p.m.) 

while the tailing discharges through an adjustable weir. Comparison of 

samples taken from the tailings and the cell contents verified Schulmann's 

assumption that the tailings product of the continuously operating cell 

is equivalent to a continuously taken sample of the pulp body. Due to 

the design of the cell, tests must be carried out at relatively low pulp 

densities, preferably less than 10% solids by weight. 

(b) Continuous flotation cell tests: 

The conditioning tank was filled with 1 500 gms of rod milled 

sandstone and 16 litres of distilled water. High acid recovery oil 

soap (3.0 lb/ton) and 0.04 lb/ton of M.I.B.C. frother was added to the 

tank and the pH was adjusted using sodium hydroxide and hydrochloric acid. 

Tests were carried out at pH 10.3 and 12.3. The pulp was conditioned 

for 40 minutes and then the siphon, impeller, and mechanical scraper were 

started. The aeration was maintained constant by using a mercury 

manometer. After a sufficient time had elapsed for the steady state to 
be achieved, timed samples of the concentrate and tailing were taken. 

These samples were weighed wet, dried, weighed again, assayed and the 

acid insoluble material was sized using a Cooke elutriator(4). 
The samples fo r sizing were taken for a much longer period 

(7 mins.) than those taken for assay (1 min.). Assays of these two 

samples, however, would be the same as under steady state conditions, only 

the total recovery varies with time. The results of these experiments 

are shown below. The two coefficients irtroduced by ~chulmann, Q, the 

specific flotation rate and M, the coefficient of mineralization, are 



plotted as a function of particle size and pH in Fig. 20. 

3. Results. 

Test 1. 
pH 10.3. 

Product wt. 

Cone. 15.2 gms. 

Tailing 33.4 grns. 

Calc. feed 48.6 gms. 

Wt.% 

31.28 
68.72 

100.00 

% Carbonate 

70.25 
45.80 

53.45 

% Distribution 

41.11 
58.89 

100 .. 00 

The volume of water in the concentrate and tailings was 188 cc and 360 cc 

respectively. 

Size analysis of acid insolubles. 

Fraction size in microns 
(nominal quartz diameter) 

Plus 50 
50/30 
30/15 
15/5 
Minus 5 

Cone. 

8.5 
25.7 
15.8 
25.2 
24.8 

100.00 

wt. % 
Tailing 

47.4 
2.4 

13.4 
12.2 

24o6 
100.0 

Calculation of specific flotation rate and coefficient of mineralization. 

Rm Rm.: grns/litre in concentrate 
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Specific flotation rate, Q = Ct ·v 
• Ct.: Tailing concentration in gms/litre 

Coefficient of Cf 
mineralization, M = ct: 

Cf.: Froth concentration in gms/litre 

V : Cell wlume ( 1.4 litres) 

In the Table below, these coefficients are calculated for the acid insol-

ubles of each size fraction. The weight of acid insoluble material in 

each size fraction is calculated from the size analysis of the concentrate 

and tailing and the weight in grns/min. of acid insoluble material in 

these products. 
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Wt. in cone. = 15.2 x1 ~:66 = 4.52.wt.in tailing = 33.4 x.~~·~ = 18.10. 

Fraction size Rm Cf Wt/min. in tailing Ct. Q x 1.4 M 

Plus 50 microns 0.38 2.04 
50/SO It 1.16 6.17 
30/15 u 0.72 3.83 
15/5 " 1.14 6.06 

Minus 5 II 1 .12 5.95 

4.52 

Test 2. 
pH 12.3. 

Product Wt. Wt.% 

Cone. . 22.0 ~s. 45.27 
Tailing 26.6 gms. 54.73 

Calc • .feed 48.6 ~s. 100.00 

8.58 

0.43 
2.43 
2.21 

4.45 

18.10 

% Carbonate 

47.80 

57.40 

53.05 

23.9 0.04 0.9 
1.2 0.97 5.14 
6.7 0.11 0.57 
6.1 0.19 0.99 

12.4 0.09 Oo48 

% Distribution 

40.79 
59.21 

100.0 

The volume of water m the concentrate and tailings was 159 ce and 202 cc 
respe cti vely. 

Size analysis of acid insolubles. 

Eraction size in microns 
(nominal quartz diameter) 

Plus 50 

50/30 
30/15 

15/5 
Minus 5 

Cone. 

63.6 
6.9 

7.6 

8.7 
13.2 

100.0 

~ru-t. % 
Tailings 

1.6 

7.3 
23.8 

24.6 
42.7 

100.0 

Calculation of specific flotation rate and coefficient of mineralization. 

wt. acid insoluble in cone. = 

wt. acid insoluble in tailing = 

22.0 X 52.2 
100 = 

26.6 X 42.6 
100 = 

11 o50 gm. 

11 .3Q gen. 
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Fraction Rm. Cf. Wt/min. in Ct. Q X 1.4 M 
size ·tailing 

Plus 50 microns 7.32 46.0 Oo 18 0.45 16.50 103.50 

50/?JJ tl 0.79 5.0 0.83 2.06 0.38 2.43 

30/15 II 0.87 5.3 2.69 6.65 0.13 0.80 

15/5 II 1.00 6.3 2.78 6.88 0.15 0.92 

Minus 5 It 1.52 9.6 4.82 11.80 0.13 0.82 

11.50 11.30 

4. Discussion of results. 

The results shown in Fig. 20 are very similar in form to those 

of Gaudin et al(t6) who investigated the relationship between flotation 

rate and particle size at varying collector concentrations for a galena

xanthate system. In the experiments reported above a similar investi

gation was carried out but instead of the collector concentration being 

varied, the activator concentration, i.e. pH, was varied. 

The curves in Fig. 20 show clearly that flotation of quartz and 

silicate particles of nominal diameter greater than 30 microns proceeds 

differently from flotation of particles of these minerals below this size. 

They also show that under conditions of activation, large quantities of 

these mineral particles of diameter greater than 40 microns will report 

in the concentrate and that under conditions where quartz activation is 

reduced, i.e. at low pH values, there are few silicate particles with 

diameters greater than 40 microns in the frotj:r product. These curves 

provide conclusive evidence that the increase in the silicate content of 

concentrates at high pH values is due not only to depression of the carbon

ate but also to activation of the quartz and silicate minerals. 

The similarity in form of the curves for particles of diameter 

less than 30 microns indicates that in this size range flotation of the 

silicate minerals is virtually independent of pH. A mineral floated by 

selective attachment to air bubbles will be recovered in the frot~ product 

more readily than wa~er and so yield a coefficient of mineralization greater 

than unity. As the coefficient of mineralization for these q)lartz and 
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silicate particles is less than unity their presence in the froth product 

is the result of mechanical inclusion in the interbubble liquid rather 

than attachment to air bubbles. Increased pH greatly increases the 

flotation of larger silicate mineral particles but has little effect on 

the -30 micron silicate particles. This may be because these small 

particles are not readily activated or due to their size they do not 

readily become attached to air bubbles. 
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Microsc9pe examination showed that the quartz and silicate 

minerals were evenly distributed throughout the various size fractions so 

the flotation behaviour of a particular size group cannot be attributed to 
any particular mineral assemblage. Flotation of silicate particles 

greater than 30 microns in diameter increases for particles up to 40 microns 

in diameter at both pH 10.3 and 12.3. At a pH of 10.3, the coefficient 

of mineralization and the flotation rate for particles of over 40 microns 

in diameter decrease rapidly with an increase in particle diameter. At 

a pH of 12.3, however, the flotation rate and coefficient of mineralization 

increase with particle size for particles greater than 30 microns in 

diameter and up to 150 microns in diameter. This is the type of bEhaviour 

to be expected for particles which ~re hydrophobic and has been reported 

by Gaudin et al( 16 ) for galena, while Sutherland bas praiuced theoretical 

equations which predict this type of behaviour(40). The sudden i.rcrease 

in the flotation rate of particles above 30 microns in diameter but below 

40 microns in diameter at a pH of 10.3 is difficult to explain. Particles 

above 40 microns in diameter may, because of their greater weight, require 

more activation than do the smaller particles. Another possible explan

ation is that this increase is due to effects of incomplete liberation, 

effects which have not been considered in the calculations. 

IX. CONCLUSIONS. 

1. The usefulness of fatty acids as flotation collectors is de-

pendent on physical ar:rl chemical properties of the fatty acids combined 'With 

thai r economic suitability. 



2. Aqueous solutions of the alkali metal soaps of the fatty 

acids constitute complex physico-chemical ~stems, the properties of 

which are difficult to investigate but may have a marked effect on the 

flotation properties of the fatty acids. These solutions are partic-

ularly complex in the case of solutions of the saponified products of 

crude fatty acids. 

3. Some of these properties such as sur face activity, critical 

micelle concentration, and degree of hydrolysis depend, in the case of 

the C18 fatty acids, on the degree of unsattl['ation of the hydrocarbon 

chain. 

4. The action of fatty acids as collectors for calcite may be 

interpreted on the basis of an ion adsorption type of reaction. Sol-

ubilization of undissociated fatty acid molecules into the hemi-micelles 

of collector ions fonned at the mineral interface may make it difficult 

to determine which species is the active collector. 

5. The action of C18 fatty acid soaps as collectors for calcite 

is dependent on and increases with the degree of unsaturation of the 

hydrocarbon chain. The reason for this increase is connected with the 

structure of these fatty acids and is dependent on the hydrolysis, crit

ical micelle concentration, and surface activity of these soap solutions 

as well as on the cross-sectional area and orientation of adsorbed fatty 

acid ions. The behaviour of these acids as collectors for calcite is 

in accordance with the law of Hukki and Vartianen. 

6. The performance of crude fatty acid soaps as collectors for 

calcite may be interpreted on the basis of their fatty acid content. 

7. There is a close correlation getween depression due to excess 

collector and the critical micelle concentrations of the fatty acid soap 
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solutions as determined b,y dye solubilization techniques. This suggests 

that depression :is due to formation of a double layer of collector ions, 

corresponding to a lamellar micelle, at the mineral solution interface. 

8. The action of C18 fatty acids as collectors for the carbonate 

minerals in the Caversham sandstone follows the action of these acids as 

collectors for calcite. The effect of unsaturation of the hydrocarbon 



chain was more noticeable in the flotation of the sandstone than during 

the flotation of pure calcite. 

9. The performance of linolenic acid as a collector for the 

calcium minerals in the sandstone is inferior to that of linoleic acid. 

This may be due to the ready oxidizability of the linolenic acid as 

opposed to the linoleic acid. 

10. Activation of quartz and silicate minerals present in the 
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sandstone is caused by calcium ions liberated by the calcite and is part

icularly apparent at high pH where it is accompanied by depression of 

the carbonate minerals. 

11. The flotation of quartz and silicate slimes is due to mechs.nical 

inclusion of these minerals in the froth and unlike flotation Of the 

larger quartz and silicate mineral particles is not activator controlled. 
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XI. APPENDIX. 

Collector con. Product Wt. % % co
3 % co3 Distribution 

Oleate 
1 o.os lb/ton Oonc. 47.18 82.14 75.03 

Tailing 52.82 24 .. 42 24.97 

Calc. Feed 100.00 51.65 100.00 

5.39 lb/ton Cone. 26.37 84.31 40.83 
Tailing 73.63 43.75 59.17 

Calc. Feed 100.00 54.44 100.00 

2.70 lb/ton Cone. 13.22 75.83 18.72 
Tailing 86.78 50.15 81.28 

Calc. Feed 100.00 53.54 100.00 

Recovery Oil 
8.60 lb/ton Cone. .38.06 76.38 55.34 

Tailing 61.94 37.87 44.66 

Calc. Feed 100.00 .32.53 100.00 

4.91 lb/ton Cone. 50 • .36 80.63 78.25 
Tailing 49.64 22.73 21.75 

Calc. Feed too.oo 51.89 100.00 

2.46 lb/ton Cone. 49.29 86.62 79.57 
Tailing 50.71 21.62 20.43 

Calc. Feed 100.00 53.66 tOOeOO 

1.23 lb/ton Cone. 34.90 83.32 53.56 
Tailing 65.10 38.7.3 46.44 

Calc. Feed 100.00 54.29 100.00 



Collector con. Product Wt.% % co3 % co3 Distribution 

Linoleic Acid 

4.65 lb/ton Cone. 35.46 $4.28 55.57 
Tailing 64.54 37.03 44.43 

Calc. Feed 100o00 53.78 100.00 

3.10 lb/ton Cone. 41.25 86.63 "67.69 
Tailing 58.75 40.80 32.31 

Calc. Feed 100.00 52.78 100.00 

2o32 lb/ton Cone. 47.46 86.14 76.41 
Tailing 52.54 24.02 23.59 

.Calc. Feed 100.00 53.50 100.00 

1.55 lb/ton Cone. 52.05 87.47 $4.27 
Tailing 47.95 17o73 15.73 

Calc. Feed 100.00 54.03 100.00 

1.24 lb/ton Cone. 41.13 88.83 67.20 
Tailing 5B.B7 30.29 32•80 

Calc. Feed 100.00 54.37 100.00 

1.09 lb/ton Cone. 29.06 91.28 49.45 
Tailing 70.94 38.23 50.55 

Calc. Feed 100.00 53.65 100.00 



Collector con. Product Wt.% % co.3 %co; Distribution 

Linolenic Ac:id 

7.25 lb/ton Cone. 47.66 81.34 73.19 
Tailing 52.34 27.13 26.81 

Calc. Feed 100.00 &21 100.00 

5.44 lb/ton Cone. 46.10 83.78 74.18 
Tailing 53.90 24..94 25.82 

Calc. Feed 100.00 52.06 100.00 

3.62 lb/ton Cone. 32.71 85.03 51.89 

Tailing 67.29 38.32 48.11 

Calc. Feed 100.00 53.60 100.00 

1.08 lb/ton Cone. 11.23 77.01 16.30 

Tailing 88.77 50.04 83.70 

Calc. Feed 100.00 53.07 100.00 

Tall Oil 
6.37 lb/ton Cone. 37.81 80.16 56.36 

Tailing 62.19 37.74 43.64 

Calc. Feed 100.00 23.78 100.00 

4.25 lb/ton Cone. 58.78 81.64 87.74 

Tailing 41.22 16.27 12.26 

Calc. Feed 100.00 54.69 100.00 

2.13 lb/ton Cone. 37.04 79.95 54.80 

Tailing 62.96 38.80 45.20 

Calc. Feed 100.00 54.04 100.00 



Collector con. Product Wt.% % co3 %co3 Distribution 

Oleic Acid 

Stage additions 

2.70 lb/ton Cone. 14.53 78.56 2'1o35 
2.70 .lb/ton Cone .. 19.64 76.58 28.14 
2.70 lb/ton Cone. 18.64 83.78 29.21 
2.70 lb/ton Cone. 10.25 81.05 15.54 

Tailing 36.94 8.33 5.76 

Calc. Feed 100.00 53.46 100.00 

"-',<, 




