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ABSTRACT 

Gordon Wainwright Smith 

Metallurgical 
Engineering 

THE ADSORPTION OF DEHYDROABIETYLAMINE 

.ACETATE ON OXIDE MINERALS 

The adsorption and desorption of dehydroabietylamine acetate 

on quartz, hematite, rutile and baddeleyite were investigated in 

neutral solutions. The adsorption followed a Freundlich type 

n. 
equation, r = kC ,where n ranged from 0.41 to 0.51. The effect 

of pH was found to be complicated but, in general, adsorption de-

creased with decreasing pH. 

The ionization constant, Rb' and the solubility of dehydr~ 

abietylamine·weredetermined. The variation of surface tension, 

resistivity, and equivalent conductance with concentration of 

dehydroabietylamine has been determined in neutral solutions. 

the zero-points-of-charge of quartz, hematite, rutile, and 

baddeleyite were found to be 2.6, 8.68, 7.13, and 6.08, respectively. 

Surface charge density and differential capacity were calculated 

as a function of pH. 

Contact angles and work of adhesion were determined for each 

oxide in neutral solutions. Floatability tests indicated that high 

recoveries were possible with poor selectivity. Changes in surface 

free energy were calculated as a function of pH and dehydroabietyl-

amine concentration. 
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" INTRODUCTION 

Until approximate1y twenty years ago, iron ore was considered 

suitable for b1ast furnace feed in the raw state. Today, in North America, 

on1y ten perce~t: of the ore mined. isdirèct1y fed to the bla"st f!lrnace, 

the remainder is being beneficiated to improve its physica1 characteristics 

and to upgrade its iron content (1). This situation was caused by the 

large surplus capacity to produce iron ore and iron productg'which existed 

throughout the wor1d after Wor1d WarII. The 1ack of demandforced mining 

companies to improve their productsto meet increasingly stringent speci

fications from the stee1makers. A1thoughthis situation has changed with 

the increased wor1d demand (2), an iron ore present1y used is marketed .to 

rigid specifications. Seventy-eight percent of a11 iron ore shipped from 

U.S.mines in 1963 (73,500,000 long tons) was beneficiated in some way. 

This percentage is increasing year1y. From 1952 to 1964, the .average iron 

content of ores and p'Ù lets shipped to b las t furnaces in the U. S. increased 

from 50.4% to 57.2%. In Canada, the proportion of benefi"ciated iron ore 

has been steadi1y increasing since 1958. In 1964, seventy-three percent 

of 35,900,000 long tons mined was beneficiated, up five percent from the 

previous year (3). A further increase of 2.5 percent is indicated in 

1965 (4) and an even greater increase in 1966 is forecast. 

As the reserve· of high-grade ore is gradual1y reduced, increasing 

importance is being attributed .to various ore upgrading techniques. In 

the case of iron ore, these include heavy media sep,aration, spiral concen

tratj.on, tabling, magnetic and, electrostatic' separation and f1otation. 
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Present1y, f1otation techniques play a minor ro1e in benefication 

of iron ores due to non-selectivity of avai1able collèctors, and the 1ack 

of economic advantage over other methods of separation. Most of the ore 

processed in Canada is beneficiated by gravit y concentration, main1y 

heavy media and spira1s. Although re1ativeiy inexpensive, these methods 

are best suited to coarse ground material with a large specifie gravit y 

differential between desired mineraIs and gangue. With finely dissemi- . 

nated materia1s, such as taconites and specu1ar hematites, these pro

cesses become non-selective and uneconomica1. 

Magnetic separation cannot be app1ied to hematite ores in which 

the magnetic portion of the iron content is 10w. High intensity dry 

magnetic and high tension electrostatic mëthods have proved usefu1 for 

some specular hematite in the size range from 14 to 35 mesh (5) but 

were applicable to finer sizes on1y if mu1ti-unit separators were used. 

At the present, they cannot compete with more conventiona1 gravit y 'sep

,aration methods. of iron ore concentration. 

In 1954, the first commercial f10tation plant operated by Humbolt 

Mining Com,pany to concentrate iron ore was opened in Marquette County, 

Michigan. The plant, with a capacity of 250,000 long tons per year, pro

cessed specu1ar hematite ore averaging 34 percent iron which was upgraded 

to a concentrate containing 62.5 percent iron (6). The success of this 

plant prompted the opening of another in 1956. In 1960, the estimated 

iron ore f1otation capacity was 2.1 million tons per year. By 1963,this 

capacity was estimated to have more than doubled to 4.6 million tons 

per year. 
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Grav1ty concentration has been used in aIl concentration plants 

in Canada. Work is .now under way into the possibility of using flo

tation to remove silica fram finely disseminated pematite ores (7-9). 

Flotation 

Flotation is a l?hysic~chemical processfor separating. finely 

divided solids from one another in àn aq~eoussuspension to produce 

a tailing which usually contains the gangue or waste, and one or .more 

concentrates which contain the valuable ore mineraIs. The concentra-·· 

tes are further processed .to recover metallic values. 

Originally, the term flotation was used with descriptive ad

jectives to denote aIl processea of concentration in which the levi

tation in water of particles heavierthan water was obtained. These 

included "Bulk-oil flotation", IiSkin flotation", and "Froth flotation". 

Now, ·flotation is used universally to describ~ froth flotation. 

The principl~ of froth flotation is that if Hne1y divided·par

ticles come in contact with and stick .to rising bubbles of gas_in a 

liquid, the resultant density of the particle-bubble aggregate is less 

th an the liquid, hence the bubble will carry the particle to the surface. 

If the particles do not stick to the bubbles, then the particles remain 

in the bulk liquide For economic reasons, the liquid is almost uni

versally water, and the gas 1s air. MineraIs .to be separa.ted rarely 

have the suitable physico-chemical surface properties to render the 

valuable one floatable alone. Outside intervention is required in almost 

aIl cases to alter the natural surfaces of the mineraI particles that 
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make up the flotation pulp. The mineraI to be floated (by attachment to 

an air bubble) must have a hydrophobic surface and aU other mineraIs in 

the pulp must have ahydrophilic or easily-wettable'surface. The attach

ment of various heteropolar organic compounds to the mineraI surface pro

duces the required hyd~ophobicity 0, 

The attachment of these organic compoùnds occurs by a process call-

ed adsorption. lfa material is· added toa solution containing a solid, a 

certain portion of it may be taken up by the solid, leaving less in the 

solution. If the molecules of the material added enter into the solid , 

the process is known as "absorption". If the material remains on the out

side of the solid, the process iscalled "adsorption". These two proces

ses often occur together, and the total uptake from solution is known a~ 

"sorption". Adsorption from the liquid phase is complex and most theor~

tical equations are based on extension of gas phase adsorption tr.-aory. Or

ganic material may adsorb as ions, molecules, or as multi-molecular units. 

The effect of adsorption of heteropolar compounds on mineraIs 1s 

of importanceto the mineral industry. In fact, flotation has almost 

reached the point where improvements in· the process can only come about 

through a better understanding of the mechanisllls involved. The funda-. 

mental mechanisms are quite complex, involving surface adsorption and 

establishment of a stable three-phase interface • 
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THEORETlCAL REVIEW 

Ad30rption 

The process b~ which ato~s or molecules of one material, ca11ed 

"ads~rbate", becomes attached .to the surface of another, ca11ed "adsorbent", 

is known as "adsorption". The adsorbate concentrates at the contiguous 

area between the·· two phases known as the interface. 

The adsorption from solution. is ~ore comp1ex due to the presence 

of a solvent whichmay a1so adsorb on the solid surface. In general, 

adsorption can be c1assified as chemisorption or physica1 adsorption. 

They in turn may be subdivided as fo110ws (10): 

a) Chemisorption:- characterized by high heats of ad

sorption (genera11y above 15 Kca1./mo1e) and by the 

complete or partial transfer of an e1ectron or orbital 

over1ap;adsorbate is reactive ion or mo1ecule forming 

i) a true chemica1 compound capable of existing in the 

the bu1k state. 

ii) a surface compound for which an ana1~gous species 

'~s~ known to exist as a crystal, or in solution, 

with the same mo1ecu1ar configuration. 

iii) a surface compound in which no ana10gous compounds 

have been iso1ated. 

b) Physical Adsorption:- characterized by low heats of 

adsorption (generally below 3 Kcal./mole), and having 

no true bond formation; adsorbate may be an ion or un

ionized molecule. 
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Cases include:-

i) Un-ionizedmolecule, held in vicinity of surface 

by dispersion forces. 

ii) Ion held in outer surface of double layer by electro

static forces. 

iii) Ion held close to the surface by combination of 

electrostatic and dispersion forces. 

iv) Molecule or ion retained by relatively weak bonding, 

e.g., hydrogen bonding, etc. (This type of adsorption 

could equally weIl be classified as a weak chemi

sorption) 

In chemisorption,the adsorbate enters the crystal lattice through 

chemical reaction at the inner double layer. The extent of this depends 

on the dimensions of the ions being adsorbed and how closely they appro

ximate the dimensions of the crystal lattice ions, the structure and com

position of the mineraI surface layer, and the solubility of the compounds 

formed. These factors, in general, lead .to the high selectivity of chemi

sorption. 

In physical adsorption, the adsorption takes place in the outer 

double layer. Any ions may be adsorbed, irrespective of their nature, 

dimensions or size of charge, since only the overall electrical balance 

is important. Consequently,. physical adsorption cannot be selective in 

relation to the solid, thus accounting for the difficulty in the flota

tion of mineral oxides • 
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Adsorption Isotherms 

An adsorption isqtherm is a re1ationship between the amount of 

materia1 adsorbed and one or more variables which affect .the adsorption 

at constant temperature. The simp1est adsorption equation is as fo11ows(11): 

l' = 
2rcMRT 

Q/RT 
To e (1) 

where T is the abso1ute temperature, P. 1s the pressure, l' is the amount 

adsorbed, Q is the heat of adsorption, R.is the gas constant, N is Avo-

gadro's number, M.is the mo1ecu1ar weight, To is the oscillation time of 

adsorbed mo1ecu1es, and rr is 3.1416. From. this equation, graphs at 

constant tempèrature, pressure, and amount adsorbed may be drawn. These 

are known as isotherms, isobars, and isoteres, respective1y. In genera1, 

the equation expresses an oversimp1ification of the adsorption process. 

Experimental adsorption isotherms have been the subject of many 

theoretica1 calcu1ations in order to arrive at an adsorption theory. The 

three most important adsorption isotherms are discussed below: 

Langmuir's Adsorption Isotherm 

Langmuir r-s adsorption isotherm, based on the assumption that a 

monomolecular layer is the maximum adsorption possible, and on a balance 

of evaporation and condensation rates, is expressed by the fo1lowing 

equation (12):-

v = v m 
bP 

1 + bP 

(2) 
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The adsorption equation may be rearranged in linear form as follows:-

where v. i8 

v is m 

P is 

b is 

the volume 

the volume 

P 
v 

of 

of 

the pressure 

a constant. 

l P 
= -+ bVm vm 

(3) 

gas at .S .T.P. adsor~ed 

gas at S.T.P. adsorbed for a mono layer coverage 

of adsorbing gas 

If there are several competing adsorbates, a similar expression is derived 

= (4) 

where the subscripts "i" refer .to the "i"th adsor.bate, and each symbol 

has the sallle meaning as before. For adsorption from liquid solution, the 

equation may be written as follows: 

x abC = m 1 + bC 
(5) 

and in linear form 

C .L + C 
x/m = ab a 

(6) 

where x/m denotes the amount of adsorbate per unit amount of solid (eg. 

millimoles/gm., etc.), C is the concentration of adsorbate in solution, 

a is a constant which corresponds to a mono layer on the adsorbent, and 

b is related .to the heat of adsorption, ,Q, by the equation:-

b = b l exp(Q/RT) (7) 
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There are several assumptions involved in, the derivation of 

Langmuir' s Isotherm, the most important of which are:-

i) The energyof adsorption, Q, is a constant, independant of 

surface coverage(which, implies uniform. sites and ,no inter

action between adsorbate molecules). 

ii) The adsorp~ion is on localized sites (which implles no 

translational motion ofadsorbate,molecules in the plane 

of the surface). 

iii) The maximum adsorp.tion corresponds to a completemonomole

cular layer. 

The Freundlich Isotherm 

A very old equation attributed ,to Freundlich due to its repeated

use in his book (13) is: 

v = k plln (8) 

The exponent n ls generally greater than one. Unlike the Langmuir 

Isotherm, there ls no low or high pressure region. Although the Freundlich 

equatlon is widely used in qualitative literature as an empirical equation, 

there does not seem to be any significant theoretical basis for it. However, 

it is possibleto ob tain the Freundlich equation as the net of super-

imposed Langmuir's equations (14). 

For adsorption fram solution, the Freundlich Isotherm is usunlly 

written in the form 

x/m = a ClIn (9) 
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where a and n are constants. Constant a is ameasure of the surface area of 

the soUd and n is a measUre of the intensity of adsorption. For plot-

ting experimenta1 d~ta, the 1inear form of the equation is 

10g(x/m) = log a+ lIn log C (10) 

Thus, a plot of 10g(x/m) versus log C should give a straight 1ine 

of slope lIn and intercept log a. 

The B.E.T. Adsorption Isotherm 

Brunauer, Emmett and: Te11er (15) showed how to extend LéI,ngmuir's 

approach to mu1ti1ayer adsorption, and their equation has come to be 

known as the BET equation. The derivation is based on balancing the 

forward and reverse rates of adsorption. The equation, in linear. form, 

May be written as 

P 

(P - P)v o 

= 
1 

v c 
~ 

c-1 

v c P m '0 

where P o is the saturation pressure of adsorbate, c 

(11) 

is a constant, 

and P,v and v have the same significançe as before. The value of 
m 

c is given by 

c = exp«Q1 - ~)/RT) (12) 

where is known as that net heat of adsorption. If it is 

assumed that mu1ti1ayer adsorption is 1imited to n layers, the BET 

equation becomes (16) 
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[v cx/(l-x)][1 - (n+l) xn + nxn+l] 
m 

n+l [1 + (c-l)x-cx ] 
(13) 

Multilayer adsorption from solutions has been reported in the literature 

fo11owing sigmoida1 or "S"-shaped isotherms. Hansen et al (17) found 

that, for a number of higher acids am alcohols (four or more carbon atoms) 

adsorbed on various carbons from aqueous solutions, the isotherms showed 

no saturation effect but rather the general sigmoidal shape of multi-

layer adsorption. The final marked increase in adsorption took place 

.si.gnificantly as the saturation concentration was approached. 

Since, in low·temperature gas adsorption, the rapid increase in 

adsorption occurs as P approaches P , and the rational variabte. is 
o 

p/p , the proper rational variable in the case of solution adsorption 
o 

is CIC
o 

,where Co is thé solubility of the adsorbate in the solvent. 

Hansen and Craig (18) have found that the adsorption isotherms of members 

of a homologous series of fatty acids or alcohols on Graphon (carbon) and 

Speron (silica) were superimposable on each other if adsorption is plot-

ted against reduced concentration clc • 
o 

At high clc o 
values for lower 

members of the series, deviations were due to the high concentrations (and 

solubilities) which caused a secondary effect due to the solvent. 

Negative Adsorption in Binary Liguid Systems. 

In general, adsorption equations, such as Langmuir and Freundlich 

which have been applied to gas adsorption, are useful in the case of 

adsorption from solution only if the adsorbate is present in dilute solution 
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and is strongiy adsorbed. When adsorption takes place from binary mix-

tures where a complete range of concentrations from pure liquid A to pure 

liquid B are available, the above isothe~s become ambiguous since the 

distinction between solvent and solute becomes arbitrary. Choosing B as 

the solute and tberefore the adsorbate, tœ apparent adsorption is de-

fined as 

where 

(x2 /m) = M(Co
2 - C

2
)/m . app. 

M = initial mass .(or volume) of solution 

initial concentration of component B i~ solution 
(mass per unit volume) 

final concentration of component B in solution 
(mass per unit vol~e) 

m = mass of adsorbent. 

A more symmetricai definition of apparent adsorption is that ~sed by 

Bartell et al (19) 

(x,,Im) = HàN
2

/m ,,- app. 

where H = total moles of original solution 

âN2 = change in mole fraction of component B on adsorption. 

(14) 

(15) 

This effect is due to co-adsorption of soivent and solute and to 

changes in volume with adsorption (20). Since negative adsorption occurs 

in concentrated solutions, it i8 not of particular interest in the field 

of mineral separation. 
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Electrica1 Double Layer 

The surface of any solid or 1iquid phase differs fromthe interior 

in that there is not a complete balance of intermo1ecular forces at the 

surface. When a solid is immersed in water, the electrical balance at 
" 

the surface is 'further distu~bed by the passage of surface ions into so-

1ution. .To restore the e1ectrical neutrality there is a migration of 

counter ions to the surface. Finally, a state of equilibrium.is estab-

1ished between the solid surface and the solution in which an excess of 

positive charges is produced on one side and an excess of negative charges 

on the other side of the boundary layer. This layer with its e1ectrical 

charge distribution is known as an "e1ectrical double layer". 

According to the Helmholtz theory (10), the electrical double 

layer at a solid-1iquid interface is analogous to the two plates of an 

e1ectrical condenser, the potential of which. is genera11y termed e1ec-

trokinetic or zeta-potentia1. The.theory aSSumes that the double layer 

is of atomic thickness, the inner layer being adjacent to the surface of 

the solid, even1y distributed, and fixed by surface forces to it. The 

single outer moveable layer consists of charges of the opposite sign 

contained in the liquide Gouy (22) pointed out that the ions of the double 

layer cou1d not be co'ncentrated at a definite distance from the surface 

because there must be an equilibrium between the electrical forces that 

are responsible for the existence of the double layer and the thermal 

motion of the ions. Consequent1y, there can be no sudden change in the 

concentration of any kind of ions in the vicinity of the double layer, 
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but merely a graduaI increase in concentration of ions of one sign and 

a decrease in concentration of ions of the opposite sigp. The ionic 

distribution fs very sensitive to the concentration and valency of e1ec

tro1ytes present. Chapman (23) developed Gouy's idea and derived an ex

pression for the equili.brium distribution of ions insuch a diffuse layer. 

The expression is simi1ar to that derived by Debye and Hücke1 (24) to des

cribe the distribution of ions in the ionic atmosphere around a given ion. 

These theories aIl assumed that the ionic charges were concen

trated point charges and gave theoretical capacity values of the double 

layer far higher than found in practice. In 1924, Stern (24) proposed an 

. important correction. to the double layer the ory by considering the'finite 

dimensions of the ions in the .first ionic layer next to the particle. The 

possibil1ty of specific ads~rption of the ions was a1so considered.. He 

assum.ed that these ions were located in a plane, known as the Stern layer 

at a distance.from the wall. The Stern double layer at the absolute zexn 

temperature is equivalent to the original Helmholtz double layer. 

A·further modification has been suggested by Grahame (25) to take 

account ':lf ions· he Id to the surface by covalent bonds or Van der Waals 

forces. TheseGrahame considered to be dehydrated, whi1e ions of the op

posite sign remain hydrated and are attracted to the surface by electro

static forces. As a res.ult of this, the locus of closest approach to 

the solid surface of hydrated ions i8 a plane, which he cal1s the outer 

He~mholtz plane. Dehydrated ions, on the other hand, can approach clo8er 

to the solldsurface and are located at the inner Helmholtz plane. Grahame 

assumes the capacity of this lnner layer 18 constant. 
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Figure l' i11ustrates the .distribution of charges surrounding 

a positive1y charged partic1e, which gives rise to an e1ectrica1 double 

layer (26-28). The double 'layer consists essentially of three parts:-

1) Positive charges in the inner, circle (a) of the illustra-

tion are potential-determining ions. These ions are evenly àistrib~-

ted over the surface and are usually considered as part of the sur-

face crystal lattice. 

2) Counter ions, held close to the solid surface, occupy the 

Stern h.yer (b) which is seldom, morethan one hydrated molecu1e tltick. 

The Stern layer is often considered as a separate inner layer of dehy-

drated or desolvated, specifically adsorbed ions (inner Helmholtz plane) 

and a second layer of hydrated ions held close to the solid surface as 

a molecular condenser being separated from the solid surface by the 

strongly bound water molecules. The distance of closest approach of 

the ions of same sign as the surface ions i8 the outer edge of the Stern 

layer or the inside edge of the Gouy layer. For this reason, it is known 

as the "limiting Gouy plane" or "outer Helmholtz plane". 

3) Counter' ions fQ.'m a diffuse, or Gouy layer (c). The counter 

ion density decreases exponentially and the similiion density increases 

exponentially until a point i8 reached where the number of positive and 

negative ions i8 equal and there is no further change in potential. When 

the solution moves relative to the aolid, a portion of the e1ectrical 

double layer ia moved with it. lt seems likely that the ions and surrounding 

medium in the~: Stern layer w<iluld .. be rather rigidly held to the solid and 

resist shear. There is no reason why the shear plane should coincide exactly 
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FIGURE 1 

THE STRUCTURE AND P9TENTIAL GRADIENT 

OF AN ELECTRICAL DOUBLE LAYER 
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with the Stern layer-Gouy layer interface as suggested by.some,authors 

(26,.28,36) and ,may wall be located,further outô The potential st thi~ 

. shear plane is known as, the ze,ta-potential. ·The· thic;kness of :,this dif

fuselaye~ is 8~id t~ be equa1to, 1/~ wherc K is the De~ye-~ückel 

function (29) 

(16) 

Where e,is the charge on an electron,.n
i 

is the concentration of the· 

h 
.0 t . 

i component in the bulk. solution', zi is theva1e1;lce with sign of 

th the, i cqmponent, D is the d:lelectric constant, k is the Boltzmapn 

constant, and T is· the absolute temperature. Th.e thickness i~ approx-. 

-5 imately 1000 angstroms,in 10, molar solutions,of'a uni-univalent,elec-

tr01yte '. such .,as'8ol,i1.um chloride. Gaudin (30) 'shows, that, in flotation 

systel!1S, the Gouy layer has an approximate·thickness.of'97ang8troms; 

According to the Gouy-Chapman tre~tment (29), the' distribution 

of the ions in t~e diffuse layer surrounding a charged particle i8 go-

verned bya Boltz~nn relation 

• (17) 

th where ni is the concentration of ions·of,the i kind·at, the point· 

where the,pote1;ltial is ~. The coulombic interac~ion betweencharges 

is expressed by Poisson'sequation, 

v~ - -4'1fp/D (18) 
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where 'Ijr is the potentia1 which, varies from 'Ijr at the interface to 
·0 

zero in the bu1k solution, p is the space charge density, and V i8 the 

Laplace operator, defined as 

p = (19) 

V = (20) 

Combining the above equations, the fo11owing differentia1 equation 

is obt.::dned. 

V'Ijr = (21) 

This eq'Uation can on1y be solved with certain simp1ifying assumptions • 

• 
If one assume~ ~n infinitely large plane surface and a single 

binary e1ectro1yte of va1ency z in the solution, then the change of 

potentia1 with distance from the surface is 

d'ljr 
dx !+n = _ 0 

D 
( ze'ljr/2kT -ze'ljr/2kT) 
e - e 

and the surface charge density 

0: = 
00 

1 pdx = 'IF (c1!r.) 
o 4'1f di x=o 

= .; 2Dn kT/1C sinh(ze'ljr /2kT) 
o 0 

(22) 

(23) 
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ze wo/~k~, the above equation reduces to 

cr ={2Dn kT7~ (zeW /2kT) 
o 0 

= DKW /4rc 
. '0 

where K is the Debye-Hückel ~unction (Eq.16). 

(24) 

When Stern considered the two sections of the double layer (28), 

the surface chargè relationships had to be modified. The potential 

gradient, dW/dx', of the compact layer (Stern Layer) whose thickness 

is 5, is approximated to be (W -W )./5, and hence o s 

cr l = (D'/4nS)(W - V) o s (25) 

where Vs is the potential at the Stern layer-Gouy layer interface and 

D' is the dielectric constant of the Ste:t:'n layer (not usually equa1 to D). 

The surface charge density of the diffuse layer (Gouy layer), is 

the' same as Eq. (23), except V o is replaced by V ~ hence the total s 

surface charge density becomes 

= (D' /4®)(V ·W ) + v2Dn kT!rc sinh(zeVs'/2kT) 
o s 0 

(zev + 0) 
Furthermore, the sinh term, can be .expanded to sinh _.....;:;s~ __ 

, 2kT 

(26) 

where rP 

accounts for any additional chemical adsorption potential. The total 

electrica1 capacity may be considered as two capacitors in series (28,31), 

thus 
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l = ..L + .L 
C cl C2 

(27) 

where 

Cl = 
dO' 1 Dt 

=-
d1jr 4nS (2&) 

and 
d0'2 ~2 e

2
n 

::: - = 0 cosh( ze1jr 12kT) 
d1jr 2n:kT s 

(29) 

In concentrated solutions, Cl becomes so large, that as an approxi

mation, C = C2 • The crux of this treatment is the estimation of the 

extent to which ions enter the compact layer and the degreeto which * 

is reduced by that factor. The only point at which *s i8 known accu

rately is in a solution where the potential *0 is zero. Now, 

(30) 

This condition is known as the zero-point-of-charge. 

In the case of simple oxides, the potential-determining ions are 

usually the hydrogen and hydroxyl ions (32). If the concentration of 

potential-determining ions is changed, then the changes in thermodynamic 

potential and surface potential are given by 

(31) 

= .êl:!. = kT R,n( al a . ) 
ze ze 1 

(32) 
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If is the activity of the potential determining ion at the z.p.c., 

= kT.en (a/ao) 
ze 

= 
. kT 
2.3-(pH -pH) ze 0 0 

where pH is the pH at the zero-point-of:"charge and pH 00 is the 
.0 

bulk solution pH. 

(33) 

The mechanlsmof surface charging has been discussed by Parks 

and de Bruyn (33) and others (32,34). The charging occurs in two stages 

as shown schematically in Figure 2. The first step is surface hydration 

which may be considered as an attempt by the exposed surface atoms to 

complete their co-ordination shell of nearest neighbours. Oxygen-metallic 

cation bonds are broken followed by migration of hydroxyl ions, thus formi"ng 

a surface of hydroxy1 ions with cations buried below the surface. To sup-

port this argument, Glemser and Rieck (35) have observed that part of the 

water vapour adsorbed by hematite appears as hydroxyl groups in the in-

frared spectra. 

The second step is surface charging which is accomplished either 

by adsorption of hydrogen and hydroxyl ions or by dissociation of the 

surface sites which then assume a positive or negative charge. Since 

adding OH .to the uncharged surface increases the.! Fe_ionls. co-ordi-

nation number to seven (un1ike1y to occur), the negative surface probab1y 

resu1ts from hydrogen ion desorption from. the surface. 



•• . ' 

" ' -22-

FIGURE 2 

SCHEMATIC DIAGRAM OF THE MECHANISM 

OF SURFACE CHARGING IN AQUEOUS SOLUTION 



..,' , 

Surface 
STEP 1 - HYDRATION 

Surface Surface .. Surface 

POSITIVE . ZERo-POINT-OF-ÇHARGE NEGATIVE 

STEP 2 - DISSOCIATION 



• 

~'- 1 
's,-~I ;sc 0 
's/ ,,1 
/~!! + 

. 's ~I 
/ /J 1· 

. 0 'If . 
Surtace 

Surface 

POSITIVE . 

Surface 
STEP 1 - HYDRATION 

Surface ' . Surface 

ZERO-POINT-OF-CHARGE NEGATIVE 

STEP 2 ""! DISSOCIATION 



-23-

The zero-point-of-charge may berelated to the pH of the solu

tion in which the adsorption densities. of lf'" and OH- .ions are equal 

or when, by dissociation., an equal number of positively and nega-

tively charged surface sites are exposed. Thus, the surface reac-

tions for hematite may be written (33) as 

Fe(OH>; (surface)+ 2 H2 ...... Fe(OH)3 (surface)+ ~O+(aq. )(34) 

Fe(OH)3 (surface) :;;;:.=:::!:,b FeO; (surface)+ ~O+ (aq.) (35) 

In these'reactions, the Fe(OH)3 (surface) represents an uncharged 

surface site which adsorbs a proton to become positively charged or 

desorbs a proton to become negatively charged. By addition of Eq. (34) 

and Eq. (35), we obtain 

+ Fe(-OH)2~ (surface) ::;;.;:::===: FeO; (surface)+ 2 ~ (aq.) (36) 

for which the equilibrium constant is 

[Fe02] = ---~.+:----
[Fe(OH)2] 

(37) 

This constant measures the strength with which ferric oxide binds its 

protons. If the ratio of the .activity coefficients'of the surface 

sites is close to unity,then the magni~;ude of Kl is determined by the 

pH of the z.p.c. Since the complex ferric ion concentrations are also 

equal at the z.p.c., Kl may be written as: 
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2 
= (a +) 

H 0 
(38) 

For many.oxides and h~droxides, the existance·of many positive 

and negative complexes has been. establishedand their stability con-

stants are known. The iso-electric-point is defined as the solution 

in which the number of positive and negative ions of a dissociating 

ampholyte are equal in solution (36), and ampholyte being an elec-

trolyte which can dissociate either acidly. or basicly ~ In., this . case; , 

the ampholyte is usually the hydroxide of the oxide under examination. 

This point can be calculated from stability constants and other thermo-

dynamic data, in which case, it is primarily a theoretical quantity. 

However, Parks (37) in a detailed review of iso-electric-point data, 

points out that there are several equilibrium points besidesthe 1. e.p., 

sach as E(M(OH)+,OH~) 
- ,.... 

and E(M(OH)3,H). The z.p.c., found experi-

mentally, often is more closely related to one of these points. Thus, 

the dissociating ampholyte may be dissociating into ion pairs such as:-

Pb(OH)+ - Pb(OH); (iep.) 

Pb(OH)+ - OH-

Pb (OH) -
3 

L.·(Pb++) Pb(OH)
'2 - 3 

These various equivalencepoints may explain.the wiqe variations in 

z.p.c. found experimentally especially with natural materials. 
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Contact Angle and Work of Adhesion 

. Itis observedthatin many instances a liquidplaced on a solid 

will not wetit" but rather ,remains as a drop having a finite angle of 

contact between the liquid and solid phases. Similarly, in a liquid-

solid system, a gas bubble may ·form. a definite angle of attachment or 

contact angle between theliquid-solid interface and the <;;/gàiF.liquid 

interface as shawn in Figure 3. A simple derivation leads to a useful 

relatiopsbip knawn as the Young and Dupre Equation (38,39). The change 

in. surface free ener~ !:lF; produced by a change in area of solid covered, 
s 

b.A is 

whereysL, YSV' ·and YLV are the surface tensions of the solid-liquid, 

solid-vapour, and liquid-vapour surfaces respectively, 9 is the angle of 

contact, and !:le is the change in the angle of contact. 

and 

or 

Lim !:lF /!:lA = 0 
!:lA -t 0 s 

y SL - y sv + y LV co s e = 0 

(40) . 

(41) 

This equation, may also be derived from a simple balance of forces at 

point A of'Figu~e 3(b). 
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FIGURE 3 

(a) EQUILIBRIUM RELATIONSHIPS FOR A BUBBLE OF WATER 
IN CONTACT WITH A MINERAL SURFACE. 

(b) EQUILIBRIUM BELATIONSHIPS FOR A BUBBLE OF AIR IN 
CONTACT WITH A MINERAL SURFACE UNDER WATER. 

(c) EFFECT OF SURFACE ROUGHNESS ON THE CONTACT ANGLE. 

= air-water inter facial tension 

= air-minerai inter facial tension 

= mineral-water interfaciai to.nsion 
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The work of adhesion. is defined in two ways depending upon whether 

one is concerned with liquid drop or gas bubble attachment. 

The work of adhesion of a drop of liquid to a soUd surface is 

. defined as the amount of work required to .break the solid-liq.uid surface 

and form a solid-vapour and a Uquid-vapour surface (4Q), and is given by 

WA(SL) = 'V SV + "(LV - 'V SL (42) 

where WA(SL) fa th!,! work adhesion of a liquid drop to a soUd surface. 

Furthermore, the work of adhesion of a bubble of 'gas to a soUd 

surface is defined .as the amount of work required to break the solid-

vapour surface and form a solid-liquid and a liquid-vapour surface, and 

is given by 

(43) 

where WA(SL) is the work of adhesion of agas bubble .to a solid surface. 

By combining these equations with Young's equation,the work of 

adhesion is expressed as 

WA(SL) (liquid drop) = 'VLV(l + cos Q) (44) 

W A(SL) (gas bubble) = 'VLV(l - cos Q) (45) 

The validity of these equations has been questioned on the grounda that 

the vertical component of 'VLV and the effect of the gravitational field 

have not been cOnsidered, and that the bubble is .not necessarily spherical 

(41-44). Several papers (45,46) have been published in support of the 
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equation, and it is generally agreed that it may be applied to rigid 

solids (47), which is the case for' mineraI flotation (4~52,. 

Although, the contact angle is very important, it is most dif-

ficult to meas,ure accurately. The mineraI surface must be completely 

clean and perfectly fIat. The former is impossible theoretically and 
1 -. :. 

the latter is impossible practically due to micro-crystalline cracks 

that will always be present ,no matter how carefully the polishing is 

carried out. This effect can be seen, in Figure 3, where Figure 3(b) 

shows the equilibriumangle on a smooth surface and Figure 3(c) shows the 

variation found on a rough surface. Many attempts have been made to 

relate contact angle values to the floatability of mineraIs (53), but 

no definite relationship has been found. It is only, possible to say 

that a fini te angle of contact is a pre-requisite for flotation. 
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Amine Collectors 

Organic derivatives o~ ammonia, in which some or aIl the hydrogen 

ions are replaeed by aliphatic, aromatic, or heterocyclic radicals are 

known as amines. These compounds have been used as collectors in flo-

tation, particularlyin silica and silicate flotation. Representative 

cationic collectors include primary, secondary, and tertiary aliphatic 

amines and their salts, primary and secondary aromatic amines and their 

salts, and salts of the pyridine and quinoline familles (54) •. 

Ionization constants of amines in water indicate that;· primary 

~4 
amines (KB l:! 4 x 10 ) are more basic than ammonia, and .that the length 

of the hydrocarbon chain does:not affect its basicity. Secondary amines 

are more basic while tertiary amines are weaker. Aryl amines are about 

-10 . a million times weaker bases (K
B 

l:! 10 ) than primary amines. 

Technical data on amines and amine salts i8 of prime importance 

and yet there i8 almost no data published on ~he subject. 

Collecting Action of Amines on Sulphides and Oxides. 

Amyl amines have been shown to be good collectors:for ;èhâlcoéite 

and sphalerite at pH 10 to Il (55,56) in a range where und~ssociated 

a~ine and aminium ions are present in equal quantities. Furthermore, 

Kellogg and Vasquez-Rosas (57) have shown that n-dodecylamine acts as 

a good collector on quartz, sphalerite, and galena giving a maximum con-

tact angleà.t a pH between 10 and 11. According to Gaudin(54), ·it appears 

that the sam·e mechanism is' involved in aIl cases. Careful calculation of the 
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concentrations of the various forms in which the amine is present in 

solution inc;1icates that one half:of·the reagent is in· the undissociated 

formand one half is dissociated at apH of 10.6 (57-60)~ Ke110gget al. 

(57) conc1ude that it is the free amine molecule which is the effective 

agent causing the coating of the mineral surface. 

The ratio of aminium ion concentration to hydrogen ion concèntrat-

ion is proportional to the concentration o( molecular1y dissolved amine. 

This is implied in the very concept of ionization constant; thus if: 

.. 

and 

then 

- [RNH ] • ~. 
2 Kw 

-

(46) 

(47) 

(48) 

A choice of three hypothesis is put forward (54) to explain·the 

adsorption:~ 

1) Ion exchange between aminium and hydrogen ions. 

2) Simultaneous adsQrption of aminium and hydrogen ions. 

3) Adsorption of molecularly undissociated ~ine. 

Any one of the.se mechanisms could be favoured by the existance, in other 

circumstances, of zinc-amine complexes (61). However, the similarity bet~ 

ween quartz, galena, and sphalerite indicate that complex-formation is 

not the principal factor. 
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DeBruyn has shown that the adsorption of dodecylamine on 

quartz follows a square root relationship (62). 

r = K,Itr .(49) 

up to -4 2 X 10 moles/le Similarly, Morrow(63,64) has found that 

the adsorption on hematite follows the equation 

r = K CO. 6 
(50) 

An increase in. adsorption above that given by these relationships 

near the .monolayer was attributed .to the possibility of micelles or 

hemi-micelles in the double layer. The adsorption is strongly af-

fected by pH but the effects are complex and imperfectly interpre-

ted. Generally, adsorption is greater in alkaline media. Bloecher 

(65) found that, with 7% of the surface covered with dodecylamine, 

flotation recovery was 100%. DeBruyn (62) further indicated that the 

longer the hydrocarbon chain, the lower the concentration required 

for flotation. Above a pH of 12, flotation ~aa impossible, regard-

less of chain length. 
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DehydroabietX1amine Acetate ... 

Dehydroabiety1amine is a member of a group of amines known as the 

abiety1amines. The structure of this fami1y is shawn in Figure 4, and 

the members are known by thenumber of hydrogen atoms they are lacking 

or have in excess compared to abte.ty1amine. This a1so is indicated by 

the number of double bonds as shown in the Table 1. 

TABLE 1 

Compound Extra Hydrogell. Atoms Double Bonds 

Abiety1am:lne 0 2 

Dehydroabietylamine -2 3 

Dihydroabiety1amine 2 1 

Tetrahydroabiety1aminE 4 0 

These materia1s are derived from pine resin acids. and .are ·marketed by Hercules 

Powders Inc.under the trade names of Amine 750 and Amine D. They.are 

sold for use in fungicides, bactericides, as surface-active agents, as 

corrosion inhibitors and as f1otation reagents. 

Amine D and Amine 750 differ .on1y in the secondary amine content 

as indicated in Table II which tabu1ates some physica1 and chemica1 pro-

perties of these reagents (66,67). 
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FIGURE·4 

STRUCTURE OF THE ABIETYLAMlNE FAMILY 

A - Dehydroabietylamine 

B - Abietylamine 

C - Dihy4roabietylamine 

D - Tetrahydroa~ietylamine 

E - Dehydroabietylamine Acetate 



Dehydroabietylamine 

Dihydroabietylamine 

Tetrahydroabietylamine 

SecondaryÂmines 

Total Amine Content 

Physica1 State 

Colour, (Gardner sca1e) 

Specific Gravit y at 
25/15.6°C 

Refractive Index at 200 C 

Viscosity (poises) at 250 C 
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TABLE II 

Amine D 

50-60% 

20% 

20% 

3% 

92% 

,Amber Viscous 'Y:.1qüid 

7 

1.000 

1.5430 

87 

,Amine 750 

,50-60% 

20% 

20% 

1% 

95% 

Amber Viscous ~iquid 

6 

1.000 

1.5447 

87 

Dehydroab~etylamine, Amine D, and Amine 750 are practical1y inso

luble in water (less than 0.5 gm. in 100 gm. of water at 100oC.) but 

are readily soluble in alcohols, ether, hydrocarbons, or chlorinàted 

solvents. 

For use in water, the amines are reacted with acetic acidto form 

the acetate salt. (solubility-more than 1 gm. in,100 gm. water at 

2SoC.) 

High-purity dehydroabietylamine acetate, supplied by Hercules 

Powder$':Lnc., has the following composition:-
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TABLE III 

ANALYSIS OF DEHYDROABlETYLAMlNE ACETATE 

Theoretical Actu8.l 

Carbon :76 •. 47 76.72 

Hydrogen 10.21 10.44 

Nitrogen 4.06 3.95 

Oxygen . 9.26 9.27 , 

Total 100.00 100.38 

Based on this analysis, the empirical formula was found tobe C
22 

H35 N0
2

, 

with a molecu1arweight of 345.51. The structural formula is as shawn in 

Figure 4. 

The mo1ecular cross sectional area of the acidmolecu1e i8 appro

ximate1y 50 X2and will be assumed to be the same for the amine (68,69). 
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. Use of Dehydroabietylamine in F1otation 

Steeprock Mines Ltd. (7) initiated an evaluation of various pro

cesses to hand1e their - 140 mesh crude ore. Of severa1 processes, 

cationic flotation of the si1iceous gangue was found to be the most eco

.nomica1 and versatile. . S~veral co11ectors out. of twe1ve tried, (inc1u

ding Amine 750 and Rosin Amine DAcetate) were found suitab1e for further 

study but Rosin Amine DAcetate(7O%)was found to be most economica1. 

A pilot mi11 is present1y confirming batch test results which indicate 

the production of hematite concentrates containing 3 to 6% Si02 from 

. ore containing 36% Si02 is possible. 

Ma1tby and Pickett .(8) have produced concentrates with 0.1270 

Si02 and 51.1% recovery using 0.4 1bJTon of Rosin Amine D Acetate. 

By suitab1e use of re-c1eaners, a concentrate containing 0.06% Si02 
and a recovery 70.7% of the original feed.was found to be possible. It 

was found that cationic f1otation will produce a higher grade of concen

trate but was slight1y more expensive than anionic flotation. (The 

major costs are grinding and co1leetor consumption). 

Major-Marothy (9) in a major research investigation at Schefferville 

tested more than a dozen cationic amine col1ectors. The resu1ts ~howed that 

gbod recoveries: could be obtained with both ring and chain type amines 

but that, economically, ring types such as Amine D Acetate were best. 

For better recovery and grade, more sophisticated and more costly beta

amines could be used. These reagents offer better selectivity. 



STATEMENT OF PROBLEM 

The purpose of this investigation was to study the heteropolar 

organic compound, dehydroabietylamine ace~ate, as a collector in the 

flotation. of mineral oxides. A comparison of the results with those 

using other amine collectors was desired. 

The method of attack was first to determine adsorption, contact 

angle and floatability data for four amine-mineral oxide systems, name

ly dehydroabietylamine (DRAA.) and quartz, hematite, rutile and badde~ 

leyite. Secondly, to supplement this work, data concerning concentra

tion of ions in solution, surface tension and equivalent conductance 

of dehydroabietylamine solutions was obtained. Thirdly, in orderto 

establish the effect of the double layer, the zero-points-of-charge 

of the oxides were determined. A comparison with dodecylamine acetate 

was made, as it was the only other amine acetate which has been studied 

in detail. 



MATE RIALS 1 EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Materia1s 

1) Mineral Preparation 

A. Hematite 

The miner al used in this investigation was -10 mesh specular 

hematite spiral concentrate supp1ied by the Quebec Cartier Mining 

Company. This materia1 had been previous1y crushed and ground by 

wet autogenous Cascade mi11s and up graded by spira1s. The -325 + 400 

mesh portion was used throughout the adsorption and flotation ex

periments as this is the finest portion which could be sizedwithout 

the use of the infrasizer. The preparation of the sample consisted of 

size separation, the removal of silica and other low specifie gravit y 

minerals, the remova1 of magnetite, and the c1eaning and washing of 

the hematite surface. 

The concentrate was first roughly screened dry to remove all 

material that was - 400 mesh or + 270 mesh. The - 270 + 400 mesh 

materia1 was then wet screened into 3 portions: - 270 + 325 mesh, - 325 

+ 400 mesh, and - 400 mesh. The latter was formed by small particles, 

which adhered to the 1arger particles when dry, but washed off the 

1arger partic1es with the wet screening. Simi1arly, a portion of the 

+ 325 mesh materia1 passed through to the finerscreen sizes. A final 

dry screening·of the coarser fraction (- 270 + 325 mesh and - 325 + 400 

mesh) produced a very uniform material of -325 + 400 mesh size. 
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The silica and other low specific gravit y minerals were re-

moved in a Richards Laboratory type free settling classifier (7P), 

followed by superpanning in a Hau1tain Superpanner. The product 

was considered silica free when, on microscopic examination, no free 

ailica particles could be observed. 

The magnetic portionwas removed using a Ding Laboratory magnetic 

separator, after which the non-magnetic portion was tested with a strong 

hand magnet to ensure complete removal of the magnetics. 

Since surface impurities greatly affect the adsorption of organic 

collectors.and the flotation characteristics of a mineral, the sample 

was washed twice with cold 10% hydrochloric acid solution. This treat-

mentwas similar to that used by Oko (71), and Iwasaki, Kim and Strath-

more (72). The samp1e was then washed repeatedly with distilled water 

followed by conductivity water until no further change in pH· or con-

ductivity of the washings could be detected. The sample,now considered 

clean, was dried.in a steam oven, thoroughly mixed and kept in a c10sed 

dessicator jar. The specific surface as determined by B.E.T. adsorp
. 2 

tionmethod using krypton gas was found to be 1372 cm. /gm. (see Appen-

dix III). 

A second sample was prepared having as high a specificsurface 

as possible. To obtain this sample, a port~on of the spiral concen-

trate was recleaned on an air table (0.2 to 0.5% Si02) and reground 

in a pulverizer at the Department of Mines and Technical Surveys, Ottawa. 

It was finally ground for two hours in an Abbé ball mill. 
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The + 400 mesh portionwas discarded. The sample was freed from.mag~etics 

and cleaned in the same manner as the coarse fraction. The specifie sur-

facE! as determined by.,the B.E.T. adsorption lllethod ~sing nitrogen gas 

2 was found to ,be 2~.4 M • /gm.(see Appendix III). 

Semi-quantitative analysis of the hematite used in, this investi-

gation was as follows: 

B. Quartz 

Si02 

MgO 

A1203 

Na
2

0 

Fe203 

0.013% 

< '0.03% 

0.01 toO.l% 

0.01 to 0,1% 

99.7 to 99.96% by difference • 

The sample of quartz used in this investigation was supplied by 

Dominion Si-!ica Co. Ltd., as Silex Flour. The samp le was screened in the 

same manner as the hematite. Due to a small amount of kaolinite present, 

the sample was leached in a So~hlet extractor with concentrated hydrochloric 

acid followed by washing with boiling distilled water, cold water, and 

finally with conductivity water. When cleaning was complete the silica 

sample. was dried in a steam oven, .mixed thoroughly, and stored. in a 

dessicator. The specifie surface of the silica was determined by krypton 

2 gas adsorption to be 1407 cm. /gm. (see Appendix III). 
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Semi-quantitative analysis of the silica sand .used indicated 

the following impurities: 

.. 0.01 to 0.1% 

< 0.03% 

0.01 to 0.05% 

99.8 to 99.98% by difference • 

C.Rutile 

A sample of synthetic rutile was obtained fromthe National 

Lead Co. Ltd., (Titanium Division). This. sample, ... prepared by the 

crushing of larger crystals which were grown by the flame fusion tech-

nique, was screened to -325 mesh (73). Although ther.e was considerable 

amount of - 400 mesh material, the sample was used asreceived without 

further .sizing. The ~mple was cleaned·with concentrated hydrochloric 

acid, washed with strong sodium hydroxide, and rinsed with disti,lled 

water fol1owed by conductivity water as described previously. The 

surface area was determined by B.E.T. kryton gas adsorption method to 

2, . be 3610 cm. gm. (see Appendix III). The chemical analysis, deter-

mined spectrographically, of the rutile samp1e was found to be as follows: 
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Impurity Percentage 

Si02 0.02 

Fe203 0.0001 

A1203 0.01 

Sb203 0.01 

Sn02 
0.002 

Mg 0.0001 

Cu 0.0001 

Pb 0.0005 

Mn 0.00005 

Ni 0.001 

V 0.0005 

Cr 0.0001 

By the difference, the Ti02 content is 99.95% • 

. D. Baddeleyite· 

Unfortunately, a sample of high purity baddeleyite; or zirconia 

was not available in the size range - 325 + 400 mesh. A finely divided 

sample, prepared by precipitation of Zr02 from zirconium oxysulphate 

solution, was obtained from the National Lead Co. The sample as re

ceived was analysed as follows (74):-
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Imp ur ity Percentage 

Chemica1 Ana1ysis 5°3 .0.91 

Ign. Loss 1.16 

Spectrographie Ana1ysis Si02 0.15 

P20S 0.01 

Rf02 0.005 

A1i03 0.005 

Fe203 0.005 

MgO 0.02 

CaO 0.03 

The samp1e, after washing and drying, wou1d by difference analyse 

99.77% Zr02 , if a11 the 503 cou1d be removed. The samp1e was washed 

with 10% hydroch1oric acid, disti11ed water, and conductivity water as 

described previous1y. The fi1trate was checked for ch10ride and su1-

phate ions. The samp1e.was dried, mixed, and stored in the usua1 wf!..Y. 

The surface areawas determined by B.E.T. nitrogen gas adsorption to 

2 
be 16.3 M ./gm. 

A11 minera1s were identified by X-ray diffraction to determine 

if there was more than one compound present (e. g. FeOOR in Fe20j)' 

No compounds other than the minera1s being examined were detected 

(see Appendix IV). 
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2) Chemical Reagents 

A. Dehydroabietylamine Acétate 

Thedebydroabietylamine acetateused'in this-investigation 

was .. a spec;:ially prepared sample. suppliedby Hercules Powders Inc. 

For the .present adsorption study, this high purity dehydroabie~yl- .. 

amine acetate.was used becau~e it .. is easily soluble in water, where-

as the amine is 'practically insoluble'. Th~· composition of the acet-

ate was. checked and' the res~lts .are r~ported in Table III (68).' 

Stock sQlution containing 0.2 gram of dehydroabietylamine acet- . 

ate per.lOO ml. of solution was prepared as fol1ows;- Tà a·tared beak-

er, ex~ct11 0.2000 8rams.of·dehydrQabiety1~ine acetate,was added·fol-. 

lowed by 20 ml •. of·conductivity water. When dissolution wasc~p1ete; 

the solution was.transferred to a.volumetric flask and, the required 

volume of'water added.to make'ex~ctly 100 ml. of .solution. The· ab ove 

procedu;re was necessary due to the sticky.nature of dehydroabietylamine 

acetate·(similar to pinepitch). +he stock sQ1ution had a concentration 

of 2,000 mg./l. dehydroabietylamine acetate. FrQm the stock' solution, 

other solutions of varying concentrations. were made .. for the adsorption 

tests by simple dilutio~. 

B. Conductivity Water , 

Conductivity water for th~se e~periments was prepared from wat~· 

er distilled in a Barnstead Water. Stil-l, Type SL-l. This. water was.re-

distil1ed in an all-pyrex Yoe-type still(Cor~ing Glass Water Distillation 
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Apparatus, Model AG-2). Purified nitrogen was allowed to bubble through 

it for not less than two hours to give a solution with a conductivity 

varying from 2.6 to 5.0 X10- 7 mhos/cm. The pH oftp.esesolutions 

varied from 7.0 to 7.3 indicating the presence of slight amount of 

basic impurity. 

C. Purified Nitrogen 

Water-pumped commercial nitrogen was purified by bubbling 

through a strong potassium hydroxide solution to remove carbon dioxide, 

then through a 15 inch column of a 0.1 Nsolution of vanadyl s~lphate 

to remove oxygen,and finally through a column of distilled water :to re-

move any traces of vanadium salts or acid thatmight have been carried 

over. The vanadium solution was prepared bythe method suggested by 

Meites (75). Lightly amalgamated zinc was added to 0.1 N solution of 

vanadyl sulphate. A small amount of concentrated sulphuric acid was added 

to liberate hydrogen, which reduced the vanadium .to a lower oxidation 

state. The vanadyl sulphate solution was thus regenerated at the expense 

of the zinc. 

D. Hydrochloric Acid. 

Concentrated hydrochloric acid(A.C.S. Spec.) was diluted to 

approximately 1 N acid solution with conductivity water. This hydro

chloric acid was standardized against sodium carbonate (A.C.S. Spec.·), 

The acid was found to be exactly 1.000 N HC1. (see Appendix II). 
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E. Sodium Rydroxide 

Eighty grams·of sodium hydroxide pellets(A.C.S. Spec.) were 

dissolved.in 80 ml. of conductivity water in a glass stoppered separa-
, 

tory funnel. The solution was allowed .to stand for ten days after which 

the precipitated sodium carbo~ate had settled". to the .bottom. Twenty ml. 

of .the clear solution was diluted to 400 ml. with conductivity water to 

give a solution of approximately 1 N. This base solution was standar-

dized against the above hydrochloric acid and foundto be 1. 181 N NaOR. 

(see Appendix II). 

F. Other Reagents. 

AlI other chemicals usedin this investigation were commercially 

available. Only the purest grades were purchased and used. These 

include:-
/ 

Glacial Acetic Acid 

Chloroform 

Bromophenol Blue 
(Na-salt) 

Merck Co. 
(A.C.S.) 

Fisher Certified 
(A.C.S.) 

Fisher Certified 
(A.C.S.) 

99.8% Min.Assay 

Largest Impuri ty 
Acetone 0.005% 
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Experimental Eguipment and Procedures 

l (a) Agitation Adsorption Tests 

'Iwo gram samples of the cleaned a~dsized oxides were \1sed in 

aIl adsorption tests. Adsorption tests were carried. out in 50 ml. 

glass vials, wbich had an average capacity of 48.0 ml. wh en empty. 

If the vials were filled with. two grams of 1:lematite, zirconia, or rutile, 

the liquid vo~ume was 47.5 ml. If the vials contained two grams of 

silica, the solution volume was 47.2 ml. Tl:lese vials were completely 

fUled with amine solution to minimize the formation of bubbles. The 

vials were stoppered with rubber serum caps and t1:le last air bubble was 

removedwith a hypodermic needle. Agitation was provid~dby packing 

fourteen vials in a metal container and turning.the vials on, their 

longitudinal axis at 86 r.p.m. This was: similar to that of Lapointe (76). 

The initial and final amine concentrations were determined using 

a Beckman DU Spectrophotometer (see Appendix I), and the difference 

taken as the amount adsorbed. 

Equilibrium times were determined .for various amine concentrations 

(Table IV , and Figure 5) and a contact time of eighteen heurs was taken 

to be sufficient for equilibration. Above 30 mg. Il., the equilibrium time ap

peared to be less than one hour, but, in order ta make aIl the tests 

uniform,a period of eighteen hours was used for each·. test. AlI tests 

were conducted at room temperature (23 ± 2 deg. C.). 
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TABLE IV 

ADSORPTION TESTS TO DETERMINE THE EQUILIBRIUM CONTACT TIME 

, , 

Time Initial Final Amount 
of Contact Conc'entration Concentration Adsorbed 2 

(hours) (mg. /1.) (mg. 11. ) (J.L1Ilo1es/cm. ) 

0 5.0 5.0 0.0 
1/12 5.0 3.1 9.50x10 -5 

1/4 5.0 3.0 1.00xl0-4 

1/2 5.0 2.8 1.lOx10-4 

1 5.0 2.6 1.20x10 -4 

18 5.0 .1.8 1.60x10 -4 

0 50 50 0.0 

1/12 50 33.5 8.25x10 -4 

1/4 50 34.2 .7.90x10 -4 

1/2 50 33.0 8.50xl0-4 

1 50 . 35.5 -4 7.25x10 

18 50 34.5 7.75xlO-4 

0 5001 500 0.0 

1/12 500 465 1.75x10 
~3 

1/4 500 .460 2.00x10 -3 

1/2 500 450 2.50x10 -3 

1 500 455 2.25x10 -3 

10 500 465 1."75x10-3 
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FIGURE 5 

THE ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON HEMATITE AS A FUNCTION OF CONTACT TIME 

o - 500 mg./l. 

o - 50 mg.ll. 

~ 5 mg. Il. 
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l (b) Desorption Tests 

Amine ions or molecules adsorbed to the surface of the solid 

minerals were desorbed in an. apparatus similar .to the one 1,1sed by 

Gaudin and Bloecher (78). The apparatllsconsisted of a 250 ml. 

·filter f1ask on which a 20 mm. coarse fritted glass fil~er was mounted. 

The minera1 sample was pLaced in, the fritted glass filter and well mixed 

with a smal1 portion of t~e amine stock solutio~. Whenwetting was as

sured, a funnel was attached to the ,filter with a rubber stopper as 

'shown in Figure 6. The remainingsolution was added to the funnel, thus 

maintaining a constant solution coverage over the bed of minera1. The 

same solution (100 ml. total) was passed tlu'ough the bed threetimes to 

assure equi1ibrationof the solid and solution. After analysis, a por

tion was removed and replaced with conductivity water. The di lute so

lution was then passed through the bed to desorb amine until equilibrium 

was again established. This procedure was continued until the concen

tration fel1 to the lowest possible level. Calculations were made to 

determine the amount of amine adsorbed at each concentration. To estab

lish the error due to adsorption on the fritted glass filter, a check 

was made between the amount adsorbed in these tests and in the agi-

tation adsorption tests. Adsorption on the filter was found to be nE:gligib1e. 

2. Surface Tension Determination 

The surface tension of the organic amine solutions were deter

mined at a natural pH of 5.~·· to 6.6 using a modification of the glass 

capillary method described by Harkins and Brown (80). The surface 
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FIGURE 6 

DESORPXION APPARATUS 

M -Mineral Bed 

S - Solution 

R - Rubber Stoppers 



:.!' '::. J. 



~-::"'. . " 

,_\ 

-52-

tension was measured by determining the equilibrium height of amine 

solution in, two vertical capillary glass tubes of different internaI 

radii (81) 'as shown in Figure 7. If the meniscus in each capillary 

is falUng to the equilibrium position, then, the formula for the sur-

face tension, 

y = 1/2 pgh r cos e (51) 

becomes 
y = 1/2 pgh r (52) 

since cos e ~ l when e, the angle between the meniscus and the 

glass wall, approximates zero. Due to experimental difficulties in 

measuring the height of the liquid in the container, two capillary 

tubes of different diameter were used. Only the difference in height 

of the two menisci was required as the surface 'tension is expressed 

as; , 

y l = "2 pg (53) 

where y is the surface tension in dynes/cm. 

P is the density difference between the amine $olutions and ,the 

air above it (Assumed to be 1.00 sm./cm. 3) 

g is the acceleration of gravit y (980.6 cm./sec. 2) 

r 1,r2 'are the radii of the two cap'illary tubes in c:m. 

Àh is the difference in héight of the menisci in each tube in, cm. 

The glass capillaries were cut intp ten inch long sections. The 

radius of the bore of each was determined by filling the capil1ary with 

triple distilled mercury and measuring the length and weight of mercury 
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FIGURE 7 

DOUBLE GLASS CAPILLARY AFPARATUS FOR 

SURFACE TENSION DETERMINATION 

A - Fine Capillary Tube 

B - Coarse Capillary Tube 

C - Pressurizing Tube 

D - Solution 

E - Rubber Stopper 
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RESULTS 

Adsorption ànd Desorption Tests 

The amountof dehydroabietylamine acetate adsorbed on quartz, 

hematite, rutile, and baddeleyite (rR)· has been determined as a 

function of the equilibrium concentration of amineacetate in solu~ 

tion (CR). The adsorption isotherms, shawn in Eigures 10 to 13 for 

each mineraI respectively,were drawn using logarithmic scales for 

specifie adsorption and equilibrium concentration. The concentra~ 

tion was varied from 0.3 to 5600 micromoles per lit~while the spe-

cific adsorption varied from 0.2 to.49.0 micromoles per square meter 

(or Gibbs). The results are detailed in Tables XLIV to XLVII, 

Appendix VII. As a comparison, the adsorption of dodecylamine ace-

tate on quartz and hematite are shown.in Figure 10 and Figure Il. 

The four isotherms indicate that the adsorption. is related 

to the concentration in the bulk solution by the following equation. 

(54) 

where k and n are constants. This equation is similar to the 

Freundlich equation, except that the volume adsorbed per unit weight 

of adsorbent, v, is replaced by the specifie adsorption, r R, and the ex-

1 
ponent~ - is replaced by n. The values of k and n are recorded 

n 

in Table V , when.p R is expressed in Gibbs and CR in micromoles per 

litre. 



• 

,., 
~ 

-54-

used • Prior to surface tension measurements, the two capillaries and 

the solution container were thoroughly cleaned with glass cleaning so-

lution followed by rinsing with distilled water, conductivity water 

and a small portion of the solution to be measured. 

3. Contact Angle Determination 

The construction of the contact angle apparatus was based on 

the one designed by Taggart, Tayl9r and Rice (79). It consisted of 

a microscope with its stage and objective horizontally mounted. A 

transparent plastic container, in which the solution and the specimen 

were placed, was set on the stage. The bubble holder consisted of a 

glass capillary tube mounted on an independant mechanical stage posi-

tioned on top of the microscope stage. The mineraI specimen with a 

horizontal surface was placed in the flotation solution in the plastic 

container on the microscope stage and an air bubble was introduced onto 

its horizontal surface through the capillary tube •. The angle of contact 

of the gas-liquid-solid interfaces was observed as a' magnified image z' ~~ 

through the microscope's eyepiece, which was provided with graduations 

allowing direct reading of the angle to the nearest degree. 

The samplœwere poli shed under water prior to each test to ensure 

a fresh surface. A contact time of one hour was taken as sufficient 

for equilibrium to be established between the amine and the minera.!. 

An air bubble was then brought into contact with the mineraI surface 

and an additional time of one-half hour was found sufficient for the 

contact angle .to reach equilibrium. 
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4. Floatability Tests 

One gram. samples of each Mineral were used for the flotation 

tests using a modified Hallimond tube (82,83). The samples were con-

ditioned with.amine in exactly the same manner as for the adsorption 

tests. A flotation time of one minute, with an air flow rate of 

250 ml./min.(measured by an RGI spherical float meter) were arbitrarily 

chosen for the tests. Cell agitation was provided by a magnetic stirrer. 

The flotation tests were conducted at room temperature and at the na-

tural pH. Tests were conducted in acid and base solution to determine 

. the effect of pH. 

5~ Zero-Point-of-Charge Determination 

The zero-poin~of-charge of specular hematite, rutile and bad-

deleyite (zirconia) were determined using the adsorption of potential-

determining ions technique (34) ~ 

The apparat~s used to determine the zero-point-of-charge consisted 

of a 600-millilitre beaker with pouring lip removed, fitted with a 

r~bber stopper with holes through which a calomel electrode and glass 

electrode for pH measurements, a thermometer, two burette tips, and 

inlet and outlet tubes for purified nitrogen were inserted (Figure 8). 

The beaker was placed in a 5 x 5 x 8 inch battery jar on top of a 

magnetic stirrer. Thermostated water was passed through the battery jar 

o (25.00 ± 0.05 C). To prevent bicarbonate formation and dehydration, 

purified nitrogen was passed through. the celle The pH was read 
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FIGURE 8 

APPARATUS USED FOR ZERO-POINT-OF-CHARGE DETERMINATION 
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(~ 0.005) with a Model 12 Corning pH meterwith Corning electrodes, 

Type E-l. 

!WO titration curves were established for each concentration 

of supporting electrolyte, one with no solide present and the other 

with 4.000 gm. of hematite in 400 ml. of solution. The curves were 

both started with 1.000 ml. of 1.181 N NaOH and back-titrated with 

small amounts of 1.000 N HCl. Conversely, for rutile and zirconia. 

tests were started with 1.000 ml. of 1.000 N HCl and back-titrated with 

small amounts of 1.181 N NaOH. The pH was recorded whenthere was 

no change for one hour (usually one-half to eight hours). 

In order to determine the zero-point-of-charge of quartz, the 

streaming potential method was used. The apparatus used i8 similar 

to that used by Purcell (27), Fuerstenau (84), and Buchanan (85) and 

is shown in Figure 9. Modifications included the insertion of the 

conductivity cell above the streaming ce11 and the use of nitrogen gas 

purification of the ~olution within the apparatus. 

The solution under consideration was made up of acid or base 

additions made through a burette (B) and cond l.1ctivity water which had 

been flushed with purified nitrogen in burette (ro). It was mixed in 

bulb Al' and streamed back and forth through the mineraI plug Cinto 

bulb A2 until the conductivity was constant as measured by the con

ductivity cell bmlediately below Al" The streaming cell was made up of 

two bright platinum electrodes in ground glass joi~'s as shown in 

Figure 9. 
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FIGURE 9 

STREAMING POTENTIAL APPARATUS 

Al' A -2 
Solution Bulbs 

B - Burette 

C - Manometer 

D - Manifold 

E - Streaming Cell 

F - Conductivity Cell 

G ~ pH Cell 

H - Pressure Release 

J - Ballast Tank î. K - CO
2 

Scrubber 

L - Conductivity Cell 
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FIGURE 10 

ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON QUARTZ 

A -0 Adsorption Isotherm 

o Desorption Isotherm. 

B - Adsorption of Dodecy1amine Acetate (deBruyn) 

C - Adsorption of Dodecy1amine Acetate (Bloecher) 

M - Mono layer 
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FIGURE. 11 

ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON HEMATITE 

A -()Adsorption Isotherm 

[] Desorption.Isotherm 

B - Adsorption of .Dodecylamine Acetate (Morrow) 

M - Mono layer 
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FIGURE 12 

ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON RUTILE 

o . - Adsorption, Isotherm 

Ci - Desorption Il!Iotherm 

M . - Monolayer 
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FIGURE 13 

ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON BADDELEYITE 
(Precipitated Zirconia) 

() Adsorption Isotherm 

M - Mono1ayer 
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TABLE V 

k AND n VALUES FOR THE FREUNDLICH EQUA'l:ION 

MINERAL k n 

Quartz 1.41 0.41 

Hematite 0.645 0.51 

Rutile 0.440 0.50 

Badde1eyite 0.106 -O~49 

The adsorption isotherms for rutile and hematite reach a satu

ration point at high concentrations. In this concentration range, 

the adsorption fo110ws a modified Langmuir isotherm which May be ex

pressed as follows: 

= (55) 

where (r R)o is the maximum adsorption under existing solution con

ditions, and b is a constant which determines the conc~ntration 

above which the adsorption approaches saturation. From the slope and 

intercept of the graph of cR/r
R 

vs. CR shown in Figure 14 for rutile 

and hematite, the constants (rR)o and b are determined and are re

ported in Table XLVIII , Appendix VII. 

No attempt was made to control the temperature of the adsorp

tion system, but the small variations in room temperature did not 

have any sy.stematic effect on the àdsorption resu1ts. 
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FIGURE· 14 

DETERMINATION OF LANGMUIR ISOTHERM 

CONSTANTS 

D.. - Rutile 

o - Hematite 
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The solutions used were found to be slightly acid (pH of 5 ,t06), 

even though no acid was addedto the system. Since amine acetate solu-

tions should be slightly basic due to the hydrolysis of the amine (appro-

ximately 0.4 pH units maximum in this case), the observed acidity must 

be due either to dissolved carbon dioxide or traces of acetic acid 

(from the amine acetate) in the unbuffered solutions. Even though a ' 

variation in pH of about one unit has been noted, no consistent change 

in the adsorption with respect ,to pH was observed. AbsolutepH 

measurements around neutrality are unreliable in unbuffered solutions 

and not too much value should 'be attached to the magnitude of the ex-

perimental pH readings. 

Attempts to calculate the weight of surfactant required to com

plete an adsorbed mono layer have been made by considering the loca-

tion of oxygen atoms on cleaved mineral surfaces and determining the 

number of available sites (62,63). Using this technique and the cross

sectional area of dehydroabietylamine molecules of approximately 50 Â~ 
. .' .' 

(68,77), the area of quartz and hematite occupied by one de~ydroabie~yl- . 

amine. moleculeis 46.8.!t~ and 48.lÂ~' respectively. However, since 

surface coverage is not uniform and since high and low specific ad-

sorption regions are present (87), the calculated monolayer can be con~ 

sidered only as an approximate guide to determine the average number 

of adsorbed layers present. Thus, considering only the cross-sectional 

area of the amine molecule and the specifie surface of each mineral, 

the weight of amine required to cover one square centimeter of surface 



is 0.1146 microgram. The weight of amine required for an. adsorbed 

monolayer on one gram of quartz, hematite, rutile and baddeleyite 

is 150, 146, 425, and 18,700 micrograms respective1y. The accuracy 

of this determination is ~10% due to uncertainty in the cross

sectional area of the dehydroabiety1amine mo1ecu1e. 

Effect of pH 

A series of tests was conducted ta investigate .the effect of 

pH on the adsorption of dehydroabiety1amine acetate on the four 

minera1s under study. The initial adsorbate concentration was 50 mg. Il. 

in all tests. The pH was varied from· 2.50 to 10.68 using acetic acid 

and sodium hydroxide~ The resu1ts are shawn in Figuxes15 to 18 and are 

tabu1ated in Tab1esLto LIll in Appendix VII. The specific adsorption 

was corrected for differences in equilibrium concentration to corres-

pond to a constant equilibrium concentration of 34.5 mg./l.(100 ~mo1es/1). 

The correction was made by app1ying equation (54) using the experimental 

values of n. ln order to check the validity of this correction, the 

specific adsorption on rutile as a function of concentration at five 

different pH values was determined. ResuÏts are shown in Figure 19 and 

recorded in Table XLIX, Appendix VII. With the exception of the 10west 

points on curve E (at much higher pH than the rest of curve E), the spe

cific adsorption is proportional to the square rootO of the equi1ibrium 

concentration at constant pH over the pH range 2.50 to 6.6. 

The largest variation in specific adsorption occurs in the 

slightly acid region (pH of 3 to 7) regardless of the mineral on which 
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FIGURE 15 

EFFECT OF pH ON SPECIFIC ADSORPTION 

OF DEHYDROABIETYLAMINE ACETATE 

ON QUARTZ 
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FIGURE. 16 

EFFECT,OF pH ON SPECIFIC ADSORPTION 

OF DEHYDROABIETYLAMINE ACETATE 

ON HEMATITE 
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,FIGURE, 17 

EFFECT OF pH ON SPECIFIC ADSORPTION 

OF DEHYDROABIETYLAMINE ACETATE 

ON RUTILE 
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FIGURE. 18 

EFFECT OF pH ON SPECIFIC ADSORPTION 

OF DEHYDROABIETYLAMINE ACETATE 

ON BADDELEYI TE 



... -. 

• 

CD 

~----·------~---------------N -o 

sqq!~ - NOlld~OSa\f ~1:J1~3dS 

ë5 o 

/ . 



• -72-

FIGURE 19 

ADSORPTION OF DEHYDROABIETYLAMlNE 

ACETATE ON RUTILE AT 

VARIOUS pH VALUES 

A - pH = 2.50 

B - pH = 3.98 

C - pH = 4.99 

D - pH = 6.30 to 6.55 

E - pH = 6.80 to 9.70 

• . , 
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the adsorption takes place. Belowa pH of approximately three, the 

amount adsorbed is negligible and above a pH of seven the adsorption 

is nearly complete and constant, depending on the capacity of the mineral 

surface to adsorb the amine. The straight line portion of each curve 

may be represented by the following equation: 

(56) 

where Cs+ is the concentration of the hydrogen ions and k is a 

constant. 

Adsorption tests in the pH range of 8.80 to 10.68 were turbid 

initially due to partial hydrolysis of the amine. At the completion 

of the adsorption test,the solutions were clear due to the reduction 

in amine concentration. Thus, these results are included but must be 

considered doubtful due to uncertainty in the mechanism of the amine 

removal from the bulk solution. 

Tables VI, VII and VIII summarize the results of tests to deter

mine the desorption of dehydroabietylamine acetate from quartz, hematite 

and rutile, using water as the solvent. The tests indicate that most of 

the amine was desorbed readily, but that a small amount remained which 

could cons~uentJ.y be removed into acidic solutions. This quantity probab

ly could be removed by continuous dilution with water, but, at low 

concentrations, the analysis became inacc\lrate. It :was easïerto re

move the remainder with acid which accounts for the high concentration 

and low adsorption in the last desorption test on quartz and hematite. 
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TABLE VI 

DESORPTION OF DEHYDROABIETYLAMlNE ACETATE 

FROM QUARTZ (wt. = 4.5628 gm.) 

Equilibrium Amine in ' Amine Amine 
Concentration Solution Adsorbed Total 

mg.Jl. mg. mg. mg. 

1905 190.50 9.50 200.00 
1905 47.50 9.50 57.00 

496 49.60 7.40 57.00 
496 29.80 7.40 19.80 

160 16.00 3.80 19.80 
160 4.00 3.80 7.80 

54.8 5.48 2.32 7.80 
54.8 1.37 2.32 3.69 

21.5 2.15 1.54 3.69 
21.5 0.61 1.54 2.15 

9.5 0.95 1.20 2.15 
9.5 0.24 1.20 1.44 

5.5 0.55 0.89 1.44 
5.5 0.14 0.89 1.03 

9.6 0.96 0.07 1.03 

Amine Removed 
From Solution 

mg. 
./ 

143.00 

37.20 

12.00 

4.11 

1.54 

0.71 

0.41 

(Acid) 
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TABLE VII 

DESORPTION OF DEHYDROABIETYLAMlNE ACETATE 

FROM HEMATITE (wt. = 8.6872 gm..) 

Equilibrium Amine in . Amine Amine 
Concentratiol,l Solution Adsorbed . Total 

mg. ft. mg. mg. mg. 

1910 191.00 9.00 200.00 
1910 47.80 9.00 56.80 

481 48.10 8.70 56.80 
481 12.03 8.70 20.73 

160.3 16.03 4.70 20.73 
160.3 4.02 4.70 8.72 

52.2 5.22 3.50 8.72 
52.2 1.32 3.50 4.82 

22.4 2.24 2.58 ·4.82 
22:4 0.56 2.58 3.12 

13.4 1.34 1.80 3.14 
13.4 0.34 1.80 2.14 

8.5 0.85 1.29 2.14 
8.5 0.21 1.29 1.50 

14.5 1.45 0.05 1.50 

Amine Removed 
from Solution . . . 

mg. 

143.20 

36.07 

12.01 

3.90 

1.68 

1.00 

0.64 

(Acid) 
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TABLE VIII 

DESORPTION OF DEHYDROABIETYLAMINE ACETATE 

FROM RUTILE (wt. = 9.6137 gm.) 

Equilibrium Amine in Amine Amine 
Concentration Solution Adsorbed Total 

mg. /1,. mg. mg. mg. 

1834 174.24 16.90 191.14 
1834 165.06 16.90 181.96 

860 163.50 18.46 181.96 
860 77 .50 18.46 95.96 

438 83.10 12.86 ' 95.96 
438 39.10 12.86 52.16 

214 40.60 11.56 52.16 
214 19.20 11.56 30.76 

102.6 19.20 11.26 30.76 
102.6 4.10 11.26 15.36 

50.5 9.60 5.76 15.36 
50.5 4.55 5.76 10.31 

24.5 4.65 5.60 10.3l 
24.5 1.03 5.60 6.63 

13.6 2.58 4.05 6.63 

Amine Removed 
From Solution 

mg. 

9.18 

86.00 

43.80 

21.40 

15.40 

5.05 

3.68 

-
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Surface Tension. Conductance and Ion Concentration. 

1) Surface Tension Measurements 

The effect of amine concentration on the surface tension of 

aqueous solutions is shown in Figure 20. The res~lts are' tabulated 

in Appendix VI. With increasing amine concentration, the surface 

tension dropped rapidly at low concentrations fol10wed by a more gra

dual decrease at higher concentrations. The effect is simi1ar to 

that obtained by adding ethy1 a1cohol to aqueous solutions (88). 

When the surface tension is p10tted as a function, of the 10garithm 

of the equilibrium concentration, the result, shown in Figure 21, in

dicates that there was no effect up to 5 mg. Il. dehydroabie'ty1amine 

acetate. Above 30 mg. 11." the surface tension was a function of 

the 10garithm of the concentration according to 

y = (57) 

where y is the surface tension in dynes/cm. and CR is the amine 

acetate concentration in mg. Il. In the concentration range of 5 to 

30 mg. IL, there is a transition zone where the change in surface ten

sion increases with concentration until the above equation is satisfied. 

There is no indication of an abrupt change in the decrease in surface 

tension with increasing concentration that would mark the ons et of micelle 

formation. Therefore, the critical micelle concentration has not been 

reached in the concentration range below 2 gm./l. Since d~decy1amine 

acetate has a critica1 micelle concentration of 0.013 mo1ar (3.18 gm./1.) 
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FIGURE 20 

SURFACE TENSION OF DEHYDROABIETYLAMINE 

ACETATE SOLUTIONS 
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FIGURE 21 

SURFACE TENSION OF DEHY~ROABIETYLAMINE 

ACETATE SOLUTIONS AS A FONCTION OF THE 

LOGARITHM OF THE CONCENTRATION 
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(89),it can be estimated that the critical micelle formation for dehy

droabietylamine acetate is in the order of 4~ gro. /1. (0.013 Molar), 

weIl above the concentration range covered in this investigation. 

2) Equivalent Conductance Measurements 

In.order to check the conclusion fro~ surface tension measure-

ments that the critical micelle concentration had not been reached 

at 2000 mg. Il., the equivalent conductance of dehydroabietylamine 

acetate solutions was determined. The equipment used was identical 

to that used for the zero-points-of-charge (see Figure 8) except that 

the pH electrodes were replaced by a dip-type conductivity cell(cell 

constant 0.1003). The results ar.e tabulated in Table XLI, Appendix VI 

and the specific conductance is shown as a function of concentration 

in Figure 22. 

To test the applicability of Onsager's Equation, 

A = A - (9 A + a)/ë o O' 
(58) 

the equivalent conductance, A , is plotted as a function of the square 

root of the concentration in Figure 23. The calculations are shown 

in Table XLII, Appendix VI. Since this amine has not been. the subject 

of many investigations, no comparable conductance data were available. 

As a comparison, work by Ralston et al (89) on dodecylamine acetate is 

included in Figure 23. 
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FIGURE 22 

SPECIFIC CONDUCTANCE OF DEHYDROABIETYLAMINE 

ACETATE SOLUTIONS 
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FIGURE 23 

EQUIVALENT CONDUCTANCE OF DEHYDROABIETYLAMINE 

ACETATE SOLUTIONS 

o - Dehydroabietylamine Acetate 

o - Dodecylami~e Acetate 
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It may be concludedthat the critica1 micelle concentration 

has not been reached at 2000 mg./1. dehydroabiety1amine acetate. 

Further, at 2SoC., the values for A and 1 have been determined o c 

to be :.' 

A = o· 

1 = c 

2 
60.1 ~o - cm./~quiv. 

2 
23.3 mho - cm./equiv. 

The slope of the straight 1ine in Figure 23 is80.6 which 

is.notin good agreement with the ca1cu1ated slop~ of 73.S •. The 

calculated slope isbased on theoretic~l values9f·e (0.2273) and 

a (S9.78) given in the literature (90) for Onaager!s Equation.· 

However, in Ralston's work (89), the experimenta1slope (84.0) is 

higher than the theoretical slope (74.0) ca1culated from the.same 

constants. 

3) Calcu1ation of Concentration· of Amine Ions and'F~éé Amirte. 

The ionization constant for dehydroabietylamine has been 

-S, 
determined experimentally to be approximately 4.2 X 10 • The·so1u~ 

bility of free dehydroabiety1aminewas found to be.4.0 mg./l. (express-
~S· -. 

ed as dehydroabiety1amine acetate) or 1.16 X 10 moles perlitre. 

+ Th~ concentration of the dehydroabiety1amine ion (RNH3), the.concen-

tration of the free dehydroabiety1amine (RNH2), and the equivalent 

conç.entration of prec~pitated d~hydroabiety1amine (RNH2Çprecipitate<;1» 

have been ca1cu1ated in Tables IX to XI. The graph in Figure 24 

shows the variation of these quantities with pH • 
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TABLE IX 

CONCENTRATION OF AMINIUM IONS AS A FUNCTION OF 

pH AND TOTAL AMlNE_ CONCENTRATION 

Concentration pH pH pH pH pH pH 
mg. /1. 

1 
2 
4 
8 

20 
50 

100 
200 
500 

1000 
2000 

Total 

6 7 8. 9 9.62 10 

1.00 0.99 0.98 0.81 0.50 0.29 
2.00 1.99. 1.95 1.62 1.00 0.59 
4.00 3.98 3.90 3.23 2.00 1.18 
8.00 7.97 7.80 6.46 4.00 1.72 

20.00 19.93 19.52 16.17 4.00 1. 72 
50.00 49.8 48.8 17.2 4.0 1.7 

100 99.6 97.6 17.2 4.0 1.7 
200 199 172 17'.2 4.0 1.7 
500 498 172 17.2 4.0 1.7 

1000 996 172 17.2 4.0 1.7 
2000 1720 172 17.2 4.0 1.7 

TABLE X 

CONCENTRATION OF UNIONIZED AMINE (SOLUBLE) AS A 

FUNCTION OF pH AND TOTAL AMINE CONCENTRATION. 

poncentration pH pH pH pH pli pH 
mg./1. 6 7 8 9 9.62 10 

1 - - 0.03 0.19 0.50 0.71 
2 - 0.01 0.05 0.39 1. 00 1.41 
4 - 0.02 0.10 0.77 2;00 2.82 
8 - 0.03 0.20 1.54 4.00 4.00 

·2·0 - 0.07 0.48 3.83 4.00 4.00 
50 0.01 0.12 1.2 4.0 4.0 4.0 

100 0.02 0.24 2.4 4.0 4.0 4.0 
200 0.05 0.5 4.0 4.0 4.0 4.0 
500 0.12 1.2 4.0 4.0 4.0 4.0 

1000 0.24 2.4 4.0 4.0 4.0 4.0 
2000 0.48 4.0 4.0 4.0 4.0 4.0 

pH 
11 

0.04 
0.08 
O~ 16 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 

pH 
11 

0.96 
1.92 
3.84 
4.00 
4.00 
4.0 
4.0 
4.0 
4.0 
4.0 

·4.0 

~-
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TABLE XI 

CONCENTRATION OF PRECIPITATED UNIONIZED AMINE AS 
FUNCTION OF pH AND T~TAL AMINE CONCENTRATION 

Concentration pH '.' pH pH pH pH' pH 
mg. Il. 6 7 8 9 9.62· 10 

1 - - - - - -
2 - - - - - -
4· - - - - - -
8 - - - - - 2.2~ 

20 - - - - 12.00 l4.2~ 
50 - - - 28.8 42.0 44.3 

100 - - - 78.2 92.0 94.3 
200 '- - 24 178 192 194 
500 - - 324 478 492 494 

1000 - - 824 978 992 994 
2000 - 76.0 1824 1978 1992 1994 

pH 
11 

---
3.83 

15.83 
45.8 
95.8 

196 
496 
996 

1996 

Fur thermore, the total solubility, drawn as a function of pli, agrees 

weIl with experimental points. Some supersaturation occurs at low 

concentrations. Similar ca1culations have been reported by Smith (60) 

for dodecylamine acetate with similar results. 

Qualitatively, dehydroabietylamine acetate is found to react with 

mineraI acids (H2S04 , HCl, HN03) to form a white gelatinous precipitate. 

The ultra violet absorption spectrum of this amine in solution was exa-

mined to locate a suitable ana1ysis wave1ength. The spectrum in Figure 

25, (see ,Table XLIII, Appendix VI), was determined but the regions of 

high absorption are unsuitable for analysis due to interference from 

metallic ions and inaccuracy at low concentrations. 
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FIGURE· 24 

ION CûNCENTRÀTIONS IN DEHYDROABIETYLAMlNE 

ACETATE SOLUTIONS 

o - Experimental Solubility Points 
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FIGURE 25 

ABSORPTION SPECTRUMOF DEHYDROABIETYLAMINE 

, ACETATE SOLUTIONS 
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Contact Angle Measurements and Work of Adhesion 

Contact angle measurements were.made on po1ished surfaces of 

quartz, hematite, and rutile immersed in aqueo~s solutions· of dehy-

droabiety1amine Acetate. Conditions of essentia11yconstant pH 

(6 to 7) and temperature were maintained. The results are spown 

in Figure 26 as a function of concentration. A11 the oxides exhi-

bited a zero contact angle in water. Measurab1e contact angles were 

obtained at concentrations of 0.5 mg. Il., or more, after measurab1e 

amounœof adsorption had occurred. 

The contact angle reached a maximum of 510 for hematite at a 

concentration of 500 mg./1., after which it decreased to 440 at a 

concentration of two grams of dehydroabiety1amine Acetate per1itr,e. 

The contact angle of quartz increased more rapid1y with concentration 

than the correspohding values for hematite. From a concentration of 

2 to 10 mg. Il., where the surface coverage was approximate1y a mono-

o layer, the contact angle on quartz remained constant at 38. Above 

10 mg. Il., the~ntact angle on quartz increased to a maximum of 530 

at 500 mg./l.~nd then decreased to 480 at 2 ~./l. The angles on 

quartz were comparable to those on hematite except that they were 

slightly higher on quartz. 

On rutile, the contact angles increased much more rapidly, 

reaching a maximum angle of 640 at 2 mg. Il., dehydroabietylamine acetate. 

This maximum angle was maintained until a concentration of 60 mg. Il., 

was reached. Above 60 mg./l., the contact angle decreased steadily 
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FIGURE 26 

EFFECT OF DEHYDROABIETYLAMINE ACETATE 

CONCENTRATION ON THE CONTACT ANGLE '. 

0 - Quartz 

0- Hematite 

6 Rutile 

V - Baddeleyite 



.. 
''ffIIf' 

o 00 0 0 
CD CD ~ N 

saeJf>ap - 319N" J.~VJ.NO~ 

o 

~ 
§, -, 
8 

: fi) 

o 
2 
8,~ 
- 0' 

E' 
o 1 
"'z o 

fi 
00:: 
N~ 

'w 
00 
~z 

o 
0.

0 
." 

0. 
N 

III 
o 



.' to 300 at 2 ~./1. The contact angle on rutile was greater than the 

corresponding angle o~ quartz and hematite fer a11 concentrations be10w 

300 mg. /1. Above 300 mg. 11., the angles on rutile were 1ess than those 

on the otheT minera1s. The maximum contact angle on, rutile occurred at 

10wer concentrations th an those for the other oxides. 

~n attempt was madeto measure the contact angle on'badde1eyite 

but the' resu1ts are somewhat queationab1e. The on1y puremi.nera1 avai1-

2 able was the powder with a specific surface of 16.3 M ./gm. A portion 

was mounted on top of:.ha';, section of "quiclanount", taking care that no 

"quiclanount" covered the mineraI. The surface,. being f1at, was comparable 

,to a piece of b,u1k minera1 except that it wasporous' and cou1d adsorb 

considerable weight of amine due to its large surface. As seen in Figure 26, 

no contact was observed unti1 a concentration of 20.mg./1., was reached. 

The contact angle increased to a maximum, of 570 at 300 mg. Il., above which 

it remained consta~t. The adsorption on badde1eyite may havebeen con-

siderable, whereas the adsorption on the other oxides was neg1igib1e. 

The work of adhesionof an air bubb1e to the surface of each of 

the four oxides was, determined. Ca1cu1ations are contained in Tables .LIV 

to LVII, Appendix VII and the res.u1 ts are shown as a function of concen-

tration (Figure 27). 

The work of adhesion increased smooth1y with concentration of 

amine for a-quartz, rutile, hematite and badde1eyite. At a certain con-

centration in the case of quartz, the maximum.work of adhesion was 
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FIGURE 27 

EFFECT OF DEHYDROABIETYLAMINE ACETATE 

CONCENTRATION ON THE WORK OF ADHESION 

0 - Quartz 

0 - Hematite 

l:::. - Rutile 

\l - Badde1eyite 

+ - Mono layer 
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attained after which. it decreased rapid1y. This decrease was caused 

by the decrease in contact. angle as we11 as the decrease in surface 

tension of the solutions~ 

The work of adhesion on hematite decreasedrapid1y above a 

specifie adsorption of 20 Gibbs as shown in Figure 28. This was due 

to the continuous decrease in the work of adhesion at high amine con

centrations, whi1e the increase in sp·ecific adsorption became very sma11. 

The work of adhesion .. on rutile was a1most twice that for the other 

minera1s, a phenomena which may be significant. The high purity rutile 

samp1es used in this investigation were un1ike those found in nature 

which contain various disso1ved impurities such as iro.n. The sh{1t'p de

crease in the work of adhesionas the specifie adsorption increased 

above 6 Gibbs was due to the decrease in contact angie, to the decrease 

in surface tension, and to the slow increase in specifie adsorption 

above 15 Gibbs • 
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FIGURE 28 

EFFECT OF SPECIFIe ADSORPTION OF DEHYDROABIETYLAMINE 

ACETATE ON THE WORK OF ADHESION 

0- Quartz 

0 - Hematite 

6. - Rutile 

'\l - Baddelyite 

+ - Mono layer 
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Zero-Point-of-Charge and Streaming Potentia1s 

1) Zero-Point-of-Charge of Oxides 

The resu1ts of the titration tests .to determine the zero-point-

of-charge of hematite, zirconia and rutile are co.ntained in. Tables 

XII to XIV. Titration curves are shown in Figures 29,30 and 31 for 

hematite, zirconia and rutile respectively. 

The re1ationship between the ionic strength and the potassium 

chloride ion content, considering the acid and base added, is as 

follows: 

Normality 
of KC1 

Solution 

10-4 

10-3 

10- 2 

10-1 

Ionie 
Strength of 

Solution 

2.6 ~ 10-3 

3.5 x 10-3 

1.25 x 10. 2 

1.025 x 10- 1 

The titration curves in the absence of any solid material for 

each of the four tests in Figure 29, when superimposed on each other, 

show very small variations at the same pH. It was decided, therefore, 

to run only one blank curve for zirconia and rutile and to assume that 

it was constant over the ionic strength range considered. The difference 

between each curve with solids and without solids is, in general, as ex-

pected from the double "layer theory. At the cross-over point of each 

set of curves, the adsorption of hydrogen and hydroxyl ions was_ equal, 

resulting- in a surface charge of zero. .Toward higher pH values, there 
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4 -4 Test No.1 -10 N KC1(Blank) 

Acid Added plI 

mt. 

0.000 11.250 
0.770 10.795 
0.992 10.375 
1.080 9.935 
1.118 9.555 
1.140 9.038 
1.155 8.410 
1.166 8.260 
1.198 4.587 
1.240 4.028 
1.347 3.602 
1.601 3~198 

2.295 2.785 

-

TABLE XII 

RESULTS OF TITRATION TESTS USING HEMATITE 

-4' , 
~est No.16-10 N KCl -3· Test Na.17.~ 10 .. N KCl(Blank} 

Acid Added pH Acid Added pH 

mt. mt. 

0.000 11.180 0.000 11.354 
0.651 10.720 0.650 10.970 
0.873 10.290 0.971 10.465 
0.998 9.765 1.090 9.835 
1.081 9.210 1.145 8.475 
1.151 8.600 1.163 4.690 
1.222 8.100 1.265 3.660 
1.271 7.320 1.600 3.060 
1.334 . 6.327 2.000 2.800 
1.429 5.015 2.760 2.530 
1.484 4.629 
1.563 4.090 
1. 783 . 3.525 .! 

c-__ 

-3. 
Test No.18-l0 N KCl 

Acid Added pH 

ml. 

0.000 11.170 
0.532 10.858 
0.849 10.312 
1.000 9.640 
1.090 8.955 
1.155 8.400 
1.201 7.975 
1.295 6.675 
1.360 5.588 
1.500 4.280 
1.500 4.280 

1 

1 

• 

t 
\0 
VI 
1 
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TABLE' .. XII (cont'd) 

-t2 Test No.20-l0 N KC1(Blank) -2 Test No.21-10 N KC1 -1 Test No.23-10 N KC1(Blan~) 

Acid Added pH Acid Added pH Acid Added pH 

,mt. rot. rot. 

0.000 11.300 0.000 11.200 0.000 11.280 
0.687 10.905 0.700 1Q.675 0.672 1<0.882 
1.010 10.300 0.978 10.020 1.005 10.155 
1.098 9.788 1.115 9.350 1.085 9.340 
1.140 8.920 1.214 8.565 1.184 4.305 
1.180 8.245 1.420 7.435 1.300 3.510 
1.210 4.351 1.560 6.875 1.655 2.986 

. 1.296 3.696 1.700 -6.631 2.490 2.564 
1.600 3.125 
2.955 2.495 

- - --- - ------- _. --- - - -----

Test No.24-l0-1NKCl 

Acid Adde' pH 

mt. 

1 .0.000 11.121 
.0:611 10.624 

. ·01815 10.232 
.0.975 9.641 

.. V.053 9.150 
.. L165 8:.400 
.L340 8.025 

:.,1.630 7.526 

- -- '-----

• 1 

1 
\0 
0\ 
1 
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Test 30a Control 

Base Added pH 

me. 
0.000 .2~654 
0.422 2.948 
0.644 3.259 
0.735 3.516 
0.794 3.835 
0.842 4.300 
0.852 8.730 
0.869 9.431 
0.897 9.825 
.0.943 10.140 
1.044 10.448 
1.195 10.702 
1.429 10.880 

TABLE :KilI 

RESULTS OF TITRATION TESTS USING BADDELEYITE 

Test No.30b O.l.N KC~ Test No.31 0.01 N KC1 

Base Added pH Base Added pH 

me. . m.t. 

0.000 2.840 0.000 2.785 
0.386 3.129 0.400 3.083 
0.610 3.519 0.616 3.440 
0.710 . 3.920 0.703 3.750 
0.749 4.240 0.766 4.216 

. 0.771 4.580 0.795 4.753 
0.806 5.275 0.825 5.628 
0.841 5.981 0.868 6.642 
0.866 6.480 0.935 7.890 
0.897 7.165 0.998 9.241 
0.940 7.850 
0.978 8.396 
1.020 9.115 
1.069 9.694 

.. 

Test No.32 O. OOL N KC1 ' 

Base Added pH ! 

m.t. 

0.000 2.735 
0.386 3.058 
0.604 3.420 
0.715 3.780 
0.770 4.370 
0.799 4.850 
0.853 6.300 
0.917 7.580 
0.987 9i1025 

• 

1 
\D 
'-J 
1 
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Test No.34 Control 

Base Added . pH 

mi. 

0.000 2.640 
0.418 2.915 
0.598 3.140 
0.717 3.436 
0.802 3.915 
0.841 5.080 
0.850 8.870 
0.894 9.990 
0.989 10.490 
1.094 10.734 
1.238 10.920 

~---- - ---

TABLE XIV 

RESULTS OF TITRATION TESTS USING RUTILE 

Test No.35 O.lN KC1 Test No.33 O.OlN KC1 

Base Added pH Base Added pH 

me. me. 
0.000 2.770 0.000 2.757 
0.358 3.015 0.401 3.030 
0.645 3.455 0.657 3.405 
0.735 3.799 0.759 . 3.777 
0.792 4.243 0.809 4.219 
0.811 4.625 0.841 6.043 
-0.826 5.300 0.862 9.178 
0.868 9.180 0.900 9.702 
0.910 9.642 -0.966 10.133 
0.993 10.145 1.030 10.398 
1.097 10.540 1.135 10.720 
1.266 10.830 1,225 . 10.865 

---~---~ ~------- --- --- '-- ---- ------

Test No.36 O.OOlN KC1 

Base Added pH 

tILt. 

0.000 2.689 
0.370 2.911 
0.662 3.335 
0.767 3.766 
0.834 4.883 
0.854 8.805 
0.889 0.685 
0.957 10.140 
1.041 10.490 
1.256 10.900 

~------~ ---- - ----- --

• 1 

1 
\0 
()O 
1 
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FIGURE 29 

TITRATION CURVES FOR HEMATITE 

o - No SoUda 

o - SoUda 

No. - N:ormality of KCl Solution 
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FIGURE 30 

TITRATION CURVES FOR BADDELEYlTE 

() - No Solids 

o - SoUds 

No. - Normality. of KCl Solution 
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FIGURE 31 

TITRATION CURVES FOR RUTILE 

o - No SoUds 

o - SoUds 

No. Normality of KCl Solutions 
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was an inerease in the hydroxyl ion adsorption and a decrease inhydro-

gen ion adsorption as shown by the deerease in pH a.t constant titrant 

addition, (or by the deerease in aeid required to obtain a speeifieso-

lut ion pH). Conversely, at lower pH values, there was an increase 

in hydrogen ion adsorption and a decrease in hydroxyl ion. adsorption 

as shown by the inerease in pH at constant titrant addition. An in-

erease in ionie strength inereased the net adsorption of hydrogen and 

hydroxyl ions, as shown by the '!..nereasing deviations of the titration 

curves with solids from the blank curves. 

Calculations required to determine the adsorption density, the 

surface charge density and the differential capacity are tabulated 

in Appendix ~V with sample calculations preceding the tables. Figures 

32,33 and 34 show the adsorption density in micromoles per gram as a 

funetion of pH. The adsorption density is defined as the excess of 

hydrogen ion adsorbed (ru+) over the hydroxyl ion adsorbed (rOH-). 

In mathematieal form, the net adsorption is written 

A.D. = r.--," - r -
H" OH (59) 

Thus a negative adsorption density indieates that the hydroXYl:.ion ad-

sorption is in exeess of the hydrogenion adsorption. 

For hematite, the eurves for aIl ionie strengths show a eharae-

teristie S-shaped eurve, the S being more pronouneed as the ionie 

strength deereases. The zero-point-of-eharge was found to be at a pH 

of 8.68 ± 0.20. At higher pH values, the exeess hydroxylion adsorption 
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FIGURE 32 

EFFECT OF pH ON ADSORPTION DENSITY ON HEMATITE 

No.- Normality of KCl Solutions 
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FIGURE 33 

EFFECT OF pH ON ADSORPTION DENSITY ON BADDELEYITE 

No.- Normality of KCl Solutions 
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FIGURE 34 

EFFECT OF pH ON ADSORPTION DENSITY ON RUTILE 

No. - Normality of KCl Solutions 



, 

o 
fi) , 

. 
u 
ci. 
N 

J: 
Co 

o o 
fi) 

N 
'0 -

'WÔ/selo~ TI' - A!ISN30 NOlld~OSO'1 ' 



-106-

was increasing slowly close to the zero-point-of-charge and ~ore 'rapidly 

as the pH increases. The four curves are quiteclose together with. a 

uniform increase" of adsorption with .ionic streng~h. At pH .values less 

than the zero-point-of-charge,the hydrogen ion adsorption followed the 

s~e general pattern. However, tllere was a marked increase 'in the net 

. -3 
hydrogen ion adsorption when ionic ·strength was increased al>ove 10 N KCl. 

Also there was a portion, of the adsorption. curve around a pH. of 6, w.here 

the rate of increase in. adsorption decreased slightly followed by a CQn-

tinued increase. 

For ba~deleyite in Figure 33, the adsorption was lower tban the 

equivalent hematite samples. This was to be expected as the specific 

surface area of zirco.nia was less than it was for hematite. The curves 

are smooth' and almoststraight between pHvalu.es of 4 ,to 8, indicating 

a direct proportionality between adsorption and pH. Below a pH .of 4, 

the adsorption increased more rapidly than above a pH of 4. Above 

a pH of 8, the rate of increase in adsorption decreased ,to alow value. 

The zero-~oint-of-charge was found to be at a pH of 6.08 ± 0.05. 

The net adsorption of hydrogen ions on rutile was similar to the 

adsorption on baddeleyiteas s.hown by the smooth S-shaped curves in 

Figure 34. However, above a pH of 10, the increase in net adsorption 

. of hydroxyl ion decreases in. aIl cases. At a pH' of 10.5, the rate of 

increase in net adsorption increases aga in in the case of 10-1 N KCl 

solution only. 
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The zero-point-of-charge has been found to be at a pH of 7.13 ± .05. 

A summary of the results of the zero-point-of-charge is shown in 

Table XV • 

The surface charge density has been. calculated in Appendix ',.v 

and is reported in micro-coulombs per gram and in micro-coulombs 

2 
per cm. The latter is more useful .for the comparison of the behaviour 

of different oxides. Similarly,the differential capacity is reported 

as micro-farads per gram and micro-farads per cm.2 • The results of these 

calculations are shown graphically in Figures35 to 40. The first three 

graphs show the differentialcapacity for each,oxide asa function of 

pH and the last three show the differential capacity as a functionof 

the surface charge density. The inset in Figure'40 is an enlargement 

of the region A near the zero-point-of-charge. All the graphs indicate 

a minimum in differential capacity in the vicinity of the zero-point-of-

charge. The minimum covers 3 to 4pH units which is quite awide range. 

TABLE XV 

pH AT THE ZERO-POINT-OF~CHARGE 

KCl Conc'n. 10-4N lO-3N 1O-2N lO-lN Average 

Hematite 8.60 8.55 8.9'0 8.63 .8.68 

Zirconia - 6.07 6.09 6.08 6.08 

Rutile - 7.17 7.13 7.10 7.13 
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FIGURE 35 

EFFECT OF pH ON THE DIFFERENTIA'J. CAPACITY 

OF HEMATITE 

0 - 10-1 N KCl 

0 - 10- 2 N KCl 

6. - 10-3 N KCl 

'V - 10-4 N KCl 
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FIGURE 36 

EFFECT OF pH ON THE· DIFFERENTIAL· CAPACITY 

OF BADDELEYITE 

o - 10-
1 

N KC1 

0- 10-
2 

N KC1 

6 - 10.;.3 N KC1 
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FIGURE 37 

EFFECT OF pH ON THE DIFFERENTLAL CAPACITY 

OF RUTtLE 

0 - 10-1 N KC1 

0 - 10-2 N KC1 

6 - 10-3 N KCl 
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FIGURE 38 

DIFFERENTIAL CAPACITY VS. SURFACE CHARGE DENSITY 

OF HEMATITE 

o - 10-
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FIGURE 39 

DIFFERENTIAL CAPACITY VS. SURFACE CHARGE DENSITY 

OF BADDELEYITE 

o - 10-
1 

N KC1 

o - 10-
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N KC1 

o - 10-
3 
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FIGURE 40 

DIFFERENfiAL CAPACITY vs. SURFACE CHARGE DENSITY 

OF RUTILE 

0 - 10- 1 N KC1 

.', D 10- 2 N KC1 -
0 

-3 - 10N.KC1 
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2) Streaming Potential of Quartz. 

At very low or very high pH values for the zero ... point-of-charge 

of solids, the adsorption of potential determining ions technique can-

not be used due to the difficulty in measuring the adsorption of small 

quantities of hydrogen or hydroxyl ion by the shift in pH. The method is 

most useful when the zero-poi'nt-of-charge is at a pH between 4,and 10. 

Therefore, the streaming potential of quartz was used to locate the zero-

point-of-charge of the quartz used inthis investigation. 'The results 

are tabulated in Table XVI and ~te shown in Figure 41 as a function of pH. 

For these calculations, the Helmholtz-Smoluchowski equation was 

used. The conductivity used was that of the bulk solution, rather than 

the plug, which introduces some errors in the magnitude of the zeta po-

tential due to surface conductance. The quartz exhibi~ed a hystersis 

lûop and an aging effect. The freshly prepared quartz had a maximum 

zeta-potential of about 12 mV greater than after it was aged for a 

week or more. After one week there was no further change in the poten-

tials. The zero-point-of-charge was located at a pH of 2.6 ± 0.2. 

where E = 
P = 
1 = 
V = 
n = 
k = 
D = 
1; = 

.§ 
P 

= V 
I 

= 

streaming potential 
streaming pressure 
streaming current 
volume flow rate 
viscosity 
specific conductivity 
dielectric constant 
zeta-potential 

(60) 



"f-. (_1 

Test No. 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
53a 

Jili 

7.37 
6.83 
5.95 
5.69 
5.16 
4.62 
4.23 
3.73 
3.45 
3.13 
2.89 
2.55 
2.90 
3.20 
3.53 
3.85 
4.18 
4.51 
4.83 
5.17 
5.60 
6.41 
6'.93 
4.95 
4.02 
3.38 
3.76 
4.25 
4.75 
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TABLE XVI 

ZETA POTENTIALS OF QUARTZ 

Zeta-Potentia1 Conductivit~ ~ 

mV. mhos/cm. days 

-48.0 ,0.28 2 
-50.7 0.61 3 
-53.7 0.99 3 
-51.6 1.70 6 
-48.0 4.64 6 
-40.4 13.6 6 
-35.3 30.5 6 
-18.2 94.8 7 
-12.5 '181 7 
-4.7 368 7 
- 2.3 .' 649 7 

0.0 1420 7 
- 2.1 '620 7 
- 6.3 ,304 7 
-11.3 146 8 
-17.6 72.1 8 
-25.6 33.0 8 
-32.2 16.6 8 
-38.2 8.22 9 
-40.9 3.96 9 
-41.3 1.87 12 
-37.4 0.57 12 
-32.8 0.44 13 
-39.1 6.81 13 
-28.3 50.6 13 
-10.0 211 14 
-17.9 89.0 14 
-29.0 29.6 14 
-36.5 10.0 15 
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FIGURE· 41 

ZETA POTENTIAL OF QUARTZ 

AS A FUNCTION OF pH 

Size - -35 + 48 mesh 
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Floatability 

The flotation'tests carried out in a Hallimond tube showed that 

maximum recoveries were obtained at amine concentrations betweenlOO 

and 200 micromoles per litre in the case of quartz, hematite and rutile. 

The flotation of baddeleyite, due to, its fine size, was low and did 

not reach a maximum. The results are tabulated in Table LVIII, Appen

dix VII and are s1:l.own graphically as a function of concentration in 

Figure 42. At concentrations in excess of 200 micromolesof amine 

per litre, the floatability decreased coritinuously which corresponded 

to the decrease in contact angle noted in the results concerning con

tact angle. Several tests were conducted using quartz-hematite mix

tures to determine whether or not separation could be obtained. The 

resûlts,shown in Figure 43, indicated that no effective separation 

could be accompli shed in the absence of modifiers, although good re

covery of both mineraIs in the froth together cou Id be obFained 

(74.3% Fe203 and 84.5% Si02 at 20 mg. amine Il.). 

In the presence of 25 mg. Il. of soluble starch, and at a pH 

of 9.6 to 9.9, better recoveries and grades were obtained under other

wise similar flotation conditions. A grade of 76% Fe203 and a 

recovery of 75% in one minute could be obtained under these condi

tions. If the solids were conditioned with starch and potassium 

hydroxide prior to the addition of the amine the results could be 

further improved to 86.5% Fe
2
03 grade and 85.0% recovery in one minute, 

using 20 mg. Il. as the initial collector concentration • 
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FIGURE 42 

THE EFFECT OF DEHYDROABIETYLAMINE CONCENTRATION 

ON THE FLOTATION OF MINERAL OXIDES 

0 - Quartz 

0 - Hematite 

6 - Rutile 

\l - Baddeleyite 
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FIGURE 43 

.. 
THE EFFECT OF DEHYDROABIETYLAMINE CONCENTRATION 

ON THE FLOTATION OF A 50-50 MIXTURE 

OF QUARTZ AND HEMATITE 

0 - Neutral, No starch 

~ - pH = 9.6 to 9.9; 25 mg. Il. star ch 

0 - pH = 9.6 to 9.9; 25 mg. Il. starch 
(conditioned without amine) 

-- Percent . Fe203 in Concentrate 

---- Percent Recovery of Fe203 

ft· 
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DISCUSSION OF RESULTS 

Adsorption and Desorption Te~t 

The adsorption isotherms of hematite, quartz,rutile, and 

baddeleyite presented in this thesis are similarto each other in 

shape. The adsorption density (r R) increases regularly within

creasing concentration (CR) at low amine concentrations. At high 

concentrations of amine, the adsorption on hematite and rutile levels 

off at adsorption densities equivalent to 5to 8 monol!lyers. The 

adsorption on baddeleyite may' also level off at higher concentra

tions where the adsorption density is equivalent to· several mono

layers. The adsorption on quartz gives no indication of levelling 

off even at high concentrations. This may be due to the fact that 

quartz has a much more negative surface th an the other minerals in 

neutral solution and that its càpJcity to hold positive ions physi

cally in the double layer is much greater. 

At low amine concentrations, the adsorption on quartz up to 

mono layer is greater than the other minerals at the same reagent con

centration. It is suggested that, due to the highly negative surfac~ 

qua.rtz will adsorb the first layer easily but will require a greater 

driving force (increased reagent concentration)to adsorb additional 

layers. The concentration required to adsorb these additional layers 

is similar to that required by the other minerals. 
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The adsorption on badde1eyite is from three .to four times 

1ess than on the other minera1s and may be dueto the large surface 

area. The samp1e of pure badde1eyite used was a precipitated pro-

duct and it is conceivab1e that up to 75% of its surface area is 

either not availab1e to the dehydroabiety1amine ions or molecu1es 

(sma11 capi11aries), or b10cked by previously adsorbed materia1. 

For examp1e, if the dehydroabiety1amine mo1ecu1e may be considered 

as a cy1inder with a cross-sectiona1 area of 50 12 . and' a 1ength of 

16 X2 (l4angth to diameter ratio of 2) and it just fi.ts into a pore 

of this size, then the occupied area becomes 453 X2 instead of 5'0"X~ 

Therefore, the avai1ab1e sUrface area may be as 10w as 4 M2./gm. and 

the adsorption density becomes simi1ar .to that on the other minera1s. 

The slopes of linear portion ·of the log-log graph of specifie 

adsorption vs. concentration are a11 0.50 with the exception of 

quartz. The curve for quartz has a slope of 0.41. 

This marked similarity suggests the same mechanism or mechanisms 

may be invo1ved in the adsorption process. Furthermore, work using dodecy1-

amine (62,63) has indicated that the same slopes (0.50:to 0.60) have 

been found on quartz, hematite, and spha1erite, a1though the quantity 

adsorbed is much 1ess. Since the aminium ion RNH! is ten thousand 

times more abundant than the undissociated amine (RNH2) at pH of 5.8 

(the pH at which the adsorption tests were made), the ion shou1d be 

considered as the important surface-active species. At higher pH values 

or at high concentrations" the free amine may be present in significant 
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amounts. Thefree amine could be the active species which is adsorbed 

from solution. The amine would be replaced in the bu1k solution by 

the rapid conversion of the aminium ions by the reaction 

'+ -RNH3(Sol'n) + OH (Sol'n.or ....... RNH2(Sol'n) + H20 .(61) 

Adsorbed) 

The effect of. pH on the adsorption of dehydroabiety1amine 

acetate on mineral oxidesis comp1ex due to changes in other variables 

which change with pH. The experimenta1 curves .of adsorption vs. pH 

exhibit two distinct regions. In the pH. range of 3 to 6, the curves 

are linear. For quartz and hematite, the slope of this por.tion of 

the curve is unit y; whi1e for rutile, the slope is 0.8 and, for bad-

deleyite, it is 0.98. Above a pH of approximate1y 8, the adsorp-

tion has reached a maximum and the curves become,horizontal. 

Due to experimenta1 limitations in the analysis, specifie 

adsorption results at lower pH values were impossible ,to obtain. If 

these resu1ts were to show that the curves are sigmoidal in shape on 

a log-log scale, this would indicate a eomplex dependance of ad-

sorption of pH that cou1d not be explained simply. However, if the 

r.esults were to indieate that the straight lines continued, the ex-

planations are simpler. 

Nemeth (77) has found a sigmoid shape eurve on a semi-log 

graph (using pH as the logarithmic seale) in his investigation. If 

his data is replotted on the same seale as this work, the results are 
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similar. Nemeth did not investigate the adsorption properties be1aw 

a pH of 6 and~ hence, did not have any problen with low adsorptions. 

A change in the pH of the adsorbing solutions will cause a 

change in the surface charge on the oxides due to a change in the 

surface .potentia1, V , and iri the total ion con~entration, n. Regard
·0 

less of the value of the zero-point-of-charge, a decrease in pH 

will cause a decrease in the ability of the double layer to contain 

positively charged ions suah as the aminium ions. It is clearly 

shawn in Figure 19, that the maximum adsorption decreases with de-

creasing pH. The zero-points-of-charge of these oxides (range 2.6 

to 8.7) appear to have little effect on the pH belaw which the ad-

sorption rapidly decreases. Therefore, the chemistry of the amine so-

lutilons appears to be of greater importance to the adsorption pro-

cess than the state of -the miner al surface. 

In amine solutions~ an increase in hydro·gen ion concentration 

will increase the ratio of aminium ion to free amine proportionally 

pr~vided that precipitation of the. amine does not occur. At a con-

stant total amine concentration below a pH of 8, the aminium ion con-

centration is constant and approximately equal to the total amine 

present. The free amine concentration decreases with decrease in pH -and 

may be expressed as 
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• Kw CRNH+ 
CRNH~ = -=::.l 

2 ~. CgT 

-.' 
.~ C(TOTAL) 

KB CH'" 

or log (C
RNH 

) '" Kl • pH (62) 

2 

where K1 = log Kw + log C(TOTAL) - log ~ 

Therefore, the adsorption may be governed either by the concentration 

of free amine or the ratlo of aminium ion to hydrogen ion concentration. 

It is not possible to separate these two cases. 

If the free amine is the determining species and its concentra-

tion varies inversely as the hydrogen ion concentration, the adsorp-

tion should be proportional to these concentrations according to:-

C~ 
=k -2 . 

. ~. 

(63) 

Howev er, the adsorption should vary directly with concentration at 

constant pH according to 

= 

(64) 
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But the adsorption at constant pH is found to be proportiona1 to 

the square root of the .tota1 concentration. Therefore, the free 

amine concentration a10ne is not the determining factor • 

.ion 
If the aminium is the adsorbing species, an increase in hydrogen 

" 
ion concentration increases the competition between hydrogen and 

aminium.ions for avai1ab1e adsorption sites in the .double layer. 

Thus, a decrease in the adsorption of amine over the entire concen-

tration range is expected with a decrease in pH. This appears .to be 

substantiated in the resu1ts (Figure 19). A simple stoichiometric 

ion exchange mechanism between the hydrogen ion and the àminium ion 

has been considered by d·eBruyn (62). It was rejected since it did 

not explain aIl the experimental results. The fraction of aminium ions 

which may adsorb. on positive adsorption sites in the presence of hydro-

gen ions may be written as 

The adsorption should be re1ated to the total amine concentration by 

= kS' C(TOTAL) 

C(TOTAL) + ~+ 
(65) 

According to this equation, at low. pH values, r
R 

shou1d be propor

tiona1 to C(TOTAL)' whereas, at high pH values r R should be constant. 
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This relationship does not apply to the experimental results of 

this system, since it does not provide for the square root rela

t.ionship between adsorption and concentration. 

The competition between positive ions is qualitatively supported 

by the results in three ways. At all amine concentrations, the spe

cifie adsorption decreaseswith deereasing pH. The maximum capaeity 

to adsorb amine decreaseswith decreasing pH, due to increasing amounts 

of hydrogen ions in the double layer. The square root relationship 

favours the adsorption of aminium. ions in the double layer. 

In general, the effect of pH is more complex than the straight 

line relationships indieate. The effect of the zero-point-of-eharge 

and lts shift with amine content (if any) cannot be completely neg

lected. However, the sharp ehangesthat have been reported (90) in 

adsorption and flotation .charaeteristics at the zero-point-of-eharge 

may be due not so much to the zero-point-of-charge butto changes in 

ion concentrations of the adsorbing species with pH. In this work, it 

is noted that, regardless of the surface charge and sign, the adsorp

tion is in the same order of magnitude in all cases(or may be explained 

by other factors such a's available area). 

The desorption of this amine from mineral surfaces appears to 

be similar to that of other amines. At room temperature, the desorp

tion isotherm follows the adsorption isotherm, indicating that the 

process is reversible in nature. This suggests that the adsorption 

takes place in the electrical double layer and that the amine does 
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not interact chemica11y with the minera1 surface. Simi1ar conc1u-

sions have been reached by Dani10va (91) ~sing 1aury1amine on. quartz, 

and by Zagirova (92) using IM-ll and octadecylamine on quartz', fluorite, 

scheelite, cassiterite, and hematite • 

• " '. 
' ' 

\:. ' 
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Contact Angle 

The results of the present investigationindicate that nO 

simple relationship exists between specifie adsorption and contact 

angle. In general, with increasing specifie adsorption, the angle 

increases until several monolayers have been formed. The maximum 

angle varies from 510 to 640 depending on themineral. . The maximum 

angle is not maintained at higher amine concentrations as in other 

amine-oxide systems investigated by Bloecher (65), Morrow. (63), and 

deBruyn (62). A general decrease is observed at high concentration~, 

indicàting a decrease in the effectiveness of the amine already ad-

sorbed. 

Figure 26 suggeststhat a definite s.urface concentration. is 

required before a finite contact angle is obtained. 'This might be 

interpreted to mean that the adhesion between a clean mineral surface 

and the surrounding liquid is greater than required to bring the con-

tact angle to the value of zero. Thus, the \.lsage of the phrase nR9 , 

contact angle" rather than "zero contact angle" is suggested. This is 

in agreement with the proposals of Morrow (63). 

The contact angle decrease above a certain concentration maybe 

due to the adsorption of many layers of amine. When several layers 

of amine are adsorbed, the forces of attraction between the mineral 

surface and the outer~ost layer of amine becomes very weak. The air 

bubble may attach itself to the outermost layer of amine and, since the 
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forces of attraction are weak, exhibit a small contact angle. In the ex

treme case,zero contact angle is a possibility when the attractive force of 

the layer of amine (with bubble attached) for the mine~al surface be-

cames equal to that for the surrounding liquida In the case of hematite 

and rutile, the decrease in.contact angle is accompanied by a decrease 

in the rate of adsorption bf amine (1. e. the adsorption starts to fol-

low Langmuir's isotherm.). It is apparent from contact angle measure

ments," that the quartz surface is almost completely covered with adsor·,. 

bate at 2 gm./l. The quartz surface may follow a Langmuir type i80-

therm at concentrations slightly in excess of 2 gm.!!., similar to. those 

followed by the hematite and rutile surface$. 

There is no indication. that micelle formation has occurred on 

the surfaces. This is usually noted by increased adsorption with 

little change in contact angle. The problemof relating contact angle to 

adsorption density is most complexe The exact structure and distribu

tion of amine ions and/or molecules in the double layer is not known. 

In fact, the double layer in the absehce of specific adsorbates is still 

under study. At the prèsent time, one can say only that a finite angle 

of contact is required for flotation. 

At high collector concentrations in neutral solutions, hematite 

and quartz exhibit non-flotation, yet the adsorption is higher than 

at lower concentrations where flotation is possible. This effect has 

been noted by Joy and Watson (93), and by Sutherland and Wark (9t.) in 

various systems. Unfortunately, these authors do not explain their re

sults except to say that the condition exists. 
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Zero-Point-of-Charge 

The ~etermination of the zero-point-of-charge of oxides under 

consid~ration in this study yielded results which were in accord with 

those of other authors. 

The zero-point-of-charge of specular hematite, found to be 8 •. 68, 

is close to·that found for synthetic alpha hematite (range.8.0 .to 

9.0) 'but is somewhat higher than that found for other natural hematites 

(range 5.4 to 6.9)(37). Among the natural hematites, orily one is 

specified as Labrador speeular hematite, (z.p.c. of 6.6) but the de-

tails are not reported in literature (95). This May suggest that the 

impurity level in the present ease is lower.than that in other samples, 

but this is not easily eonfirmed. A common explanation for the lower1ng 

of the zero-points-of-eharge of natural oxides 18 the presence of im-

purities such as quartz. 

The sample of zirconia used, with a zero-point-of-eharge of 6.0B, 

is not similar to any zirconia examinedto date. Two other preei-

pitated products have been tested:- one precipitated from ZrQ(N03)2 

solution with NaOH (96) .. and the other from Zr(N03 )4 solution w1th 

NaOH (97). These oxides· had zero-points-of-eharge of 10-11 and 6.7 

respectively. A natural zirconia sample was examined and found to 

have zero-point-of-charge of 4 (98). The purity of this mineraI 

is not reported. The present sample, whose structure is that of the 

mineraI baddeleyite (confirmed by X-rays), is preeipitated from 

. ZrO(S04) solution by dilution. Therefore, the present sample 

is similar to the first two reported samples in that it is a 
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precipitated product and to the last reported sample in· thatit has a 

natural mineral structure. The zero-point-of;'char.ge found in the 

present study is similar to that of hydrous Zr02 reported 'by Mattsort 

and Pugh (97) which was precipitated from Zr(N03) 4 solution. 

The difficulties encountered with the exchange of -2 
S04 with 

OH- ions in the zirconia sample has been reported by others. Parks 

(99) has noted this phenomena with hematite and Thomas. (100) and 

Rollinson (101) have reported similar results with alumina. Suffi-

cient washing will remove the sulphate, at least fram the surface 

where it interferes with zero-point-of-charge measurements. 

The rutile under investigation exhibited a zero~point-of-charge 

of 7.13 which is slightly higherthan.that of 6.7 reported by 

Purcell and Sun (102). Other reports of the zero-point-of-charge 

of this oxide include values of 6.0 and 4.7 by Johnansen and Buchanan 

(85), 6.0 by Feeney and Ho lmes. (95), and from 3.5 to 5.5 for natural 

rutile (85,95,103,104). 

The sample of quartz was found to have a zero-point-of-charge 

of 2.6 which is about the average of the reported values. Other 

values include 3.7 by Gaudin and Fuerstenau (105), 1.3 by Sen and Ghosh 

(106), 2.8-3.0 by Hückel (107), 1.5~1.8 by Bhappu (108), and 2.5 by 

Purcell (27). From this data, the quartz sample used appears to. be a 

typical alpha quartz specimen. 

The object of locating the zero-point-of-charge was to establish 

that the decrease in adsorption of amine with decreasing pH 
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(discussed previously) is not relatedto the zero-point-of-charge 

of the mineral involved but rather to the chemistry of the solution 

in contact with the miner aL It is obviousin this work that the 

decreasein adsorption of amine in all cases occ.urs in the pH range 

of 4.5 to 6.0 whereas the zero-point-of-charge of the oxides range 

from a pH of 2.6 to 8.7. 

The most striking feature of .the differential capacity curves 

are the differences between themand those of other systems. In 

-3 
10 M potassium chloride solution, the minimum differential capacity 

for hematite, baddeleyite, and rutile is 143, 88, and 350 ~fd./cm.2 

respectively. These are much higher than for silver sulphide (AgS) 

and silver iodide (AgI) (roughly 5 ~fd./cm.2) and for hematite 

2 (38.6 ~fd./cm. ) (99). The minimum differential capacity predicted 

by the double layer theory on the assumption that the identity of the 

2 
solid plays no role, ls 7.2 ~fd./cm. (99) which is also much smaller 

than obtained in the present work. 

As the differential capacity c.urves were obtained by graphi-

cal differentiation of the smoothened charge density curves (which 

were obtained from smoothened tit~ation curves), no quantitative pre-

cision either in the upper range of values or in the shape of the curve 

can be expected. Qualitatively, it may be concluded that there is 

some specifie adsorption of Na+ and ~ at high pH values (nega-

tive surface) and of Cl ions at low pH values( positive surface). 

Similar conditions have been reported on Th02, zr02 , and Si02 (109). 
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It has been reported (110) that on removing the oxide fi1mfrom 

meta1s (such a~ Pt), the c1ean meta1s behave 1ike mercury in their 

differentia1 capacity curves. In the present case'of oxides, 

specific adsorption of cations may be said to occur on the meta1 

-2 through chemisorbedO ions (111). 
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Ca1cu1ation of the Iso-E1ectric-Point of Oxides 

If a group of .positive and negative complexes of the same 

central ion is considered independent1y of any otherionic species 

in solution, this group will be e1ectroneutral when 

(66) 

where z+, (z ) is the net charge of a positive (negative) comp1ex,(33). - . . . 
The ligand activity (or concèntration in di1ute solution) at which 

this condition is satisfied determines the iso-e1ectric-point of the 

complex solution (112,113). When the complex system inc1udes a solid 

phase, the iso-e1ectric-point corresponds to the point of minimum so-

1ubi1ity of the solide Proof is given by Beek (113) and Johns ton (114). 

Figure 44 shows that the iso-electric-point and the minimum solubi-

lit y of silver oxide (99) do, in fact, coincide. It shou1d be noted 

that the concentration of the undissociated hydroxide is in excess 

of the ionic species over 1ess than' one pH unit near the iso-e1ec-

tric-point, thus its effect on the solubi1ity is minimal. ... 
'. ,~. 

The determination of the iso-e1eb't;;ric-point for o"ther materials 

and particular1y for other oxides by minimum solubility determination 

has been serious1y hampered by two factors:- (1) the accurate 10ca-

tion of the minimum solubi1ity is difficu1t due to a re1ative1y high 

concentration of the undissociated hydroxide, and (2) accurate ana1ytica1 

methods for determination of low meta1lic ion concentrations in solution 

are not known. The concentration of undissociated hydroxide may be far 
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FIGURE 44 

ISO-ELECTRIC-POINT OF SILVER OXIDE 
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in excess of that of the charged ions over a pH range as large as 12 

to 14 pH units (e.g. Fe(OH)3)' Radiotracer techniques may solve the 

analysis problem but the other problem is not easily surmountable. 

1) Rutile 

Table XVII tabulates the equilibrium constants used in the 

calculation of the concentration of the ions in equilibrium with 

the solid oxide. The concentration of ions as a functionof pH are 

l.isted in Table XVIII. The equÜibria between positive ion complexes 

and the hydroxide have been determined by Liberti. et al (115). The 

negative ion concentration has beenca1cu1ated by Schmets and Pourbaix 

(116). The solubility data of Brown et al (117) has been used to 

determine the actual concentrations of the ions. As can be seen in 

Figure 45, the calculatedsolubility an~ the experimental points agree 

weIl and the iso-e1ectric-point 1s found to be at a pH of 6.9 ± 0.1. 

The concentrations of each ion are recorded in Table XIX • 



• 
Element 

Oxide 

Rutile 
(Ti02) 

Zirconia 
(Zr02) 

Hematite 
(Fe203 ) 

Quartz 

where 
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TABLE XVII 

EQUILIBRIUMCONSTANTS USED TO CALCULATE THE 

ISO-ELECTRIC-POINTS 

* * * * * K1 K2 K3 K4 K .. 
inst(5 

- -1.80 -4.20 -6.30 -

-0.22 -0.62 -1.05 -1.17 -4.72 

-2.17 -4.70 - - -5~ 15 

-9.66 -11.7 -12.0 -12.0 -
, . 

* Ref. 
Kinst(6) No. . 

- (115) 

+1.79 (118,119) 
, 

- .(33,122, 
123,124) 

- (128) 

* 
[M(OH) x-1] [lf*'] 

* 
[M(OH):-4 ][W] 

K1 = K = 
[M'*"x] 4 [M(OH)x-3 ] 3 

* 
[M(OH);-2] [lf*'] * [M(OH) ][OH-] x . K2 = K = 

[M(OH)x-l] inst(5) . 
[M(OH)~l] 

[M(OH)x-3] [H+] 
* [M(OH)~l][OH~l 

* 3 
K3 = K = 

[M(OH)x-2] inst(6) -2 
2 [M(OH)x+2] 



-. 

Ion 

Rutile 
Ti+4 

Ti (OH/3 

Ti (OH)+2 
2 

Ti (OH); 

Ti(OH)4 

HTi03 
Zirconia 

Zr+4 

Zr (OH)+3 

Zr(OH)~2 

Zr(OH); 

Zr(OH)4 

Zr(OH); 

Zr(OH)62 

TABLE XVIII 

CONCENTRATION OF IONS IN SOLUTION 

Concentration l2!L 
10g(mo1es/1. ) 

Hematite 
+4 

no evidence Fe2(OH)2 
of existance 

Fe+3 
0.0 - 3 pH 

-1 .. 8 - 2 pH Fe(OH)+2 

-4.2 - pH Fe(OH); 

-6.3 Fe(OH)3 

-18.0 + pH Fe(OH);,FeO; 

Quart,z 

-5.65 - 4 pH Si(OH)4 

-5.87 - 3 pH ~S104 

-6.49 - 2 pH H SiO-2 
2 4 

-7.54 - pH HSiO-3 
4 

-8.71 S1O-4 
4 

-17.99 + pH 

-32.78 + . 2 pH 

Concentration 
10g(moles/1. ) 

-4.31 - 4 pH 

-0.73 - 3 pH 

-2.90 '- 2 pH 

-7.60 - pH 

-6.54 

-24.6 + pH 

. -2.60 

-12.26 + pH 

-23.96 + 2 pH 

-35.96 '.+ 3 pH 

-47.96 + 4 pH 

• 

1 ..... 
w 
00 
1 
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.FIGURE 45 

ISO-ELECTRIC-POINT OF RUTILE 

o - EXperimental Solubility Points 
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TABLE XIX 

CONCENTRATION OF COMPLEX TITANIUMIONS IN SOLUTION 

pH" 0 2 4 6 12 14 16 

Ti+4 - - - - - - -
Ti(OH)+3 .0.0 -6.0 -12.0 -18.0 - - -
Ti (OH)+2 -1.8 -5.8 -9.8 -13.8 - - -2 

Ti (OH)'j -4.8 -6.2 -8.2 -10.2 -16.3 -18.3 -
Ti(OH)4 .. 6.3 -6.3 -6.3 -6.3 -6.3 -6 .. 3 -6.3 

HTiO; -18.0 -16.0 -14.0 -12.0 -6.0 -4.0 -2.0 

Concentrations are expressed in 1og10(mo1es/1.) 
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2) Badde1eyite. 

No solubi1ity data are avai1ab1e concerning themeta11ic cation 

zirconium. The fo11owing free energy data together with the equi1ibri-

hm constants 1isted in Table XVII are used to ca1cu1ate the ionic 

concentrations in Table VIII. 

Concentration of" Zr(OH)4 (aq.) = ·1.95 X 10~9 moles/l. (119) 

âG
o 
f (Zr(OH)4) = -370 kcal. / gm.mo1e (120) 

âGo 
f (Zr02) = -247.7 kca1./gm.mo1e (121) 

âGo 
f 

(zr+4) = -141.0 kca1./gm.mo1e (120) 

âGo 
f (H2O) = . -56.72kca1./gm.mo1e (121) 

From this data, it is established that the zirconia suriace 

is comp1ete1y hydt'ated and the stable soUd phase in solution is 

-zirconium hydroxide. The maximum activity of zirconium dioxide in 

-7 this phase is3.5 X 10 • A samp1e ca1cu1ation of the ionic concen-

tration is given be1ow:-

= 

= 10-7 •54 X (-anti1og(pH» 

+ log [Zr(OH)3] = -7.54 - pH 
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Table XX shows the actua1 concentrations at each pH. The diagram 

for the iso-e1ectric-point determination is drawn in Figure 46. The 

iso-e1ectric-point is found to be at a pH. of 5.27 ± .0.1. 

TABLE XX 

CONCENTRATION OF COMPLEX ZIRCONIUM IONS IN SOLPTION 

pH 0 2 4 6 12 . 14 16 

Zr+4 -5.65 -13.65 - - . - - -
Zr (OHt3 . -5.87 -11.87 -17.87 - - - -
Zr(OH);2 -6.49 -10.49 -14.49 -18.49 - - -

+ -7.54 -9.54 .. -11.54 -13.54 Zr(OH)3 - - -

Zr(OH)4 -8.71 -8.71 -8.71 -8.71 -8.71 -8.71 ':'8.71 

Zr(OH); -17.99 -15.99 -13.99 :;11.99 -5.99 -3.99 -1.99 

-2 
-8~78 -4.78 -0.78 Zr(OH)6 - - - -

Concentrations are expressed in log10(mo1es/1.) 

3) Hematite 

Of the oxides and hydroxides of ferric iron, a-hematite is the 

most stable in dry systems and goethite, a-FeOOH, is the most stable 

in aqueoùs systems at .. temperatures 1ess than 100 deg.C. Ferric oxide 

is amphoteric (120). Equi1ibrium constants for the formation of 

positive hydroxo complexes have been given by Latimer (120), Gayer 

and Woontner (122), Hedstrom (123), Biederman and Schind1er (124), 
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FIG,URE 46 

ISO-ELECTRIC-POINT OF BADDELEYlTE 

o - Experimental Solubility Points 
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Milburn (125), and Lamb. and Jacques (126). Constants for the negative 

hydroxo complexes have been determined by Lengweiler, Buser, and 

59 Feitnecht (127) using radioactive iron (Fe ). This data has been 

combined by Parks(33,99), but his two diagrams dO,not agree with each 

pther. The data considered correct by this author, reproduced in 

Table XXI and in Fig~e 47, is similar .to that of Parks (33). The 

iso-electric-point is found tobe at a pH of 8.5 ± 0.1. Table XXI 

indicates the eql.1ilibrium concentration. in. contact with soUd 

TABLE XXI 

CONCENTRATION OF COMPLEX FERRIC IONS IN SOLUTION 

pH 0 2 4 6 12 14 16 

+4 -4.31 -12.31 Fe2 (OH) 2 - - - - -
Fe+3 -0.73 -6.73 -12.73 -18.73 - - -
Fe(OH)+2 -2.90 -6.90 . -10.90 -14.90 - - -

+ 
-7.60 -9.60 -11.60 -13.60 Fe(OH)2 - - -

Fe(OH)3 -6.54 -6.54 -6.54 -6.54 -6.54 -6.54 -6.54 

Fe(OH)~ 

} 
- - - -18.6 -12.6 -10.6 -8.6 

or FeO; 

Concentrations are expressed in log10(moles/1.) 
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. FIGURE 47 

ISO-ELECTRIC-POINT OF HEMATITE 
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4) Quartz 

The iso-e1ectric-point of quartz is not determinab1e by this 

method, due to the 1ack of data for the posi.tive complexes. It ap-

pears that data will not be forthcoming in the near f~ture since, 

even in concentrated acid, the solubi1ity .wi11 be far 1ess than for 

undissociated Si(OH)4 (aq.). A partial table of concentrations 

(Table XXII ) and diagram (Figure 48) il1ustrate this point. The 

dotted 1ine is a probable location of the concentration of Si(OH); 

1ine. 

The solubi1ity of amorphous si1ica in water has been deter-

mined by A1e~nder, Heston, and 11er (129) asindicated in Figure 48 

. by the 0 symbo1s. The solubility of silica dust in water by Brown 

et al (117) does not agree with the above data. The data indicate 

a sharp solubi1ity minimum. in the range of pH of 2.2 to 3.0. (as io

dicated by the()symbo1s) suggesting that the iso-e1ectric-point is 

in thisrange. Brown et al state that the high solubi1ity of quartz 

is due to a high1y soluble disturbed surface layer. In conc1uding, 

it may be said that the thermodynamic data for quartz-si1ica-water 

system is not complete and that the iso-electric-point can on1y be 

determined experimenta11y in each case. 
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FIGURE 48 

ISO-ELECTRIC-POINT OF QUARTZ 

o - Solubility (117) 

o - Solubility (129) 
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TABLE XXII 

CONCENTRATION OF COMPLEX SILICON IONS IN SOLUTION 

pH 0 2 4 6 10 12 14 

Si(OH)4 -2.60 -2.60 -2.6{) -2.60 -2.60 '-2.60 _~2.60 

H Si(j'('i ';', - -12.26 -10.26 -8.26 -6.26 -2 •. 26 -0.26 +1.74 3 '4"" : q 

2 " 
H2Si()~z.:', ,~.' - - -15.96 -11.96 -3.96 +0.04 +4.04 

HSiO-3 
4 - - - -17.96, -5.~6 +0.04 +6.04 

SiO~4 
4 - - - - -7.96 +0.04 +8.04 . 

Concentrations are expressed in . 10g
10

(moles/1.) 

The most important feature of these calculatioœ fol' rutile, 

baddeleyite, andhematite 18 the fact that the iso-electric-point 

of the complex solutions agree so well with the measuredzero-point-

of-charge. (Rutile -0.3 pH units, baddeleyite -0.8 pH units, 

hematite -0.2 pH units). 
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Floatability 

In the concentration range 10 to lOOOjJmoles/L, a maximum 

recovery is reached.· At higher co~centrations, the recovery. decrea-

ses. Qualitatively, the decrease in. recoverycoincideswith a de-

Crease in the work of adhesion and with the c01J1.pletion of adsorp-

tion on the surface. The tests· in acidic and basic media confirm 

, the predictions of the adsorption data which indicate a sharp de-

crease in floatability in acidic media and a slight increase inba-' 

sic solutions. 

Tests on quartz-hematite mixtures indicate .that, although 

floatability is high, the selectivity. is poor in neutral solutions. 

The use of modifiers isrequired as indicated by the last series of 

tests. The use of a pH modifier(l N potassium·hydroxide) and a 

hematite depresent (starch) changes the flotation.results consider-

ably. The soluble starch,probably in straight chains (amylose), was 

of the following structure:-

It is suggested that the hydrogen ions of many of the acetal ends are 

easily removed thus the hydrocarbon radical, tends to be negatively 

charged. in solution. The radical would be attracted to the less negatively 
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charged surface of hematite in preference to the highly charged ne

gative surface of quartz. The large number of OH- groups in the starch 

would . tend .torender the surface hydrophilic even in the presence of 

amines. Further work 1s necessary to clarify this point. 
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Surface Free Energy 

App1ying Gibb's adsorption equation to systemsat constant tem-

perature, pressure, and ionic strength, it can be shown that 

dy. = - Z rid~i 
i 

= - F(rH+ - ro~-)~'~ê1- dE 

where ~i = 2.3RT log ai 

By combining. these equations, 

dy = -

= 

2.3RT(r:gr - r OH-) d(10g aw-) 
2.3RT (r W - r OH-) d(pH) 

where y is the surface free energy (or interfacia1 energy) of the 

2 solid-1iquid interface in ergs/cm. " 

By integration of the above equation, the change in surface 

(67) 

(68) 

free energy from that at the zero-point-of-charge may be expressed as 

pH 
Y - yo." = 2.3RT f (r:gr - r OH-)d(pH) (69) 

pH=zpc 

where y is the surface ·ftee energy at the zero-point-of-charge in o 
2 

ergs/cm. The graphica1 integration of the adsorption density vs. pH 

curves (Figures 32 to"34) will yie1d the decrease in surface free 

energy as a function of pH. Since there is no direct or indirect method 

for the determination of the surface free energy of s01id surfaces, 
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on1y the change in surface free energy may be ca1cu1ated as shawn 

in Figures 49 to 51 for hematite, rutile, and badde1ey:l.te. These 

results are tabulated in Table LX of Appendix VIII. 

Applying Gibbs-Duhem and Gibb's adsorption equations to the 

resu1ts obtained with dehydroabiety1amine acetate at constant tem-

perature and pressure, the change in surface free energy. may be ex-

prèssed by the relation :-

But = 0 

and n~ = nOAc-; d~~ = d~OAc-

therefore 
~ 

dy = -{r~ + r OAc- - rH20 (~20 )} d~~ 

where r RNH1"' TOl\~- ,~r H
2
0 refer to thé adsorption density of dehydroabiety1· 

aminium ion,aéetate ion,and water respectively at thesolid-liquid interface, 

and are the number of moles of dehydroabietyl-

aminitim ions, acetate ions and water molecules in a unit of solution. 

Adopting the Gibb's convention. of defining adsorption density by 

writing 

and, by assuming that the adsorption density of acetate ion is 

negligib1e (99), 
r '" 0 OAc· 
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FIGURE 49 

DECREASE IN SURFACE FREE ENERGY OF HEMATITE VS. pH 

0 - 10-4 N KC1 

0 - 10-3 N KC1 

6. - 10-2 N KC1 

\7- 10-1 N KC1 
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• 

FIGURE 50 

DECREASE IN SURFACE FREE ENERGY OF RUTILE VS. pH 

0 10-3 N KC1 

6. - 10-2 N KC1 

\7- 10-1 N ~C1 
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FIGURE 51 

DECREASE IN SURFACE FREE ENERGY OF BADDELEYlTE VS. pH 

0-
6 -

\7-

10-3 N KC1 

10,:,,2 N KCl 

10-1 N KC1 
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the equation reduces to the simple expression 

dy = - rRNH~ dJ..L~ 

where !' ':'._".f. now refers":to t~e 'adsorption density of the aminium .K.l'ilij 
ion' relative ta that,of~water which byco,nvention 18, assumed zero. 

S.ince 'the concentrations,used inthis' investigation are low, . 

the activity (aRNat) 
3 

in"solution.may,be réplac~cl Dy thecancen-
. -

tration (C~). Integrating equatio!?:' (70):";' 

a 
= - ! (2.3RT r ~)d(lOg aRNHj) 

= -

(70) 

(71) 

where y is the surface free energy of. the solid-liquid interface in o 

the absence of the collector (aminium ions). rRNBj may be related to 

the concentration by the adsorption equation 

Th~ decrease in ~urface free energy is simplified and integrated as 

follows:-

) 

= - (72) 
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The decrease in surface free energy as a function of concentration 

.of amine for hematite, rutile, quartz, and baddeleyite is shawn in 

Figure 52. Results are tabulated. in Table LXI of Appendix VIII. The 

change in surface free energy asa function of the adsorption density 

isrecorded in Figure 53. 

The change in surface free energyof the hematite-liquid 
. '. 2 

surface per unit pH is between 1..5 and 6.0 ergs/cm. near the zer.o-

point-of-charg'e, depending on the ionic strength, which is similar 

2 
to the range of 1.0 to 2.5 ergs/cm. reported by Parks(99). These 

results a1so compare favourab1y with those using a si1ver sulphide .. 

2 
liquid surface (i.e. 0.5 to 1.5 ergs/cm. (133,134». 
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FIGURE 52 

DECREASE IN SURFACE FBEE ENERGY AS A 

FUNCTION OF ~NE CONCENTRATIQN 

0 - Quartz 

0 - Hematite 

6 - Rutile 

'V - Badde1eyite 
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FIGURE 53 

DEC~ASE IN SURFACE FREE ENERGY AS A 

FUNCTION OF SPECIFIC ADSORPTION 

0 - Quartz 

0 - Hematite 

6 Rutile 

\l - Baddeleyite 
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Proposed Mechanism and Discussion 

The adsorption isotherms obtained: in this investigation indi-

ca te that the weight of dehydroabiety1amine adsorbed per unit sur-

face of minera1 is proportional to the square root of theconëen-

tration of dehydroabiety1amine in solution. In the case, of oxide 

minera1s, it is accepted that the hydrogen and hydroxy1ions are 

the potential determining ions (31,32,33,63). At cOnstant p~, ~o 

is constant, and the charge density in the diffuse layer may be 

written as 

where A 

= 'Am 
j2DkT = -1(- sinh (

zew 0) , 
akT 

(73) 

Since the amine salt is the on1y e1ectro1yte added to the solution 

and is a1most comp1ete1y ionized in the vicinity of pH = 6, 

Eq. (73) can be rep1aced by Eq. (74) which relates the charge per 

unit area of the diffuse layer, ad' to the concentration of amine 

salt, C 

(74) 

When the minera1s are p1aced in solution, the double layer 1s 

dev'e1oped by hydrolysis and dissociation (32,34). The mineral sur-

face may be considered as being made up of three groups of atoms 

and ions in varying proportions. The three groups may be schematic-

a11y represented by 
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O-H 
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/ "'O-H 

The adsorption of the heteropolar organic cQmpound. on the 

minera1 surface occursby a reaction involving the doublé. 1ayero Since 

the adsorptionmay be expressed in terms of the charge of the diffuse 

layer, the dehydroabietylamine ions 1Il8Y be said to be adsorbing. in. the 

diffuse double layer. 

The effect of the zero-point-of-charge on the' quantity. of amine 

adsorbed appears to be minimal. The quartz specimens adsorb the 1ar-

gest amount of amine and have the most negative surface. However, 

hematite has a strong1y positive surface and adsorbs the second 1ar-

gest amount of amine. This may be explained by assuming that the 

aminium ion may replace hydrogen ions in the diffuse double layer, 

or replace the hydrogen ion of the hydroxyl group in either the diffuse 

or the Stern layer as suggested by Gaudin (54). Thus, the quantity of 

amine adsorbed depends more on the nature of the mineral and the 

chemistry of the solutions than it does on the charge of the surface. 

The neutral oxides have the least charge and the least adsorption on 

their surfaces. 
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At the zero~point-of-charge of each minera1 with the exception 

of quartz, there is considerable adsorption on the minera1 surface. 

This may be exp1ained by the interaction of the aminium ions with 

hydrogen ions of the hydrated surface layer in thea,bsence of a . 

double layer. Thus, the interaction may be written as 

+ .mm; 

It is a1so possible that metal-amine complexes are formedsimi1ar 

to those suggested by Arbiter, Ke110gg,and Taggart(l30). However, 

since no evidence of the existance of oxide-amine compounds has been 

reported, it is not likely that these compounds are involved. The 

possibility of the adsorption of undissociated amine such as that 

favoured by Cook (131) is.xeasible but does not satisfactorily ex· 

plain the dependance of adsorption on the square root of ··th~ buik· 

concentration. 

If the surfaceis positiv.ely charged, .such as the hematite 

surface in this investigation, there are several possible methods 

by which adsorption may take place. 

1. .Aminium ions may specifically adsorb on the hydrated inner 

layer (Stern layer) in exchange for hydrogen ions,shown schematically 

as 
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------ + 

2'. Aminium ions may react with hydroxy~ ions in the diffl,lse . 

double layer to form oxyamine compounds such as:-

------
3. Ami.niumions may exchange with the remaining hydro~en ions 

(concentration of hydrogen ions is less than that of hydroxyl io.ns) 

in the diffuse double layer, ~hich·may be represented as 

H+ (diffuse layer) + RN~(bUlk) -= RNH;<diffuse iayer) ...: ~(bu:ik) 

4. Undissociated amine molecu1es may adsorbi spècifically:in 

the Stern layer. 

When the surface is negatively charged, such as the quartz 

surface in this study, the same reactions may,be used to explain the 

adsorption. 

1. Aminium ions may adsorb on the negative surface thus re-

ducing the net negative charge 
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------

2. Aminium ions'may exchange with the hydrogen ions in the 

diffuse layer which are present in excessof hydroxyl ions. 

3. Aminium ions may react with hydroxyl ions of the diffuse 

layer even though the concentration· is less than the hydrogen ion 

concentration. 

4. Undissociated aminemay adsorb specificallyin the Stern 

layer. 

All the methods are equivalent in' that they repre~ent merely 

different paths to ~he same end product:-the adsorption of the 

amine group witho.ut the desorption of metal1ic ions into the solution •. 

The first three represent a release of hydrogen ions into the bulk 

solution from the interface whereas the fourth one involves no hydrogen 

ions. Qualitatively, a smal1 pH decrease was noticed during the ad-

sorp tion tes t.S • 

DeBruyn has discussed the effect of amine concentration on 

pH of a solution (6:2) and has derived the following expression:-

m 
+ 

1 + 

K 
w - --.-

1 + 

m 

[IF] 

K a 

= 0 (75) 
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where m is the total amine concentration, K is the io.nization w 

constant for water, ~ . is the basic dissociation constant of the 

amine, and K a is the acidic dissociation constant of acetic acid. 

The curve is sigmoida1 in shape starting at pH= 7 for zero amine 

concentration, turning to higher pH values, and assymptotica11y 

approaching a pH of about 7 •. 4 at high amine concentrations. In 

the present study, a qua1itative1y simi1ar relationship wasfound in . 

. the pH range of 5.3 to 6.0. If the effect of othervariab1esis. the 

same on a11 samp1es a pH shift of this type is expected • 

. Adsorption according to the third mechanism is not 1ike1y .to 

occur in practice, since· the concentrations of hydroxy1and hydrogen 

ions in the double layer are not in excess of those in the bu1k so-

1ution. The adsorption is most 1ike1y to occur by interaction with 

surface hydroxy1 groups near the zero-point-of-charge; by inter-

action with the surface groups or ions in the diffuse 

double layer wh en the surface is positively charged; and by inter-

action with surface -O· groups or H+ ions in the diffuse double 

layer when the surface is negatively charged. 

The deviation from the straight 1ine re1ationship between 

adsorption and concentration at high total amine concentration 

may be exp1ained in terms of Langmuir's concept of adsorption. Wh en 

the first layer of ions adsorb on the surface by attraction to a 

negative site (i.e. an -0- surface site or space 1eft vacant by a 

hydrogen ion), the tail of the hydrocarbon chain or group becomes 
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slightly electronegative and the amine head slightly more e1ectro-

positive than the simple positive ion. Thus, by induction, more than 

one layer of amine ions may adsorb, especia11y if there is a large 

number of unsatisfied adsorption sites on the surface. Layers of 

ions continue to bui1d up but the attractive forces becqme succes-
1 

sively weaker as the number of 1ayers increase and the adsorbed 

material becomes more loosely bound. Eventuall.y, the cap~city of. the 

surface ta ho1d amine ions is reached and further increases in con-

centration have no effect. As sl10wn in the resultS, the deviation, may 

be considered as a form of Langmuir's equation if the maximum adsorp-

tion, r , i8 con8idered not as a mono1ayer but as the maximumweight 
o 

of amine that the surface can adsorb. The maximum coverage is in the 

order of 5 to 8 mono1ayers. If the 1ength of the amine molecu1e is 

about 16 ~., the thickness of 5 to 8 monolayers is 80 to 128 R., 
which is comparable to 77 ~. (99) and 97 R. (30) found in simi1ar 

systems • 



• CLAIMS TO ORIGINAL RESEARCH 

1. Adsorption isotherms in n~tÜral solutions have been determined 

for dehydroabietylamine acetate ~n.quartz, hematite, rutile, and 

bSddeleyite. 

2. The effect of pH on the adsorption of dehydroabietylamine acetate, 

on quartz, hematite,rutile, andbaddeleyite has bee~ determined,. 

3. The surface tension and eq!.livalent c~nductance of dehydroabietyl;'; 
: '., . . 

am:l.ne acetate·solut:i,.ons have beën.determined in the range 0 to 

2000 mg. /1. 1\. and 1 for dehydroabietylamine i,t!n.havebeen cal-o c 

culated. The iO!."l.ization constant, ~, has been detertnined to be 

-5 
4.2 X 10 moles/la The solubility of dehydroabietylamine (undis-

saciated) has been found ,ta be 4.0 mg. of amine acétate/l. or 

1.16 IJ.moles/l. 

4. The ion concentrations ~s a function of pH have been calculated 

for + 
RNH3 , RNH2(solution), and RNH2(precipitated) where R is the 

dehydroabietyl radical. 

5. The contact angles of the air-dehydroabietylamine solution-mineral 

oxide system for each of the four oxides studied have been deter-

mined as a function of amine concentration. 

6. The work 9f adhesion for each of the above systems has been calcu-

lated. 

7. The zero-point-of-charge of each of the four oxides under study 

has been determined. It is necessary to establish this point as 

--' there are wide variations in reported values in the literature. 



• 
-168-

8. Surface charge densiti,es. and differentia1 capacities have been 

calcu1ated for hematitë, rutile, and badde1eyite as a function 

of hydro,gen and hydroxy1- ion adsorption. 

9. Changes in s~face free energy have been calculated for hydrogen 

an,d hydroxyl ion adsorption and for amine adsorption according 

to Gibb's equation. 

10. F10atability tests in a Ha:llimond tube were conducted to corre1ate 

practica1 and theoretical aspects of flotation with dehydroabietyl

amine as a collector. 



SUGGESTIONS FOR FUTURE WORK 
; 

1. In most mineraI separation investigations associated witb ad

sorption processes, information islacking eoncerning tbe beats· 

of adsorption. A ~etter 'understanding of tbemecbanism involved 
. . 

migbt· be obtained from heat 'of adsOrption studies. 

2. In tbe,'Workreported in tbis,tbesis, tbe eross~seetional area of 

tbe amine moleeule or ion wasassumed to ~e 50 R2
• Accurate 

'determination of this value could bemade fram a study of tbe 

uni~molecular film bebaviour on a surface balance. The effeet 

of pH on the size of the ion or molecule (if any) should a1so be 

determined. 

3. The accuracy of adsorption studies is dependant on the specifie 

surface determinations. For any study of tbis type, B.E.T. 

surfaces shou1d be compared with the resu1ts of liquid phase 

surface areas obtained by radiotracer or negative ion adsorption 

techniques. 

4.To shorten the time of ana 1ysis and to measure small specifie 

adsorptions (such as at low pH values), procedures to use radio-

tracers to determine quantities of col1ectors adsorbed shou1d be 
estabHshed. 

5. A scientific study of the effect of various starches used as a 

depressant for hematite on co11ector adsorption, contact angle, 

and floatabi1ity should be conducted. A1so, adsorption isotherms 

for starches should be determined. 
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6. The critical micelle concentration of dehydroabiety1amine should 

be determined. The effect of micelles on. the adsorption and f1o

tation characteristics shou1dbe investigated. 

7. The effect of temperature is an important variable in adsorption 

processes. Due to its effect on many. other variables, litt1e 

work has been done to investigate the complex effect af tJ;lis va

riable on col1ector adsorption. 

8. More information concerning the attachment of ions to surfaces, 

the distribution and nature of adsorbing species is required. 

9. Co-adsorption studies using cationic collectors and otherin-· 

organic cations should be undertaken to determine the effect of 

the other ions present in solution. 
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APPENDIX l 

ANALYTlCAL METHOD FOR THE DETERMINATION 

OF DEHYDROABIETYLAMINE ACETATE 

.", . 
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In ord~r to de termine the 1 adsorption of:, dehydroabietylamine 

aeetate, a rapid andaeeurate method was required.Colorimetrie 

determination, developedby HereulesPowders Ine.; andused by, 

Nemeth, was adopted with modifications 'as ,a sui~able method fÇ>r 

aqueous systems, containing from one to fifteen mg.ll. of dehydro

abietylamine aeetate. 

Chemistry of the Determination 

The method is based on the ,formation, of a,yello.wcoloured 

salt in aeidie aqueous solutions re$ulting from the reaetion of-the 

amine group of dehydroabietylamineor its salts with the aeidie form 

of bromophenol blue. However, sincebromophenol blue is anaqueous 

pH indieator, it forms a yellow cc;>mplex with hydrogen ions'below a.pH' 

of 3.,8 wQ.ich Interferes with the determinatic;>n. A portion of the amine 

eomplex, relatively insoluble in water, is,extracted into c~loroform 

from the mixture of complexes. It is recommended by the author that 

the, sodium salt of bromophenol b lue be used in place" of 'bromophenol 

blue sinee the former is more soluble, in water. Bromophenol blue, 

solutions (0.04%) are supersaturated and the use of-themmay cause 

erratie results. Excess bromophenol,blue is not soluble in chloro

form and does,not inter~ere with the analysis.The colour,density 

of the ehlorofor~extraet is proportional to the amount of amine 

group present and,can be measured vis~ally, with photoelectric color

meters, or with spectrophotometers. Appropriate adjustment of sample 
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concentrations enab1es application of this determination to a wide 

range of amine concentrations. However, large dilution factors tend 

to decrease accuracy. 

Procedure 

Range 

Accuracy 

o - 15 mg./1 

± 0.03 mg. Il. 

Into a 125 ml. separatory funnel,pipet exactly 25 ml. of sample 

solution, 5 ml. of glacial acetic acid and 8 ml. of bromophenol b1ue 

solution (0.04% sodium salt of bromophenol blue). After .mixing, allow 

solution to stand ten minutes. Pipet exactly 25 ml. of chemically pure 

chloroform into solution, mix gently for two minutes, and allow .to stand 

for ten minutes (for equilibration between phases). Withdraw suffi-

cient chloroform into l-cm. spectrophotometer cel1s (3 ml.) and measure 

the absorbance immediately against distilled water using 0.11 mm. slit open-

ing at a wave,length of 410DJl.t. For an' accuracy of 3' per cent'; a11 readings 

must be within 0.010 absorbance un1te and duplicate tests must'be within 

0.030 absorbance units. 

A calibration curve 1s constr,ucted from carefully prepar'ed standards 

of 5,10,15 and 20 mg. Il. dehydroabietylamine acetate. It was found that 

the 20 mg. Il. standard d1d not obey Beer's law, hence the method is re-

commended up to 15 mg. Il. only. The calibration curve is shawn in 

Figure 54. 



-174-

The bromophenol blue solution has a tendancy to var:y:its effecti.ve-

ness. It has been reportedby Nemeth (77) that fresh, solutiops must be 

made up daily as it decreases its effectiveness approximatelyten per-

cent per day. Experience in this investigationwith, the sodium. salt of 

bromophenol blue has indicated a scatter rather than a decrease in,its 
. . 

effectiveness. Temperature of the solutions 1s probablymore important 

than time .. but the effect can be corrected for when a standard and a 

blankare analysed with, each lot of saœples. 
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FIGURE 54 

CALIBRATION CURVE FOR THE ANALYSIS OF 

DEHYDROABIETYLAMlNE ACETATE BY 

SPECTROPHOTOMETRY 
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Al'PElOlIX II 

STANDARDIZATION OF HYDROCHLORIC ACID 

AND SODIUM HYDROXIDE 
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Standardi~ation of Hydroch1oric Acid 

Three accurate1y weighed dry samp1es (approx. 2 gm.) of 

sodium carbonate (Baker Ana1ysed, A.C.S. grade) were disso1ved 

in 25 ml. of conductivity water. Three drops of 0.1% phenophtha1éin 

solution (in a1coho1) were added. Titration was continued unti1 no 

pink colour returned after one minute boi1ing to remove carbonic 

acid.Res.u1ts are tabu1ated be1ow:-

Samp1e No. Weight of Volume of Normality 
Na2C03(gm·) HC1(ml. ) 

A 2.0042 37.85 0.999 

B 2.0081 37.80 1.002 

C 2.0046 37.82 1.000 

Average 1.000 

Standardization of Sodium HIdroxide 

Twenty five ml. a1iquots of standardized hydroch1oric acid were 

titrated with the unknown solution of sodium hydroxide using phenophtha-

1ein as the indicator. Resu1ts are tabu1ated be1ow:-

Samp1e No. Volume of· Volume of Normality 
HC1(m1. ) NaOH(m1.) NaOH 

A 25.00 21.10 1.184 

B 25.00 21.20 .1.179 

C 25.00 21.20 1.179 

Average 1.181 
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APPENDIX III 

SURFACE AREA DETERMINATION 

'li' 
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The surface area of each sa~le was determined using the 

Brunauer, Emmett and Te11er method of gaseous adsorption, described 

previous1y (15). 

If a plot of 
p 

against 
p 

is drawn, a straightline 
v(i? -p) p 

0 0 

shou1d be obtained having a slope of c-1 
l/v c. v c and an intercept of m 

m 
Linearity is genera11y obtained in the relative pressure range of 

0.05 to 0.35. The 1inear portion depends on the value c, for examp1e, 

when c = 100, the mono layer point occurs at a relative pressure of 

about 0.1 and,when c = l, the monolayer is reached at a relative pres-

sure of 0.5. 

In the present investigation, the s,urface area was determined 

by krypton and nitrogen adsorption at liquid nitrogen temperatures 

using the apparatus described by Salman (132). The surface area covered 

2 by one cubic centimeter of krypton gas at S.T.P. is taken as 5.24 M., 

2 Similarly, one cubic centimeter of nitrogen at S.T.P. covers 4.36 M. 

of adsorbent. 

As shown in the following B.E.T. plots, straight lines were 

obtained in a1l càses. The fo11owing tables contain all the ca1cu1a-

tions required to determine the specifie surface of each samp1e. 
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TABLE XXIII 

KRYPTON ADSORPTION DATA FOR SURFACE AREA DETERMINATION 

Test Total Samp1e Adsorbed Krypton 
1. 

McLeod McLeod P P 
No. Volume Volume Tube Volume Po Pres~ P (P -P)v 

Volume sure '. 0 0 

cc.STP. cc.STP. cc.STP. cc.STP. UUIl. Hg. UUIl. Hg. 

Coarse Hematite(A) 

1 0.061203 0.023367 '0.002106 .0.035730 2.570 0.22 0.086 2.620 
2 0.Q88280 0.042644 0.003829 .0 .. 041807 2.570 .0.40 .0.156 '. 4.409 
3 0.113954 0.060953 0.005457 0.047544 2.590 0.57 0.220 5.935 
4 0.138713 0.077719 0.006987 0.054007 2.590 .0.73 0.282 1.267 

. 
Coarse Hematite(B) 

1 0.071115 0.025508 0.002227 0.04338Q 2.605 .0.24 0.092 2.339 
2 0.100845 0.043695 0.003805 0.Q53345 ·2.637 0.41 0.155 3.,451 
3 0.129444 0.064899 0.005662 0.058883 2.625 0.61 0.232 5.141 .-

4 0.157027 0.084135 0.007332 .0.065560 2.625 0.79 .0.301 6.567 

Silica(A) 

1 0.06~595 0.037250 0.003078 0.020267 2.493 .0.35 0.140 &.059 
2 0.081987 0.054352 0.0044~6 0.023149 2.488 0.51 0.205 11.138 
3 0.102584 0.071404 0.005892 0.025288 2.488 0.67 0.269 14.574 
4 0.122498 0.086324 0.007924 0.029050 2.465 0.81 0.329 16.848 

Silica(B) 

1 0.043940 0.021221 0.001685 0.021034 2.465 0.20 0.081 4.198 
2 0.086324 0.053106 0.004212 0.029006 2.458 0.50 0.203 8.804 
3 0.105583. 0.065896 0.005223 .0.034464 2.465 ,0.62 0.252 9.804 
4 0.124262 0.080640 0.0064Q3 0.037219 2.468 0.76 0.308 1l.955 

continued •.•• 

• ' 



• . -181~ 

TABLE XXJ;II(continued) 

Test Total McLeod Samp1e Adsorbed Krypton '. McLeod L P 
No. Volume Volume Tube Volume P Pres- P (p ,;. p)v 

Volume o. 0 o . . , , , . v ,. 'sure 
cc.STP. cc.STP •. cc.STP. cc.STP. mm. Hg.' mm. -aS; . 

Silica(C) 

1 0.054612 0.021030 0.002908 0.030674 2.532 .0.20 0.079 2.796 

2 .0.082510 0.038881 0.005522 0.038107 2.532 0.38 . 0.150 4.634 

3 0.136550 0.075690 0.010753 0.050107 2.550 0.74 .0.290 8.i59 

4 0.155989 0.090070 0.012788 0.053131 2.550 .0.88 . 0.345 9.918 

Rutile(A) 

1 0.064434 0.005725 0.000836 0.057873 . 2.570 0.055 ·0.P21 9.378 

2 0.126537 0.019758 0.002885 0.103894 2.550 0.19 '0.075 .0.775 

3 0.186426 0.041637 0.006074 0.138715 2.550 0.49 0.157 1.341 

4 0.244474 0.067660 0.009870 0.166944 2.560' 0.65 .0.254 2.039 

.. 
Rutile(B) 

1 0.066987 0.004206 0.000462 0.062319 2.505 0.040 0.016 0.260 

2 0.131237 0.016857 0.001849 .0.112531 2.505 .0.16 0.064 0.601 

3 0.193285 0.036900 0.004045 0.152340 2.505 0.35 0.140 1.066 

4 0.253132 0.061170 0.006703 0.185259 2.504 0.58 0.232 1.627 

5 0.310747 0.084372 0.009245 0.217130 2.504 0.80 0.319 2.162 

.' 
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FlGùRE 55 

.B.E.T. PLOTS FOR KRYPTON GAS ADSORPTION 

0- Siliea (A) 

0- Siliea (B) 

6. - SiUea (C) 

o - Hematite (A) 

\l - Hematite (B) 

1> - Rutile (A) 

0- Rutile (B) 

.' 
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TABLE XXIV 

NITROGEN ADSORPTION DATA FOR SURFACE AREA DETERMINATION 

Test Total Bulb Samp1e Adsorbed .Nit- Bulb L P 
No. Volume Volume Tube Volume rogen Pres.- P (p -P)v 

Volume P .. 0 0 . sure 
x 103 0 mm. Hg cc.STP. cc.STP. cc.STP. cc.STP. mm.Hg. 

Badde1eyite 

1 10.482 4.833 0.236 5.413 778 14.8 0~019 3.582 

2 10.482 4.454 0.352 5.676 778 22 0.028 5.127 
1 

3 1Ù.482 3.993 0.448 6.041 778 28 0.036 6.180 

4 10.482 3.318 0.654 6.510 780 41 0.0526 8 .. 522 

5 10.482 1.650 1.341 7.491 780 84 0.1077 16.111 

Fine Hematite 

1 36.218 14.453 0.712 21. 053 778 57.6 0.074 3.801 

2 36.218 11.649 1.251 23.318 778 101 0.130 6 p 407 
3 36.218 8.814 1.850 25.554 780 150 0.192 9.302 
4 36.218 4.701 2.688 28.849 782 216 0.276 13.210 

" 
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FIGURE 56 

.. ~.E.T. PLOTS F.OR NITROGEN GAS ADSORPTION 

o - Hematite 

o - Baddeleyite 
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TABLE XXV 

DETERMINATION OF SPECIFIC SURFACES 

Samp1e Weight B.E.T. B.E.T v ê Specifie m 
Slope Inter- Surface 

2 
gm. cept cc.STP. cm /gm. 

.. 

C. Hematite (A 1.5447 23.536 0.69 0.04128 35.1 1383 

C. Hematite (B 1.8810 20.000 0.51 0.04885 40.6 1361 

Average 37.7 1372 

Silica (A) 0.8561 44.975 2.05 0.02127 22.9 . 1302 

Silica (B) ·1.0171 33.933 1.43 0.02828 24.7 1457 

Silica (C) 1.4301 27.090 0.92 0.03871 28.1 1420 

Average 25.2 1407 

Rutile (A) 1.9228 7.125 0.23 0.1360 32.2 3700 

Rutile (B) 2.3561 . 6~130 0.21 0.1580 30.2 1llQ 

Average 31.2 3610 

Badde1eyite 1.8763 0.1416 9.5 7.011 150 162,900 

x10-4 -

Hematite 4.2134 0.0465 . 3.3 21.354 142 264,400 

x10-4 
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APPENDIX IV 

X-RAY DIFFRACTION ANALYSIS 
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FIGURE 57 

X-RAY DIFFRACTION PATTERN FORa-QUARTZ 

Copper Radiation 

40 kV, 19 mA, 1 'hour. 

Magnifieation 2.1 X 
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X-RAY IDENTIFICATION OF 
" , . '. . { 

a-QUARTZ 
" '.: " 

III·' " ,1, 
(est~)" 

" d " . , Error .. 
Card5- 0494 ," 

, 50 +0.03 ,.,35 
'. • , . : 

'. 

,. 100; . ,3.34 . 3.'343 : ,-0;003; 

15. '2.43 . 2~458 .' ~0 •. 028 ..12· 
10 . 2~27, ':·2.282 ';;'0.012 ·'-12'" 

5 .' - 2.22,: , 2.237 .~ : -.0.017 - '6 
15 2.12' 2.128. . ,,=0.008 '9 
10 h96 1.980" -.0.020 '6,'" 
40 1.82 1.817, -.0.0-03 17" 

{1.672 r O•012 . 7 
~o 1.66 . - .... . 1.659 ' +0 •. 001·< . 3 . 
30 1.53 1.541 -0.011 1,? 
10 1.44 1.453 -0.013 ' 3 

2 1041 1.418, -- .';;'0.008 . '.<1 ... 

{ 1.382 { -.0 •. 012 7 
50 1.37 1.375 -0.005 11 

1.372 -0.002 9 

10 1.28 1.288 -0.008 3 
15 1.25 1.256 -0.006 4 

8 1.22 l.228 -0.008 2 

{ 1.1997 {+0.0003. 5 
25 1.20 1.1973 +0.00027 2 

1.1838 -.0.0038 4 
25 1.18 1~1802 -0.0002 4 

10 1.15 1.1530 -0.0030 2 
1 1.14 1.1408 -0.0008 <1 
1 1.11 1.1144 -.0.0044 <1 

20 1.08 1.0816 -0.0016 4 
5 1.06 1.0636 -0.0036 1 .. 

{ 1.0477 {-.0.0077 2 
10 .1.04 J..0437 -0.0037 1 2 

10 1.03 1.0346 -0.0046 2 
10 1.015 1.0149 +0.0001 2 
15 0.989 0.9896 -0.0006 <1 
10 0.976 0.9762 -0.0002 1 
10 0.961 0.9607 +0.0003 2 

continued ••• 
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2e .. 

114.56 
115.76 '. 

:,118.16 , 
120.16 
122.56 
126.96 
131.06 
132.86 

" 134.36 
136~ 16 
,136.86, 
137.56 
138.36 
140.06 
140.66 

142.86 ' 
143.76 
144.66 

146.26 
147.06 

149.66 ' 
150.66 
151.86 

152.96 
154.36 

156.66 
158.06 
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TABLE XXVI (cont'd) 

a-QUARTZ 

1/11 d 

(est.) 

25 .916 
2 '.910 
8 ' , .898 ' 
8 ".889 
8 .,879 
l, .861 
1 .847 
1 .841 , 
i .836 

10 ' 
.830 5 

,10 
.826 5 

2 
2 .820 

io 
.812 10 
.810 1 

5 
.805 5 

5 .798 5 
1 

15 
.792 10 

8 
.786 5 

" 

, 

* There is no comparison· for these 1ines. They are assumed to 
belong to the a~quartz pattern. 
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:' .... 

. FIGURE 58 

" ... ;, ..... ' 

X-RAY DIFFRACTION PATTERN FOR HEMATITE 

. Iron Radiation 

25 kV, 11 mA, 1 hour 

Magnification 2,1 X 

.';: 

,'c, 
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. III . ' 1 . 
'. (est~J 

29 

... ....... .- '" 

.. 
30;72 30 
38.12 4-
42~02 100 
45.12 

" 

90 
. 51.92 40 
63~12 50 
6.9.22 6,0 ... 

. ' 74.02 10 
80.72. 5'0 
83.02 50 : 

.-

90.82 '2 
94 •. 52 10. 
99.72 5 

103.12 1 
107.92 5 
111.52 5 
115.12 8 
'121.52 10 
123.12 1 
131.62 15 
136.12 4 
154.52 10 
155.62 6 
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. TABLE XXVII 

. X~BAY-IDENTIFlCATION,OF 
.ImMATlTE·(O:~Fè203)· 

d' . 
. '. CardNo •. 2-094 

.. ;.t.'. 

3·~.66 . '. 3~67' 
·2.97 -; .. .' 

'. 2.10 .. ' 2~69 
2.52 2.51 .. 
2.21 '2.20 . 

. 1.85 1.84' • 
.- Ù70' .. L69. 

'.'1 .• 61 :.' 

.1.60 . 
•· .. 1.50 .lA8 

1.46 , . 1.45 
' .. 1.36 1.35' 

1.32. ·1.31 
'L27 1.26 
-1.24 1.23 
1.20 .1.21 
1.17 1.16 
1.15 1..14 

;. 

1.11 1.10 
1.10 1.10 
l~06. 1.05 
1.04 1.04 

{0.992 
0.992 0.99 

Err'or' 

.-o.,olc 

+o •. oi' 
+Q~.oV ...• 
·+.O •. O'J.' 
+j).Ql~ 

'+0.01 
." " - ", ," 

+0 ... 01 . 
+0.02·.<' . ..;. ,,- . 
:+0.01 
+ô~()i 
.+0 •. 01 

.' +0.:01 

.' +O.Ot 
-.0.01. 

, +.0.01' 
+0.01 
t O• 01 

0.00 
+O.Ol 

.0.00 

+0.002 

'. Ill· . 
.1 ... 

50 

, ... 100 .... 
·89.··, 

.6() 
80 
90 
5.0,' 
70 
70 
.20" 
60' 
40 
10 
10 
40 
40 
·60 
60 
60 
20 

50 



FIGURE 59 .. 

X~RAY DIFFRACTION PATTERN FOR 

SYNTHETIC RUTILE 

Copper Radiation 

40 kV, 19 mA,. 0.5 hour. 

Magnification 2.1 X 

, ',: .. 

. .. ;: " 

.. ', . 





29 1/11 
(est.) 

., 

27':64 10.0. 
36.24 60. 
38.74 2 
41.14 40 
43.94 . 5 
54.14 80. 
56.54 40. 
62.54 10. 
63.84 10. 
68.54 40. 
69.44 40. 

76.24 2 

82.24 2 
83.94 2 

89.24 4 
90..14 2 
94.74 5 
95.14 5 

96.44 1 

10.5.54 2 
115.84 1 
117.24 1 
119.74 4 
122.24 4 
123.14 4 
13.0..84 2 
131.54 2 
135.94 4 
136.74 4 
139.44 10. 
140..64 8 

• 
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TABLE XXVIII 

. X-RAY IDENTI'FICATION OF 

SYNTHETIC RUTILE 

d d 
Card 4-0.551 

3.23 . 3.245 
2.48 .2.489 
2.32. 2.297 
2.19., 2.188 
2.06 2.054 
1.694 1.687 
.1.627 1.624 
1.485 1.480. 
1.457 1.453 
1.369 ·1.360. 

, .1.353 
1 

1..347 
1 1.30.5 

1.249 1.243 
1.20.0. 

1.172 1.17.00. 
1.153 1.1485 

1.1140. 
1.0.97 1.0.933 
1.0.89 1.0.827 
1.048 1.0424 
1.044 1.0.424 

1.·0.34 1.0.361 
1.0.273 

0..9686 0..9642 
0..90.98 0..90.71 
0..90.30. 0..90.0.7 
0..8913 0..8892 

{o..8795} 
0..8780. 0..8773 

{o..8469} 
0..8467 0..8437 

{o..83o.9} 
0..8306 . 0..8290. 

{D.821D} 
,0..820.0. 0..8196 

Errai:' 1/11 

-0.0.15 10.0. 
-0..0.0.9 41 

.' +0..0.23 7 
+0..0.0.2 22 
+O~O06 9 
. +0..0.0.7 50. 
+O~o.o.3 16 
+0..0.0.5 8 
+'0..0.04 ,'. 6 
+0..0.0.9 16 
+'0..0.06 7 

1 
+0..0.0.6 3 

.1 
+.0..0.0.2 4 
.+0..0.045. 4 

1 
. +0..0.0.36 4 

0..0.063 4 
. +0..0.0.56 5 
+'0..0.0.16 4 

+0..0.0.21 4 
,3 

+0..0.042 2 
+0..0.0.27 --'3 
+0..0.0.23 3 
+o..Ô021 5 

,. 
+0..0.0.14 6 

+0..0.0.31 5 

+0..0.0.17 5 

+0..0.0.0.9 8 



FIGURE· 60 
" ", 

X-RAY DIFFRACTION PATTERN FOR 

PRECIPITATED ZIRCONIA (BADDELEYlTE). 

Copper Radiation 

. 40 kV, 19 mA, . 1hour. 

Magnification 2~1 X 
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TABLE 'XXIX 

X-RAY" IDENTIFICATION, OF,PRECIPITATED 

ZIRCONIA' (BADDELEYITE) , 

, ' .. , -
29 l/Il d d 

,(est .. ) Catd 7-343' 
" .5.0.5 

24~18 '70. 3.681',' , 3.69:, 
28.48 - ' 10.0. 3~~34 " 

" 

, 3.16, : 
.. 

'{2,.95, 
30..38 10.0., ' 2.942,: ,,' 2,.92 
31.5'8 60. 2.833' 2.84 

" ,,{2.'62, ,', 
34.58 10 2.594 ' " 2.6,0. 

, 35.18, 10.' 2.~4l", ' :2.,54' 
38.58 ,1 2.334 " " , ,2.33 

' 40.78 5 2.'213 ' 2.21 

45.28 5 2.0.0.3 
{2~o.2 , 
1~99 

49.38' 5 1.845 ,1.846 
5,0..38 90. 1.811 1.877 
53~88 5 1.,70.1 , 1.693 
55.38 7 1.659 L655 
57.28 1 1.60.8 ,1.60.9, 

,58.28 1~ 1.583 'r.581 
60..0.8 10. 1.540. 1.542 

.61.28 1 1.513 1.50.8 
62.78 5 1.480. 1.477 
64.0.8 1 1.453 '1.449 
65.78 2 1.420. 1.420. 
71.18 1 ,1.325 1.322 
74.58 1 1.272 1.262 
81..48 2 1.181 
85.18 1 1.139 
88.28 1 1.10.7 
93.78 1 1.0.56 
95.18 2 ,1.0.44 
96.38 1 1.0.34 
96.38 1 1.0.34 
98.6,8 1 1.0.16 

10.1.28 1 0..9971 
10.3.38 1 0..9824 
110..48 1 0..9383 
115.38 1 0..9121 
120..28 1 0..8889 
123.68 ' 2 0..8744 
125.88 1 0..8657 

*2.92 10.0.% 1ine of Zr02(cubic) C~d 7-337 

2.95 70% Une of Badde1eyite Card 2-0464 • 

' ',Error 

, , ~:0..o.09 
",;~0..O26 

": ",'It' .. 0.0.0.8 
, +0..0.22 
":',-0.007. 
', .. 'ro.~o.2~ , 

, -O~o.06 
+0..0.0.1 

.+O.o.Q4 
+0..0.0.3 
r;,o.~o.17 
+0..0.13 
-0..0.0.1 
-0..0.06 
+0..0.0.8 
+O.o.q4 
-o..o.Q1 
+o.~o.02 
-0.;0.0.2 
+0..0.0.5 
+0..0.0.3 
+0..0.0.4 

0..0.0.0. 
+0..0.0.3 
+0..Q10. 

1/11 

5 
1 '15 : 

' 10.0.' 
*7D 
10.0. ' 
65 .. 
20. 
12: 
15 .. 

5" 
10. 
,7 

, , 

7 
15 
20. 
10. 
12 

5 
5 

10. 
5 

10. 
3 
7 
5 
5 
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TheeXposure· ofthese fUms was difficult in two. cases. 'First, 

the exposureof rutilé' to X-ray radiation caused conSiderable fluores-' 

cene of the titanium atom, due to itslowatomicwe.ight •. ,Iron radia-. 

tion caused complete fogging ofthe:ftlm. and copp,eJ.' radiationwas better 

butnot perfecto Theforward reflectionregio[l; was clear b':1t theback 

targetwotÜd ,~ompress· reflection was fog~ed. The use ,of a mâlybdénum 

. thediffracÙon Unes in theforward~egion. The best .solutionwouldbe . 
. . . ' ';., .. ;.' .... ':... . .' 

the use of a chromi.um target which,wasnotavailable,. The best ,com-

promise was the use of thecopper radiation as repo1-~ed iD. Tabl~xXvIII. 

Second, the Zi.r.cOnia(baddeleYite)~assofinethat. itcaused 

Une broading and a diffuse pattern inthebackreflection .. region •. 

Howeve.r, it was found to be èlear enough for this work. 
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APPENDIX V 
,'., .. ' 

CALCULATION OF SURFAcE CHARGE DENSITY 

AND DIFFERENTIAL ·CAPACITY 
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The surface charge depsity may' be ca1cu1ated from .. thèadsorption 

density by using t~e fo11owing conversion factors:-

. . 23·," ,', . 
1 mole "6 ~ 023 X 10. molecu1es 

" .'. '-10 
1 .e1ectronic .c1:large= 4.803~,10, .... e •. s.l,l. 

6' 
1 co.u.lomb. ID' lo •. J,l.coulombs. 

1 ~~ole : ,:"10-6 moles ~. 
.,' ." '. 

Onem,ust· assume' 'that thèretS·o.ne e1ect~ol!-icchaz:ge on each 
" -.. '. " .' .,' ,.; ,. '. • .' .', ... ',:1, ': .....'., . :' ...-'. 23 
hydrogenand~droxy1 ion s'nd,that a mobc,f 'eachcontains ~·.023 X]JO .' 

1 - , • ", ',,",. ;.; " -"'" • : 

electro.ntc charges •. Bence,· ~helsurfaée 'êharge .,d~nsity ts determined 

as follows:-

Surface Charge Densi ty.,a = AdsorptionDens:l.ty(r 1f'" -rriH-)(~~.es) 

X10-6(molès) X 6 .023. XI:023(molècule~) 
'. jJm01e . ,mole 

.iO(e.s.u. ) 
X 4.803 X 10 'moleèule 

X 3.336 X 10.10 (coulomb ) X 106 !!coul. 
. . e. s • u. cou1. 

If one assumes the B.E.T. surface area to be the same area as that ex

posedto the solution and availab1e for hydrogen and hyd~oxy1 ion ad-

sorption, t~en the surface charge density for the hematite sample,ex-

pressed in terms of area avai1ab1e,becomes 



• 
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.. 0.364 (r_* - r ) . Hcoul.· 
il" OH- Hem. .ctrl-

. ,. ,', 

The differentialcapac1'tY.lIlay be· calc';llated fram the differention 

~f the ·adsorptiondênsity .. wl th. respect'to pH,. or ",nor~B.lmPl~~fr~ thè.slope .•. 
• , '..' • • 1 • .' • " " ,,-, . ' ._', • 

.. ~f the adsorpti()n~e~sity~s."·pii~~rve •. The :co·n~~i~n'f,âcto~s 'invol-

ved in ·addition, tothbse t~the~revious section are:-

1 pH unit ~ -0.059l5volts· 

1 volt .. 3.3356 X lÔ-3 e.s.u.(pot~l) 
l, e.s.u.(capacity) .. Le. s. u. (charge),· .' 

1~'~s.~.-(pot~1.) . 

le. s.u.(capacitY) = 1.11263 X 10.;.12 farads 

1 farad := 106 I-Lfarads 

Using the same conditions as for the surface chargedensity, the 

differentia1 capacity, Ci' becomes:-

X 1 (' volt . X 1 (~.s.u.(cap) e.e.u.(pot'l) 
3.3356X10-3 . e.s;u(pot'l)· e.s.u~(charge) 

X 1.11263 X 10-12 (fd. X 106 (Hfd.) 
. e.s.u.charge) fd. 



• d(r.~ - r oH-) 
- - x· d(pH) 
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6.023 X: 4.803 .Xl.l,l263 .' ··4J,Lfd.· 
0~OS91S ~·3.3356.·X 10 .... gm~ 

:':::', 

U.sing ~heB.E.T.s#rfaçeârea,:withthe>reservatioilsexp~e·slJe,~ .ab,ove, , .•. 
: .' , . '.' '. . . ','.'.':', ,",l.'. '_'. ; .. .' 'i:" .,' ~.,:';':J~:: .... ,., .. 

the differentia1 capacity per unit area for hematite'~beêomeè:';' 
.'. 

!. ' .~ ., . 

. .' 

- -
der ut- r OH-) . . fd 

( d(pH) '. )Hem. X .. '6 .19. ~ 
cm • 

.,L 

The constants for each oxide are .1isted be1o~ 

Constant Hematite Zirconia Rutile 

. ~pecific Surface(~ 1 gm.)' .. 26.4 16.3 0.37. 

~urface Qharge 

Density converSiOn(UCo~l.) 0.364 .0.590 25.9 

Differentia1 
cm. 

jeapacity Conv~rsion (Ufd.) 6.19 10.03 ' 440 
em? 

' .. :' .... 



• 
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Sample Calculation 

. . 
. . . 

From Figure 29 at apH 9.50. theaci.d addidonswereas follows:~ 

. . 

No Hematite - 1.085 mB. of ,LOOO. N Hel 

4 gDJ. :" 0.995 " " . Il' " ".' 

The c;hange in volume ;:I.Vo1.ume with heauit:i.te 
.. 'volumewithnoheUult~ t,e· .. 

. . . ~ . 

al .0.995 - 1.085 ml·· 
,",. : 

-"0.090ml:·· . 
'" • d •••• ••.•• • •••• ••••• >. ( .. oIes) 

= Change in Vo 1. (mJ.);1I.Molality. mB. .'. 
Adsorption pero gramR. (r}lf--·I'OH.) 

WE!:I.~htofHematite(grn. ) 

0.090m.t ~)tlOO.Ol.&mOle/mJ.. '=-' -
4gm. 

= - 22.5I,Lmoles/gm • 

. d(I'u+ - r OHO:) ( measured. from) = - 22.9I,Lmolelgm/pU.un:tt. 
d(pH) Figure 3'2 

Surface Charge Density. C1 = (t.a+ - l' OH-) .,X 9,64-X lé 
.' 4 = - 22.5 X9.64 X 10 

. 5 
= - 2106 X 10 J.1coùl./gm. 

Surface Charge Density,C1 = (l'ur - l'OH-) X .0.364 

= - 22.5 X 0.364 

= - 8.2 ~coul./c~2 

= _ d(I'u+ - l' OH-) X 1 •. 632 X 106 
d(pH) . 

Differential Çapacity,C
i 

= - (- 22.9).X·.l.632 X 10
6 

= 37.5 X 106 !-Lfd./gm • 



• 

. -202-

d( r u:t" - r .. ) ' . 
. Differentia1 Capac. ity .. , Ci ....... - . ' '. OH 'x:6.19 

'ci(pH)-

... - .(~22 •. 9) X: 6 .• 19 

'2 = " 141 !-Lf.d. lem. .' 



.fj 

pH 

Il.12 
11.00 
10.75 
10.50 
10.25 
10.00 
9.75 
9.50 
9.25 
9.00 
8.75 
8.50 
8.25 
8.00 
7.75 
7.50 

8.63 

.-
TABLE XXX 

CALCULATION OF SURFACE CHARGE. DENSITY AND DIFFERENTIAL CAPACITY 

HEMATITE IN 0.1 N KC1 SOLUTION 

TESTS No.23 AND NQ.24. 

Acid".Vo1ume Change In Adsorption -r~ w- - r OH-j Surface Charge DifferentiaI 

~olids NoSolids Acid Volume r - r W OH- d(pH) Density Capacity 

rot. rot. rot. ~oles/gm. ~oles/.gm. ~coullgm. ~coi.âJcm~ ~fd./gm. ~fd./cm~ 
x 10-5 x 10-6 1 

0.000 0.470 -0.470 -117.5 192.5 -113.0 -42.8 314 1190 1 

0.210 0.585 -0.375 - 93.8 130.0 -90.3 -34.2 212 805 1 

0.500 0.765 -0.265 -6,6.3 62.1 -63.9 -24.2 101 385 

0.665 0.885 -0.220 -55.0 42.5 -53.0 -20.0 69.5 263 

0.810 0.980 -0.170 -42.5 34.4 -40.9 -15.5 56.2 213 

0.900 1.040 -0.140 -35.0 27.5 -33.7 -12.8 44.9 170 

0.955 1.065 -0.110 -27.5 25.0 -26.4 -10.0 40.9 154 

0.995 1.085 -0.090 -22.5 22.9 -2L6 ...,8.2 3.7.5 141 

1.032 1.102 -0.070 -17 .5 22.9 . -16.8 -6.4 37.5 141 

1.072 1.115 -0.043 -10.8 26.2 -10.4 -3.9 43.0 162 

1.113 1.128 -0.015 -3.8 31.0 -3.7 , -1.4 50.6 192 

1.153 1.140 ·,0.013 3.3 38.6 3.2 1.2 63.3 238 

1.225 1.143 .. 0.082 20.5 59.0 19~7 7.5 96.6 365 

1.35.0 . 1.147 0.203 50.8 64.6 49.0 18.5 105 400 

1.495 1.151 0.344 86.0 92.6 82.8 31.4 151 572 

1.640 1.155 .0.485 121.3 156.0 117.0 .44.2 255 . 750 

1.133 1.133 0.000 0.0 35.0 0.0 0.0 57.0 216 

/' 

1 
N 

8 
1 



• 

pH 

11~-20 

11.00 
10.75 
10.50 
10.25 
10.00 
9.75 
9.50 
9.25 . 
9.00 
8.75 
8.50 
8.25 
8.00 
7.75 
7.50 
7.25 
7.00 
6.75 
6.64 

8.90 

T4.BLE XXXI 

CALCULATIONOF SURFACE CHARGE DENSITYAND DIFFERENTD\L CAPACÎn' 

HEMATITE IN O.OiN KC1 SOLUTION 

TESTS No. 20 AND No. 21. 

. . . 

.;.' 

Acid Volume Change In Adsorption -ra> -rOa-~ Sur.faceCharge .' : ... :Diffetêntial· 

SoUds No SoUds ACid ·Vo1um.e r - r 1fI- OH- . d(pH) . Density. ". Capacity' . 

J,lmo1es/gm. Ilmo1es/~. IlcotiU p. Il'èoûU ém~ IlfdJp. 
'.' . 2 

m.t. m.t. m.t. Ilfd~ lem. 
x 10-5 

.. .., -6 
x 10 " 

0.000 0.380 -0.380 -95.0 119.00 -91.5' ';3.4.6 194 735 

0.340 0.610 -0.270 -67.5 90.1 -65~0 . ~24.6 . ï47 558 
0.620 0.820 -.0.200 . -50.0 50.9 . '. -48.1 -18.'Z . 83.0' . ,315 

. 0.790 0.940 -0.150 -37.5 34.0 ;'36.1 -13~7 · 55.5 210 ; 

0.900 1.025 -0.125 -31.3 24.8 .... 30~ 1': '-11.4 .. .40.4 153 

0.978 1.075 -0.097 -24.3 20.9 ~23.4 "-8.8 34.0 129 
1.033 1.108 -.0.075 -18.8 18.4 -18.1. . -6.9 30.0 112 
1.070 1.135 -0.065 -16.3 23.5 -15.7 . -:5.9 . ':.38.3 145 

1.115 1.155 -0.040 , -10~0 . 23.5 .. · .. -9~6 .. -3~6' 38 •. 3 '145 

1.145 1.160 -0.015 -3.8 23.5 -3~7: .-1.4 ~ 38::3 '. 145 
1.125 1.165 0.020 5.0 33.9 . 4.8 1.8 55:;3 209 
1.225 . 1.170 0.055 13.8 . 4L6 13.3: ·'5.0 . · '62.9 257 

1.270 1.172 0.098 24~5 "41.6 '23,.6. .'8.9 ' '62.9 257 
1.315 1.175 O~140 35.0 41.6 '33'.7 '. ~;l2~7 ••.... ,62~9 257 

1.360 1 17'3 .0.183 45.-8 41.6 44.0 16.7 62.9. ". 257 .' 
.~ .. ' 

1.400 1.178 0.218 54.5 . 41.6 52.5 ,19.9 ... · .. 62.9 . 257 
1.455 1.180 0.275 68.8 55.0 66.3 25~1. . ~ 89.8 340 

1.515 1.182 0.333 83.3 65.7 ".J~0.'2 30.3 . 107 .. 406 
1.600 1.184 0.416 104.0 125.0 . '100;0. ' ~7~8·. '204 772 .. 

1.700 1.186 0.514 128.5 . ' 133.2 123.9.·' '46.8 . '.' 217 • 825 
' .. '.' . .'-;'; ..... '. ' 

1.162 .1.162 0.000 0.0 30.2 .. 0.0· •... ,~O.O .. , · 49.2 187 
.. 

. ' 

• N 

~ 
1 



e 

TABLE XXXII 

CALCULATiON OF SURFACE CHARGE DENSITY ANDDIFFERENTIAL CAPACiTY~" 

HEMATITE" IN: '0" 001 N Kci SdtuTIOlii 

TESTS No. 17 AND No. 18. ' 

Acid Volume Change In Adsorption {(rw -r OH-1 ' Surfa~e' Ch~rge 
pH 

Solids No Solids Acid Volume rW - r OH- d(pH) Density , 

lJ.Illoles/~. I!coulJgm. J.lcouU~ ·J.LCOu1Jèm~ m.e. m.e. ml. 
x10-5 

11.00 0.355 0.645 -0.290 -72.5 78.5 , -69.9 "';'26.4 
10.75 ' .0.600 ' 0.-820 -0.220 -55.0 40.8 -53.0 -20.1 
10.50 0.765 0.955 -0.190 -47.5 33.9 -45.7 -1.7.3 
10.25 .0.875 1.030 -0.155 -38.8 30.8 -37.3 -14.1 
10.00 0.942 1.070 -,0.128 -32.0 28.5 ';'30.8 -il.7 
9.50 1.015 1.,115 ' ,-'0.100 -25.0 23.6 ' -24.0 . ~9.1 
9.00 1.080 1.125 ' -0.045 -11.3 23.1 ,-10.9 .. 4.1-
8.50 1.148 ' 1.140 0.008 2.0' 23.1 1.9 0.7 . 
8.00 1.202 L150 0.052 13.0 ' 23.1 12.5 4~7 
7.50 1.240 1.151 0.091 22.8 t8.2 21.9 8.3 

,1.00 1.277 ' 1.152 0.125 31.3 14.3 3Q.1 11.4 
6.50 1.302 1.153 0.149 37.3 14.3 . 35.9 13.6 ' 
6.00 1.335 1.157 0.178 44.5 14.3 42.8 16.2 
5.50 1.365 1.160 0.195 48.8 15.0 4.1.0 17.8 
5.00 1.415 1.163 0.252 63.0 ,20.6 60.6, • ' 23.0 
4.50 1,465 1.172 0.293 73.3 28.2 ' 70.6 26.7 
4.00 1.565: . 1.205 0.360 90.0 4L7 86.7 32.8 
3.90 1.605 1.220 0.385 96.'3 58.1 92.8 35.1 
3.82 1.640 1.230, 0.410 102.5 65.8 Î 98.8 " ,;:3;7 .• 3 
3.15 ,1.665 . ,1.240 0.245 106.3 73.0 102.6 :38.8. 

8.55 1.139 1.139 '0.000 0.0 23.1 ,0.0 ,'0.0' 

'Diffei'ehtia1 

Capacity, 

J.lfd./gm. 2 J.lfd./cm. 
x10-6 

128 486 
66.5 . 253 1 

55.3 210 
50.2 191 
46.5 ' .' 176 
38.5 i46 
37.7 143 
37.7 143 
37.7 143 
29.7 ,H3 
23~3 .89 

,23.3. ,89 
23.3 89 
24.5 .93 
33.7 128 
46.0 ,175 

'68.0 , 258 
95.0 360 

108 .417 
119 ',' ,453 

,3?7 " ,>143 

•' 

(ê" • 

1 
N 
o 
VI 
1 



-e 

pH 

11.15 
11.00 
10.75 
10.50 
10.25 
10.00 
9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.50 

8.60 

TABLE'XXXIII 

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPA,CI~ 

HEMATITE IN 0.0001 N KC1 SOLUTION 

TESTS No.14 AND No~16 •• 

' Acid Volume Chang,e In Adsorp'Uon d(I' HI" -r OH-)~ Surface Charge Differentia1 

SoUds No SoUds Acid Volume r 1& - r OH- d(pH) Density " Capacity 

mt. rot. mt. lJ!D.~les/gm. lJ!D.o1es/gm. ~coulJgm. ~coul.l cm.2 
~fd~ /gm. ~fd. /cm.2 

x10-5 x10-6 

0.080 0.360 ' -0.280 -70.0 132 :"67.5 -25,.5 215 S16 ' 

0.340 0.580 ' -0.240 -60.0 44.7 -:-57.S ' ' -21.9 73.0 276 

0.635 0.810 -0.175 -43.8 32.2 -42.2 , ' 
-16.0 52.5 199 

0.785 0.945 -0.160 ' -40.0 23.4 -3S.5 -14.6 ,38 .. 2 145 

0.890 1.027 -0.137 -34.3 22.0' -33.0 " -12.5 35.9 136 

0.960 1.070 -0.110 -27.5 21.7 -26.4 -10.0 ,35.4 134 
1.043 1.120 -0.073 ..;lS.3 21.7 ' ~17.6 -6.7 35.4 134 

1.110 1.145 -0.035 -8.8 ,21.7 -S.5 ' ,:"3.2 35.t. 134 

1.163 1.15S ' 0.005 1.3 20.5 ~1.3 0.5 ' '33.4 ,126 

1.230 1.160 ' 0.070 1L5 19.8 16.9' 6.4 32~3 122 , 

0.097 24.3 23..4. " S.9 
' ' 

28.6 lOS 1.262 1.165 17 .5 
1.295 1.170 0.125 31.3 15.1 30.1 11.4 24.7 93, 

1.322 1.175 0.147 36.8 15.1 ,35'.4 ,13.4, 24.7 93· 

1.360 1.180 0.180 45.0 15.1 43.3, _ 16.4 ' '24-.7 93 " 

1.397 1.187 0.210 52.5 16.0 ,50.5 19.1' 26.1 99 

1.430 1.195 0.235 58.8 ' 18.1 56.6 21.-4 29.5 112 

1.483 1.200 0.283 70.S 26.1 68.2 25.S ' 42.6 161 

1.600 1.242 0.358 89.5 42.5 " 86.1 ' ,32 0 6 , 69.5 263 

1.680 1.300 0.3S0 95.0 53.6 9105 ,j4'.~ , , 87~6 332 

1.800 1.400 0.400 100.0 96.4 36.4 " 

, -- ,-
1.156 1.156 0.000' 0.0 

< 20.7 0.0 ::O~O 33.S' 127 

. -~ -
. ":' -. 

"":';,.;. > 

(. 
~, 

1 
N 

~ 
1 



, ~. 

pH 

9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.50 
3.,25 
3.00 

6.08 

",~ABLE··XXXIV 

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY 

BADDELEYiTE IN 0.1 N KC1 SOLUTION 

TESTS No.31a AND No.31b 

Base Volume' Change In Adsorption d(r.r--r 00->j . Surface Charge 
Solids No Solids Base Volume rW - r OH- .d(pH) Density 

rot. rot. rot. ~ole/gm. ~mo1e/gm. . ~couU~ 
'2 S1cou]Jcm •. 

xio-5 

1.055 0.874 0.181 -53.4 14.0 . -5L4 . -31.5 . 
1.015 0.855 0.160 -47.2 13.8 -45.5 -27.8 
0.984 0.851 0.133 -39.3 17.5 -37.8 ";23.2' 
0.950 0.850 0.100 -29.5 17 .5 -28.4 -17 .4 
0.919 0.849 0.070 -20.7 13.5 -19.9· -12.2 
0.890 0.848 {l.042 -12.4 12.2 -12.0 -7.3 
0.868 0.847 ' 0.021 . -6.5 12.2 '-6.3, -3.8 
0.842 0.846 -0.004 1.2 11~9 L.2 0~7 
0.819 0.845 -0.026 1.7 12.4 7.4' 4.6 
0.795 0.844 -0.049 14.5 12.4 14.0 8.6 
0.768 0.843 -0.075 22.2 12.4 2104 13.1 
0.720 0.818 -0.098 .28.9 12.4 27.8 rt.1 
0.676 0.782 -0.106 '31.3 18.4 30.1 ' . .18.5 
0.607 0.733 -0.126 37.2 34.1 36.0 . 22.0 
0.460 0.638 -0.178 52.5 39.6 50.5 31.0 
0.265 0.48 -0.215 63:5 39.6 61.2 37.5 

: 

0.846 0.846 0.000 0.0 11.9 0.0 0.0 
_.- ~-_._---

~_:_~ --

.. 'DifferentiaI. 

., C.$p.acity 

~~g;ul ~fd/cm~. 
x10-6 

, 

22.9 141 
22.5 139 
28.5 176 
28'.5 176 
22.0 136 
19.9 123 
19.9 123 
19.6 129 
20.2 125 
20.2 125 
20.2 125 
20.2 125 
30~0 185 

1 55.6 . 243 
6t.~6· 298 

. 64.6 398 . 

19.6 120 

• 

1 
N 
o ...., 
1 



• 

pH 

9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3."75 
3.50 
3.25 
3.00 

6.09 

.' TABLE XXXV 

CALCULATION OF SURFACE CHARGE DENSITY Am> DIFFERENTIAL CAPACITY . 

Base Volume 

Solids No Solids 

me. ml. 

1.012 -0.874 
0.986 0.855 
0.462 0.851 
'0.938 0.850 
0.910 0.849 
0.885 0.848 
0.864 0.847 
0.842 0.846 
0.825 0.845 
0.805 0.844 
0.782 0.843 
0.746 0'.818 
0.703 0.782 
0.640 0.733 
0.520 0.638 
0.339 0~480' . 

0.846 0.846 

BADDELEYITE INO. 01 N KC1 SOLUTION 

TESTS No.31a AND No.32. 

Change"In Adsorption _ ~(rut-r OH->] Surface Charge 

Base Volume r Ji+" - rOH- d(pH) Density 
~ 

me. J,Lmoles/gm. J,Lmoles/gm. J.lcoull gui. 
x10-5 

.' '. 2 
IlcoulJ cm. 

0.138 -40.7 4.6 -39.2 . ";24.0 . 
0.131 -38.7 8.3 '-37.2 -22.8. 
0.111 -32.8 12.7 -3L5 ":19.4 
0.088 -26.0 12.7 ' ~25.0. -15.3 
0.061 -18~1 12.7 .' -17.4 ',-10.7 . 
.0.037 -10.9 12.1 -10.5 . , -.6~4 
0.017 -5.0 10.7 -4.8. .,.30'" 

"'. e:. . 

-0.004 1.2 10.1 ' ,'1.2· 0.7 .. 
-0.020 5.9 9.9 5.7." 3.5 

.-0.039 11.5, 8.9 1/ H.l >6.8· 
..,0.061 18.1 8.9 '. 17~4 . 10.7 
-0.072 21.3 8.9 . '20.4 '12.6 
-0.079 23.4 12.2 ·22.5 . '13.8 
-0.093 27.5 23.6 26.5 16.2 .' 
-0.118 34.9 26.1 33.6 2-0.6' 
-0.141 41.7 26.1 .. 40.2 24.6 

0.000 0.0 10.2 0.0 . O~O 
'. . . 

DifferentiaI 

Capacity 
. " 

J.lfd/~ 
. 2 

J.lfd/cm. 
xlO-6 .. 

7.5 46 • 
. 13.6 83 

20.7 128 
20.7 .. ·· 128 
20.7 128 . 

.' 19.8 ·122. 
. . 

17.5. 107. ,'" 
'16.5 101 . 
·.16.2 ". 99 
.14.5 89 

14.5 S9 
14.5 89 
19.9 .123 

. 38.4 237 
'.42.5 '. ' .. 262 

42.5 262 

.16.6 i02 

',-

1 
.N 
·0 co 

1 



• 

pH 

9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.50 
3.25 
3.00 

6.07 

i',;! 
" 

TABLE XXXVI 
CALCUIATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY 

BADDELEYITE IN 0.001 NKC1 SOLUTION 

,TESTS No.31a AND No.33. 

Base Vo1\Dlle Change In Adsorption _~(rwor OHo>] S~face Charge Differentil.a1 

Solids No Solids Base Volume rH*" -rOH- . Density Capâcity 
d(pR) , 

tIlt. tIlt. tIlt. J,lmo1es/gm. J,lmo1eslgm~ J.LcoulJ~ J.L~oul;/cm~ J.L~dJSm J.Lfd./crrt 
x10-5 x10-6 

0.982 0.855 .0.127 -31.5 11.4, -36.1 -22.2 18.6 115 

0.956 0.851 0.105 -31.0 11.8 -29.8 " ..;17.6 19.3 119 
0.933 0.850 0.083 -24.5 ,11~8' ". -23.6 " -14.5 19.3 . 119 
0.908 0.849 0.059 -17.9 11.8' , ;'16.8 -10.5 ' 1,9.3 119 
0.883 0.848 0.035 -10.8 9.4 -10.2 ' "~6.6, ,', 15.4 ,94 
0.863 ,0.847 0.016 -4.7 8.8 ' -4~5 ",-2.8 14~4 88 
0.843 0.846 -0.003 0.9 8.8 0.9' 0.5 14.3 88 
0.828 0.845 -0.017 5.0 8.8 '·,4.8 2~B 14.3 1'88 

0.809 0.844 -0.035 1.0.6 8.8 10.2 '6.6 14.3 88 
0.784 0.843 -0.059 17.4 8:8 '16.8 10.5 14..4 ' 88 
0.750 '.0.818 -'0.068 20.1 8.8 19.3 1l~9 14.4 88 
0.709 0.782 -0.073 21.6 10.3 : 20.8 12.8 16.8 104 
0.647 0.733 -0.086 25.4 15.7 24.4 15.0 ,25.6 158 
0.52ff 0.638 -0.110 32.5 22.4 31.2 19.2 36.5 225 
0.360 0.480 -0.120 35.4 22.5 34,.0 ' 20.9 " ,36.7 226 

0.846 0.846 0.000 0.0 8.8 0.0 ,.0 • .0 14~3 ' 88 

i._ 

1 
N 
o 

, \0 
1 

{' 



". .... 
~ 

pH 

10.75 
'10.50 
10.25 
10.00 
9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.50 
3.25 
3.00 

7.101 

TABLE XXXVII 

CALCULATION OF SURFACE CHARGEŒNSITY AND DIFFERENTIALcAPACITY 
, RUTILE IN 0.1 NKC1 SOLUTION' 

TESTS No.34 AND No.35. 

==..,.~=----t Change In 1 Adsorption 
Base Vo1\llD.e r Hi: - r OH-

me. ,. me. me. I-Lmo1es/gm. 

1.20 1.055 ·0.145 -42.8, 
1.08 0.967 0.117 -34~5 

1.02 0.917 ' 0.103 .. 30.5' 
0.973 0.887 0.086 -25.5 
0.893 0.855 

.. 
0.038 -U:~3' 

0.865 0.850 0.015 -4~5 

0.86 0.849 0.011 ' -3.3 
0.855 0.848 0.007 -2.0 
0.85 0.847 0.003 -1.0 
0.845 0.846 -0.001 0.3 
0.839 0.845 -0.006 1.8 
0.834 . 0.844 -0.010 3 .• 0 
0.829 0.843 -0.014 ' 4.3 
0.824 0.841 -0.017 5.0 
0.810 0.835 -0.025 7.5 
0.766 0.810 -0.044 13:0 
0.725 0.782 -0.057 16.7 
0.661 0.739 ,_ -0.078 23.0 
0.538 0.662 ' -0.124 36.5 
0.333 0.518 -0.185 -54.5 

0.8461 0.846 1 0.000 l ' '0.0 

, 

'.' 

r(rW-rOH-~ 
-, d(pH) J 

~oles/gm. 

31.7 
22.5 
18.9 

'22~8 

27.9 
19.1 
6.0 

. 2.4 
. 2.4 
2.4 
2.4 

' 2.4 
2.4 
3~6 
6.7 

12.7 
17.2 
37.5 
67.1 
78.7 

2~4 

Surface , çQ.~~e 
nensity' ' 

" -", .;:. ..... , '. 

I>1fferentia1. 
Capacity 

I-LCOU.IJ,~I'j.LCO.~, Il cni.~'I-L:fd/~.'Ij.Lfd/cm~ 
xl(r~5. ' '" '. IX10-6, x10-3 

.. ' .. 41.~,2J : .. 1113.' 51.6 ,,13~9 
, ,..:3).2' ,·-89.736~6, ' 9.91 
';-29~3 ", '~:793 JO.88.31 

. .;.24:.6 .:, .. 663 :. ·;ji~'2io~1 
.2i09<'~';'294':455:' .123 

. :- .. ' .-.. ', . -'-;. ~-"- " '.': - ",., '. ,. '. 

;.;4.3 ;.;11'71 ' 31.28.42 
7'3~2 ,'~~$,.'#", 9. :8" • 2,.64 
-1.9 ';'52.0 '3~9 'l~08 
-1:0. .~26~'O:,3.9·· ,LOS 

0.3.' "7.83.9 ' .. , 1.08 
1.7 " '46~8 .... 3.9 ',' ',1.08 

2. 9 "i8~'O ' 3.91. 08 
'4:1 lÏ2: 3~9 '1.08 
4:81305.9 ·1.56 

:7.2,' 19510.9 2.96 
,12.5 ,.338 20.7 5.59 

.. ':16.1' ,434, '28.0 7.58 
22.2 598 ,,' 61.1,' 16.5 

. '35.2 '949, .10 '29.5 .. 
1 52.:S '1418 29 34.6 

o~:() , "0.0 3'.9 ·1.08 . 

-

Ji 
il " 

• :.N 
t-' ' 
o 
• 

, ' 
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pH 

10.75 
10.50 
10.25 
10.00 
9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.50 
3.25 
3.00 

7.13 

TABLE XXXVIII 

CALCü~TION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY 

Base Volume Change In 

Solid No Solids Base Volume 

m.8~ mt. m.8. 

1.152 1.055 0.097 
1.057 0.967 0.090 
0.990 0.917 0.073 
0.942 0.887 0.055 
0.884 0.855 0.029 
0.861 0.850 0.011 
0.857 0.849 0.008 
0.853 0.848 0.005 
0.849 0.847 0.002 
0.845 0.846 . -0.001 
0.842 0.845 -0.003 
0:838 0.844 -0.006 
0.833 0.843 -0.010 
0.829 0.841 -0.012 
0.820 0.835 -0.015 
0.784 0.810 -0.026 
0.747 0.782 -0.035 
0.689 ,0.739 -0~U50 

0.585 0.662 -0.077 
0.395 0.518 -0.123 

0.846 0.846 0.000 

RUTILE IN 0.01 N KCl SOLUTION 

TESTS No. 33 AND No. 34. 

Adsorption _[d(I' JII--r OH->] 
r 1& - r OH- d(pH) . 

Surface Chargè 

Density 

J,lmo1es/gm. 'vmà1es/ gm. (.LcoulJgm. 
2 (.LcoulJcm. 

x10-5 

-28.8 11.7 -27.7 -749 
-26.5 14.6 -25.5 -689 
-21.5 22.4 -20.7 -559 
-16.3 18.3 -15.7 -424 
-8.5 12.7 -8.2 -221 
-3.3 5.3 -3.2 -85.8 
-2.3 1.4 -2.2 -59.8 
-1.5 1.4 -1.4 -39.0 
-0.5 1.4 -0.5 -13.0 
0.3 1.4 0.3 ' .7.8 
1.0 1.4 1.0 26.0 
1.8 1.4 1.7 . 46.8 
3.0 1.4 2.9 78.0 
3.5 2.0 3.4 91.0 
4.5 4.2 4.3 117 
7.8 8.1 7.5 ,. 203 

'10,3 14.2 9.9 268 
14.8 24.7 14.3 385 
22.8 41.6 22.0 593 
36.3 51.4 35.0 944 

0.0 1.4 0.-0 0.0 

DifferentiaI 

Capacity 

(.Lfd./gm. 2 (.LfcL/cm ... 
x10-6 x10-3 \ 

19.1 5'.13 
23.8 6.40 
36.6 9.86 
29.8 8.04 
20.7 5.57 
8.7 2.35 
2.3 0.64 
2.3 0.64 
2.3 0.69 
2.3 0.64 ' 
2.3 0.64 
2.3 0.64 
2.3 0.64 

' 3.3 0.88 
6.9 1.83 

13.2 3.57 
23.2 6.25 
40.3 10.8 
68.0 18.3 
83.8 22.6 

2.3 0'.64 

-

1 
N 
t-" 
t-" 
1 
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TABLE XXXIX 

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENrIAL CAPACITY 

RUTILE IN 0.001 N KC1 SOLUTION 

TESTS No.34 AND No.36. 

pH Base Volume Change In Adsorption _fd(r II'" -r OH- >] Surface Charge 

SoUds No SoUds Base Volume r 1& - r OH- d(pH) Density 

me. me. me. Ilmo1es/gm. Ilmo1es/gm. Ilcoullgm. IlcoulJcm~ 
x10-5 

10.75 L119 1.055 0.064 -19.0 8.9 -18.3 -494 
10.50 L028 0.967 0.061 -18.0 11.0 -17.3 -468 
10.25 0.963 0.917 0.046· -13.5 16.1 -13.0 -351 
10.00 0.920 0.887 0.033 -9.8 12.8 -9.4 -255 
9.50 0.873 0.855 0.018 -5.3 8.4 -5.1 -138 
9.00 0.855 0.850 0.005 -1.5 2.6 -1.4 -39.0 
8.50 0.853 0.849 0.004 -1.2 0.8 -1.2 -31.2 
8.00 0.850 0.848 0.002 -0.5 0.8 -0.6 -15.6 
7.50 0.848 0.847 0.001 -0.3 0.8 -0.3 ~7.8 

7.00 0.845 0.846 ·-0.001 0.3 0.8 0.3 7.8 
6.50 0.843 0.845 -0.002 0.6 0.8 0.6 15.6 
6.00 0.840 0.844 -0.004 1.2 0.8 1.2 31.2 
5.50 0.838 0.843 -0.005 1.5 0.8 1.4 39.0 
5.00 0.835 0.841 -0.006 1.8 1.3 1.7 46.8 
4.50 0.827 0.835 -0.008 2.3 2.1 2.2 59.8 
4.00 0.796 0.810 -0.014 4.3 3.4 4.1 112 
3.75 0.765 0.782 -0.017 5~0 4.3 4.8 130 
3.50 0.717 0.739 -0.022 6.5 8.0 6.3 169-
3.25 0.630 0.662 -0.032 9.5 14.5 9.1 247 
3.00 0.470 0.518 -0.048 14.3 25.6 13.8 372 

7.17 0.846 0.846 0.000 0.0 0.8 0.0 0.0 
1-"- ---- --

Differentia1 

Capacity 

Ilf dJgm. IlfdJcm~ 
x10-6 x10-3 

14.5 3.91 
17 .1 4.84 
26.3 7.09 
20.7 5.62 
13.7 3.69 
4.2 1.16 
1.3 0.35 
1.3 0.35 
1.3 0.35 
1.3 0.35 
1.3 0.35 
1.3 0.35 
1.3 0.35 
2.1 0.56 
3.4 0.94 
5.5 1.52 

"7.0 1.91 
13.1 3.52 
23.7 6.37 
41.7 11.3 

1.3 0.35 

.. 

1 
N 
t-' 
N 
1 
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In order to use the eq'uation relating surface tension to the 

capiÜary rise 'in two tubes, the 'radii of the tubes must be accurate1y 

calibrated. Using the,foll.owing data, the radiihave been calcu1ated. 

Density of mercurY;PHg.at 23
0

C = 13.5389 gm. /cm3 • 

Weight of mercury in Tube 1 = 2.6671 gm. 

Weight of mercury in Tube 2 -' = 0.1000 gm. 

Length of Mercury (cm. ) 

Test No. Tube 1 Tube 2 

1 5.621 4.103 

2 5.617 4.111 

3 5.628 4.108 

AV~ 5.622 4.107 

Rad'1us of Tube 1 = W!(PHg t TC) 

= 2.6671/(13.5389 x 5.622 x TC) 

= 1.0561 x 10.1 cm. 

Radius of Tube 2 = 0.1000/(13.5389 x 4.107,'.x"t) 

= 2.393 x 10-2cm. 

Assuming the density of the solutions 1a approximate1y 1.00, then 
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y = 

. -1 -2 
= [1.OOx980.6(l.056lxlO x 2.393xlO ») .. Ah 

2 -1 -2 
1.056lxlO .- 2.393xlO 

III 15.175 Ah 

The surface tension was determtned by measuring the height of 

liquid in the capillaries three times for each solution. Th~ average 

is used to calculate the surface tension listed in Table XL • 

• 
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TABLE XL 

SURFACE TENSION OF DEHYDROABIETYLAMINE 

ACETATE IN NEUTRAL SOLUTIONS 

Concen~ration pH Ah Y 

(mg. /1,.) (cm.) (dynes/cm.) 

0.0 5.40 4.702 
4.707 
4.705 71.40 

. 0.0 5.47 4.740 
4.735 
4.740 71.90 

0.2 5.55 4.724 
4.732 
4.735 71.78 

0.5 5.48 .4.744 
4.749 
4.755 72.07 

0.5 5.50 4.713 
4.717 
4.707 71.50 

1.0 5.62 4.689 
4.676 
4.689 71.09 

2.0 5.60 4.691 
4.690 
4.690 71.17 

5.0 5.90 4.492 
4.557 
4.528 68.77 



-217-

TABLE XL (continued) 

.Concentration pH Ah Y 
(mg.! 1,.) (cm.) (dynes/cm. ) 

10 6.25 4.454 
4.452 
4.458 67.61 

10 6.28 4.562 
4.560 
4.570 69.25 

20 6.45 4.530 
4.525 
4.528 68.70 

20 6.42 4.352 
4.358 
4.361 66.12 

50 6.05 4.048 
4.060 
4.051 61.50 

50 6.20 4.319 
4.317 
4.314 65.50 

.100 6.20 3.740 
3.741 
3.745 56.78 

100 6.15 3.841 
3.848 
3.838 58 .• 31 

, 
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TABLE XL (c~ntint,1ed) 

Concentration pH .Ah Y 

(mg. / t.) (~.) (dynes/ C1Jlo) 

200 6.25 3.549 
3.548 
3.545 53.83' 

300 6.30 3.152 . 
3.135 
3.146. 47.71 

500 6.40 3.062 
3.062 
3.068 46.50 

700 6.48 2.808 
2.813 
2.758 42.38 

900 6.41 2.747 . 
2.755 
2.739 41.69 

2000 6.60 2.373 
2.473 
2.420 36.75 

~ 

.. 
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TABLE',XLI', 

SPECIFIC CONDUCTANCE OF DEHYDROABIETYLAMINE 

ACETATE SOLUTIONS. ' 
, , 

Concentration Resistance Speéific Conductance 

(mg.ll.) , ohms mJlo~/cm.x104 

2000 322 " 3.12 

1712 373 2.69 

1471 431' 2.33 

1233 507 1.98 

1053 594 1.69 

867 713 1.41 

698 880 1.14 

522 1,165 0.862 

407 1,490 0.675 

315 1,910 .. 0.527 

222 2,720 0.370 

149 3,990 0.252 

,100" 5~900 0.170 

63 10,030 0.100 

23 31,400 0.032 

- _.- .- ~
 '----- -- _. -_.- ---- - --- -

1 

1 

• 

1 
N 
1-' 
\D 
1 
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TABLE XLIt:: 

. EQUIVALENT CONDUCTANCE OF DEHYDROABIETYLAM1NE ACETATE SOLUTIONS 

Concentration (concentration)1/2 Specifie Conductance Eq~ivalent Conductance 

. mg" 1 J,. equiV.1 J,. (equiv.1 J,,) 1/2 mho/cm. 
2 

(mho-cm ./equiv.) 

2000 5.79x10 -3 .0.0760 3L2x10-5 !).\.O 

1200 3.47x10 -3 0.0589 
-5 19.2x10 55.3 

1000 2.89x10 -3 0.0538 16.Ox10-5 55.4 

800 
-3 

2.32x10 0.0482 
-5 

13.1x10 56.5 

600 1. 74x10 -3 0.0417 9.85x10 -5 56.6 

400 1. 16x10 -3 0.0341 
-5 6.60x10 . 56.9 

300 8.68x10 -4 0.0295 
. -5 

4.98x10 .. 57.4 

200 5.79x10 -4 0.0241 3.37x10 -5 58.3 

100 2. 89x1-0 -4 0.0170 1.70x10 -5 58.9 

50 1. 45x10 -4 0.0120 O.85x10 -5 59.2 

30 
-5 0.0093 

-5 59.5 

1 

8.68xl0 0.52x10 

--~ -- - - _. - _____ L-. 

• 

! 1 

'" '" o 
1 
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TABLE Xl,III 

ABSORPTION SPECTRUM OF 

DEHYDROABIETYLAMlNE ACETATE SOLUTIONS 

Wave1ength (1I1J.1) concentration(~~· ) Slit Width (tnm.) %~ans. Absorb'n. 

215 2000 1.20 0.25 2.60 
220 II 1.10 0.25 ·2.60 
225 II 0.90 0.22 2.6~ 
230 II 0.80 0.32 2.49 
232 II 0.70 0.22 2.65 
234 II II 3.1 1.51 
236 II " 13.5. 0.875 
238 II II 25.0 .0.603 
240 II " 28.7 .0.547 
242 II 0.68 26.5 0.578 
244 II " 21.7 . 0.667 
246 II " 15.9 0.800 
248 " " 11.3 0.947 
250 " " 7.4 1.14 
252 " " 4.4 1.32 
254 " 0.·55 2.6 1.60 
256 " " . 1.82 1.74 
258 " " 0.80 2.10 
260 " " 0.36 2.45 
262 " " 0.30 2.54 
264 II " 0.13 2.90 
266 " " 0.18 2.80 
268 " " 0.14 2.87 
270 " " 0.33 2.48 
272 " 0'~48 0.~7 2.40 
274 . " Il 0.59 2.23 
278 " " 1.20 1.93 
279 " Il 4.9 1.31 
280 " " 13.9 0.860 
281 " " 27.9 0.559 
282 " " 40.9 0.389 
283 " " 53.9 0.269 

continued ••• 

.. 
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TABU-XLlll(.contlnued). . 

Wavelength(mjJ. ) concentr~t~on(ml·) SUt Wldfh.(um) "Trans. Absorb'il. 

284 2000 0.48 .64.8 0.190 
286 Il " 76.4 0.117 
288 Il " 82.2 0.085 
290 Il " 84.4 0.074 
295 Il " 86.0 0.065 
300 Il 0.40 86.0 . 0.065 
325 " " 89.3 0.049 

254 2000 0.55 2.6 1.60 
Il 1000 " 15.1 0.820 
Il 500 " 37.7 .0.424 
Il 200 II· 

65~9 -0.182 
Il 100 " 79.3 0.101 

264 500 0.55 14.8 0.830 
" 200 " 45.2 0.344 
" 100 " 65.7 0.182 
" 50 " 80.2 0.095 
" 20 " 89.6 0.048 

254 0 - 0.55 .. 95.6 C).020 
264 0 0.55 96.7 ·0.015 



• 
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APPENDIX VII 

TABULATED ADSORPTION, WORK OF ADHESION 

AND FLOTATION RESULTS 



.' 

Test 
No. 

1 
2 
3 

'4 
5 
6 
,7 
'8 
9 

10 

UBŒ XGIV 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON QUARTZ 
2 

IN NEU+RAL SOLUTIONS (spec. surf. = 1407 cm ./~~) 

Solution Concentration pH Weight Specifie Adsorption 

. of 
. of 

: Bêfore After Amine 

Adsorption Adsorption Solution Adsorbed 

mg. /1,. mg./L ~ mole/S. ~gm. ~gm./gm. 
2 

~gm~ /etn. 2 
~ mole/M. 

2000 1900 .5,500 .6.00 4750 2375 1'.690 49.0 

1000 940 2,720 5.95 2845 1423 1.005 . 29.1 

500 455 1,318 5.70 2140 1070 0.760 22.0 

200 160 463 5.45 1900 950 0.675 19.5 

100 77 223 5.40 . 1191 596 0.424 12.3 

50 34 98.5 5.40 760 380 0.270 7.82 

20 11.4 33~0 5.05 408 204 0.145 4.20 

10 2.6 7.51 5.00 351 176 0.125 3.62 

5 0.6 1. 74 5.00 209 105 0.0743 2.15 

2 0.1 0.29 5.03 90.2 45.1 0.0321 0.93 

Surface 

Coverage 

% 

1470 
874 
660 
587 
368 
235 
126 
108 
64.6 
27.9 

1 

1 

1 

1. 

1 
N 
N 
.;--
1 
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Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

. ( 

TABLE XLV 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON HEMATITE 
2 IN NEUTRAL SOLUTIONS (spec. surf. = 1372 cm ./gm.) 

. ~olution Concentration pH Wdght Specifie Adsorption 
Before . After of of 

Amine Adsorption Adsorption Solution Adsorbed 

mg. Jt. mg./ ~. Ilmo1eJ~. Il,gm. Ilgm./im. 2 Ilgm/.cm. Ilmole/M~ 

2000 1960 5675 6.08 1900 950 0.692 20.0 
1000 955 2765 6 .. 06 2138 1069 0.779 22.5 
500 465 1347 5.84 1663 832 0.606 17.5 
200 177 513 5.68 1093 547 0.398 11.5 . 
100 78 226 5.40 1045 523 0.381 11.0 
50 34.5 .. 100 5.36 736 368 .0.268 7.16 
20 11 .. 0 31.9 5.38 428 214 .0.156 4.52 
10 5.5 16.0 5.45 214 107 0.0780 2.26 
5 1.5 4.35 5.35 166 83 0.0605 1.15 
2 0.8 2.32 .5.38 57 28 0.0209 0.604 
1 . 0.2 0.58 5.42 ' 37 . 19 0.~136 0.396 

. Surface 

Coverage 

% 

601 
676 
527 
346 

. 331 
233 
136 
67.8 
52.5 
1.8.2 
11.8 

- - ~----- _L..-. -------- --

• 

--

1 
N 
N 
VI 
1 
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Test 
No. 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

TABLE XLVI 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON RUTlTE 
2 IN NEUTRAL SOLUTIONS (spec. surf. = 3,610 cm /gm.) 

-, 

Solution Concentration pH Weight Specifie Adsorption 
of of 

Beforè ' After Solut,ian Amine 
Adsorption Adsorption Adsorbed 

mg. /~. mg. /1-. Ilmo1e/.e. ..tgmlgm .. 2 2 
Ilgm· Il~.!cm ~ole/M -

2000 1.908 5520 6.35 - 4370 2185 0.6000 17 .3 
1000 932 2700 6.40 3230 1615 0.442 12.8 
500 424 1225 6.40 3610 1805 0.495 14.3 
-500 430 1243 6.00 ,3320 1660 0.455 13.2 
200 148 428 6.40 2470 1235 0.338 9.80 
200 150 434 ·5.62 2375 1188 0.326 9.40 
100 63.6 184 6.45 1730 865 0.237 6.85 
100 65.9 191 5.42 1620 810 0.222 6.41 
50 28.1 81.5 6.50 1040 520 0.142 4.12 
50 30.0 86.7 5.80 950 475 0.130 3.76 

25.4 12.6 36.5 6.55 608 304 0.0832 2.41 
20 7.5 21.7 5.60 594 297 0.0814 2.35 
10 4.0 11.6 5.47 285 143 0.0390 1.13 
5 0.9 . 2.61 5.60 195 97.5 0.0264 0.77 
2 0.2 0.58 5.80 85.5 42.7 0.0117 0.338 

----

Surface 
Coverage 

% 

520 
385 
430 
397 
295 
283 
206 
193 
124 
113 
72.5 
70.6 
36.0 
24.6 
10.8 

'. 

1 
N 
N 
(J\ 
1 
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Test Solution 
No. 

Before 
Adsorp-

tion 

mg. /1-. 

1 2000 
2 2000 
3 2000 
4 1000 
5 1000 
6 10do 
7 500 
8 500 
9 500 

10 200 
11 200' 

. 12 100 
13 100 
14 50 

TABLE XLVII 

ADSORPTION OF DEHYDROABIETYL~INE ACETATE ON BADPELEYlTE 
IN NEUTRAL SOLUTIONS (spec .. , sud .... = 16.3;H~/gm.:).. .:. 

Concentration pH Weight Specifie Adsorption 
After or of 

Adsorption Solution Amine 
Adsorbed 

: ~./1-. J.1mo1e/1-. .. J.1gm. . J.1gm./~. 2 1J.gm. / CgI. J.1mole/M~ 

942 2740 6.35 50,150 25,080 0'.1540 . ·4.46 
928 2690 6.05 ' 51,000 25,50~ 0.1565 . 4.53 
894 2600 6.25 52;500' 26,250 0.1610 4.67 
338 980 5.90 31,450 15,730 0.0965 2.80 
380 1104 5.75 29,450 14,720 1 0.9905 . 2.62 
306 890 5.85 32'rO 16,450 . 0.1010 , 2.92 
130 378 6.05 17, 00 8,800 0.0540 . 1.56 
145 420 6.00 16, 00 8,450 0.0519 1.50 
125, 363 5.80 17,~OO 8,900 0.05"'6 1.58 
30.0 87.1 5.75 8, 70' 4,040 0.0248 0.720 
27.0 78.5 5.95 8,210 4,100 0.0252 0.,730 
5.0 14.5 6.10 4,500 .2,250 .0.0138 0.400 
5.4 15.7 6.20 4,480' 2,240 0.0137 0.40 
.1.5 '4.35 6.10 2,300 . 1,150 0.0071 0.20 

Surface 
Cove~age 

.% 

.134 
137 
'141 

84.3 
79.0 
88.0 

.47.0 
4S~1 
47.6 
21.7 
22.0 
12.1 
12.0 
-6.1 

, 
, 

.'., 

1 
N 
N ...... 
1 
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TABLE XLVIII 

DETERMINATION OF "(r R)~ AND "b" FOR HEMATITE AND RUTILE 

Concentra.tion SpeéifiéAds6rption C~/I' R Remarks 

J.Ll11o 1 e 1 t. Gibbs J.Ll1101e/t. 
Gibbs 

Hemat!~e 
o •• , 

10,000 22.4 446 
" 5,675 20.0 284 (r R)O= 23.2 Gibbs 
5,000 21.8 229 -3 2,765 22.5 123 b = 2.87x10 
2;000 19.4 103 (1J.mo 1 e I.e.) - 1 
1,347 17.5 77 
1,000 16.3 61.4 

573 11 •. 5 .44.6 
500 13.3 . 37.6 
226 11.0 . 20.5 
200' 9.4 21.3 

Rutile 

10,000 18.0 ·555 
(r R) 0 = 18.6 Gibbs 5,520 17.4 317 

5,000 17.3 291 
-3 2,700 12.5 216 b = 2.83x10 

2,000 15.5 129 (~mo1e/ .e.)-1 1,225 14.3 86 
1,000 13.3 75~T.' 

500 10.2 49.0 
429 9.8 44.0 
200 6.4 31.0 
184 6.8 27.0 
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Test 
No. 

A-1 
A-2 
A-3 
A-4 
A-5 
A-6 

B-1 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 

TABLE XLIX 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON:'RÙTlLE·· 

AS A FUNCTION OF CONCENTRATION AND pH(spec~ sllrf~ = 3,610Cin.
2

(gm.:) 

Solution Concentration pH Weight . 
Specific~ Adsorption Surface 

of of 
Before After Amine Coverage 

Ad~orp.tion Adsorption Solution Adsorbed 

mg. Il, '. mg;fl. lJDo1Ed l, ~gm.. I~. 
2 2 % ~gm. ~gm.. lem .. ~mo1e/M. 

87.3 87.0 252 2.50 19.5 7.2 0.00135 0.04 1.2 
155 150 435 2.50 242 121 0.0323 0.87 28.4 
282 276 816 2.50 300 150 0.0405 1.17 35.2 
541 530 1570 2.50 500 250 0.0675 1.95 87.9 
515 505 1490 2.50 500 250 0.0675 1.95 87.9 

2050 2040 5900 2.50 500 250 0.0675 1.95 87.9 

25 19.9 57.6 3.90 244 122 0.0329 0.95 28.6 
50 42.8 124 3.90 344 172 0.0465 1.35 40.4 

100 90.2 261 3.90 469 235 0.0632 1.83 55.0 
200 184 533 3.80 759 .38P 0.102 2.95 88.9 
500 480 1390 3.90 950 475 0.128 3.70 111.2 

1000 980 2840 3.80 959 480 0.129 3.73 112.2 
2000 1976 5720 3.83 1156 578 0.155 4.49 134.7 

25.2 14.5 42.0 5.00, 512 256 0.0692 2.00 60.2 
150 34.5 100 5.00 742 . 371 0.100 2.90 87.0 
100 70.4 204 5.98 1410 705 0.190 5.50 165' 
200 ' 162 470 5.00 1815 908 0.245 7.10 213 . 
500 454 1313 5.98 '2195 1098 0.296 8.57 245 

1000 958 2770 4.98 2000 1000 0.270 7.82 235 
2000 1952 5660 5.02 2300 1150 0.310 8.97 270 

continued •••• 
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Test Solution Concentration 
No. Before After 

Adsorption Adsorption 

mg.1 1,. mg. 1 J,. Ilmo1e/p,. 
_/ 

0-1 See Table XLVI 
to 

0-7 

E-1 25 2.5 ',7.2 
E-2 30 2.0 5.8 
E-3 50 21.9 63.5 
E-4 50 23.0 66.6 
E-5 100 63.2 183 
E-6 100 66.0 191 
E-7 200 140 405 
E-8 200 145 420 
E-9 500 431 1250 
E-10 1000 917 2660 
E;'ll 2QOO 1894 5490 

_L--_____ 

TABLE XLIX (continüed) 

" 

pH Weight Specifie Adsorption Surface 
of of Coverage Amine 

Solution Adsorbed 

Ilgm./gm. 
2 2 Ilgm. Ilgm. lem. f.1II101el~ % 

: 

9.65 1083 542 0.146 4.23 127 
9.70 1350 675 0.182 5.27 158 
8.65 ' 1342 671 0.181 5.24 158 
8.70 1300 650 0.175 5.07 152 
8.05 1760 880 0.237 6.86 206 
8.28 '1645 823 0.222 6.43 193 
'7.85 2860 1430' 0.386 11.2 346' 
7.98 2645 1323 0.357 10.3 ' 310 
7.25 3300 ,1650 0.445 12.9 '387 
7.23 3920 ;1.960 0.529, 15.3 460 
6.92 5730 2565 0.691 20.Q 602 

- -- --_L....---~ ------- -- --- - - --_.-
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Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

TABLE L 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE 2N QUARTZ 
AS A FUNCTION OF pH(spec. surf. = 1407 cm./gm.) 

-
Solution Concentration pH Weight Specifie Adsorption 

Before After of of 

~d~î~g-
Solution Amine -

Adsorption 
Adsorbed 

mg.1 R, mg. IR, pmo1elR, ~gm./81L tigm/crJ. 2 
: ~gm. ~mo1e/M: 

47.9 2.7 7.8 10.68 2130 1065 . 0.757 ; 21.92 

48.9 2.3 6.Z. 10.05 .2200 1100 0.782 22.62 
49.1 2.1 6.1 9~82 2220 1110' . 0.790 22.85 
49.3 2.8 . 8.1 9.70 2195 1098 0.7~0 22.60 
49.5 5.0 .14.5 8.80 .2100 1050 0.747 21060 
49.6 6.5 18.8 8.04 .2035 1017 0.723 20.93 

49.7 10.5 30.4 6.80 1850 925 .0.658 , 19.05 
49.8 17.2 49.8 6.48 1540 770 0.547 15.82 
49.9 29.0 84.0 6.30 1460 730 0.520 15.04 
50.0 39.5 114 6.00 495 248 0.176 .. 5~09 

50.0 49.8 144 4.25 9.5 4.7 0.0033 0.10 

50·9 49.7 144 3.90 . 14.2 7.1 0.0050 0.15 
50.0 49.9 144 3.80 4.7 2.3 0.0016 0.05 

49.8 49.7 144 3.58 4.7 2.3 0.0916 0.05 
49.7 . 49.5 143 3.38 9.5 4.7 0.0033 Q.10 
50.0 48.0 . 139 5.00 9.5 47.5 . 0.033 0.95 
50.0 .45.0 130 5.55 238 .119 0.084 2~45 

Surface 

Coverage 

% 

657 
680 
687 
677 
650. 
629 
571 
475 
451 
153 
2.9 
4.3 
.1.4 
1.4 
2.9 

28.6 
73.8 

• 

1 
N 
W .... 
1 
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Test pH 
No. of 

Solution 

1 10.68 
2 10.05 
3 9.82 
4 9~70 
5 8.80 
6 8.04 
7 6.80 
8 6.48 
9 6.30 

la 6.00 
11 4.25 
12 3.90 
13 3.80 
14 ·3.58 
15 3.38 
16 5.00 
17 5.55 

TABLE L (continued) 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON QUARTZ 

AS A FUNCTION OF pH 

Solution Specifie Adsorption 
Concentration Specifie Corrected to 

After Adsorption Solution Concentration 
Adsorption of 100~ mo1e/ J, • 

~ole/J. ~ole/M~ , ~mo1e/~ 

1.8 21.92 62.6 
6.7 22.62 68.5 
6.1 22.85 71.8 
8.1 22.60 63.3 

14.5 21.60 47.7 
18.8 20.93 41.5 
30.4 19.05 31.0 
49.8 15.82 21.1 
84.0 15.04 16.2 

114 5.09 4.82 
144 0.10 .082 
144 0.15 .125 
144 0.05 .040 
144 0.5 .040 
143 0.10 .• 082 
139 0.95 •• 081 
130 2.45 2.15 

Surface 
Coverage 

1 

, 

% 
1 

1880 
2060 
2160 
1900 
1430 
1250 
932 
634 
487 
145 
2.5 
3.7 
1.2 
1.2 
2.5 

24.2 
64.8 

, 
~ 
U) 

~ 
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Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

-9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

TABLE LI 

ADSORPTION OF DEHYDROABIETYLAMINEACETATE ON HEMATITE 
2 

AS A FUNCTION OF pH (spec.surf. = 1372 cm ./gm.~) 

Solution Concentration pH Weight Specifie Adsorption 
of 

Befol'e " After of 
~mine 

~dsorption 
1 -Adsorption Solutioli Adsorbed-

mg.l t, . mg.lt ~mo1e/.e ~gm.. ~gm./gm. j.1g1lï./cm"l. lJ!Ilole/M~ 

49.5 49.4 143 2.85 4~8 2.4 _ 0.0018 0.05' 

59;8 49.7 144 3.58 4.8 2.4 0.0018 0.05 

50.0 49.7- 144 3.70 14.4 7.2 0.0053 0.15, 
50.0 34.5· 100 5.50 736 368 0.268 7.75 
50.0 34.0 98.5 5.62 760 380 0.277 .8.01 

50.0 ,34.0 98.5 5.72 760 380 0.277 8.01 
49.8 31.0 89.9 6.10 896 448 0.326 9.44 
49.5. 11.2 32.4 6.60 1820 910 0.662 19.17 

48.9 1.5 4.34 ·9.67 2250 1125 0.820 23.75 
47.9 3.4 9.85 10.35 . ~120 1060 ' 0.773 22.40 
49.2 3.5 10.13 . 9.00 2165 1083 0.789 22.80 
49.3 4.5 13.03 8.25 2083 1042 0.760 22.00 
49.6 , 18.5 53.6 7.00 1480 740 0.540 . 15.63 
49.7 24.0 69.5 6.70 1222 611 0.446 12.92 
49.8 36.0 104 6.52 655 328 0.239 6.92 
49.9 35.5 103 6.43 685 342 0.249 ! 7.21 
50.0 .47.5 137 4.40 119 60 0.0437 1.27 
49.9 49.7 

, 
3.80 4.7 0 • .0034 0.098 144 9.5 

50.0 .49.0 142 4.10 47.5 23.8 
~ 
0.0173 <0.50 

50.0 45.0 130 5 • .00 214 . 107 0.0780 2.26 
-

f.-

Surface 

Coverage 

'% 

1.6· 
1..6 
4.6 

233 
241 
241 
283 
575 
713 
675 
687 
664 
471 
3g0 
208 
213 
38.3 
3 .• 0 

15.0 
68.0 

.' 

1 
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Test pH 
No. of 

Solution 

1 2.85 
2 3.58 

,3 3.70 
4 5.50 
5 5.62 
6 5.72 
7 6.10 
8 6.60 
9 9.67 

10 10.35 
11 9.00 
12 8.25 
13 7.00 
14 6.70 
15 6.52 
16 6.43 
17 4.40 
18 . 3.80 
19 4.10 

TABLE LI (continued) 

. ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON HEMATITE 

AS A FONCTION OF pH. 

Solution Specifie Specifie Adsorp.tion 
Concentration Adsorption Corrected ,to 

After Solution concentration , 
Adsorption of lOO'·J.lmolel t. 

lJIIlolelt. J.lmole/M2• . llmole/M.2 

143 0.05 0.04 
. 144 0.05 0.04 
144 0.15 0.13 
100 7.75 7.75 
98.5 8.01 8.08 
98.5 8.01 .8.08 
89.9 9.44 9.95 

.32.4 19.17 21.7 
4.3 23.75 23.7 
9.9 22.40 23.1 

10.1 22.80 . 23.1 
13.0 22.00 23.0 
53.6 15.63 18.4 
69.5 12.92 15.5 

104 6.92 6~79 
103 7.21 7.10 
137 1.27 1.09 
144 0.10 0.08 
142 0.50 0.42 

Surface 
coverage 

% 

1.3 
1.3 
3.8 

233 
242 
242 
298 
654 
715 
695 
695 
693 
554 

.467 
204 

.214 
32.8 

2.5 
12.7 .. 

• 

1 
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Test 
No. 

1, 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

A-l 
B-2 
C-2 
D-2 
E-3 

TABLE'LI! 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON RUTILE 
2 ' AS A FONCTION OF pH (spec. surf. = 3,610 cm ./gm.) 

Solution Concentration Weight Specifie Adsorption 
Before Aftèr pH of 

Adsorption Ad~Qrption 
of Amine Solution Adsorbed 

mg./~. mg.IL ~mole/ ~. . ~gm. ~gm./gm 
2' 

~gm./cT!l.: ." 2 llII101e/M; 

50 48.5 140 3.65 71 36 Oô 0096 9 •. 2.83 
50 42.5 123 4.70 356 178 0.0480 1.43 
50 36.2 105 4.90 655 328 0.0884 2.63 
50. 34.2 99.0 5.00 750 375 0.101 3:00' 
50 " 30.5 88.4 5.10 925 463 '0.125 3.71 
50 27.0 78.1 5.25 1091 545 0.147 4:31'." 
50 17 .5 50.6 5.35 831 416 0.112· 6.20 
50 7.5 21.7 5.55 2020 1010 0.272 8.09 
50 0.7 2.0 6.30 2340 1170 0.316 9.38 
50 1.0 2.9 8.00 2330 1165 0.315 9.34 
50 .0.6 1.7 8.90 2343 1172 0.317 9.40 
50 49.8 144 2.50 9.5 4.8 0.0013 0.038 
50 42.8 124 3.90 344 172 0.0465 1.35 
50 34.5 100 4.98 742 371 0.100 2.90 
50 28.1 81.5 5.50 1040 520 0.140 4.12 
50 21.9 63.5 8.65 1342 671 0.181 5.24 

Surface 

Coverage 

',% 

.8.5 
42~9 
78.8 
90.0 

111 
131 
186 
242 ' 
281 
280 
282 

1.1 
40.4 
87.0 

124 
158 

• 

1 
N 
U) 
V1 
1 



Test pH 
No. of 

Solution 

1 3.65 
2 4.70 
3 4.90 
4 5.00 
5 5.10 
6 5.25 
7 5.35 
8 5.55 
9 6.30 

10 8.00 
11 8.90 

A';' 1 2.50 
B-2 3.90 
C-2 4.98 
D-2 5.50 
E-3 8.65 

--

TABLE LII (continued) 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON RUTILE 

AS A FUNCTION pH 

Solution Specifie Adsorption 
Concentration Specifie Corrected to Surface 

After Adsorption Solution Concentration Coverage 
Adsorption of 100 lltliole/.8. 

, J..I.JDolelt. 2 , 'Ilmo 1 e lM. 
2 

; J-Lmo1e/M. % 

140 0.283 0.242 7.3 
'123 1.43 1.29 38.8 
105 2.63 2.56 77.1 
99.0 3.00 3.02 91.0 
88.4 3.71 3.95 119 
78.1 4.37 4.94 149 
50.6 6.20 8.70 262 
21.7 8.09 16.4 494 
2.0 9.38 17 .0 512 
2.9 9.34 17 .0 512 
1.7 9.40 17.1 ,515 

144 0.038 0.032 1.0 
124 1.35 1.21 36.4 
100 2.90 2.90 87 ~4 
81.5 4.1Z 4.53 136 
63.5 5.24 6.59 198 

--- --- --

• 
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IN 
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• 
TABLE LIlI 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON BADDELEYITÈ 
2 . 

AS A FUNCTION OF pH (spee. surf. = 16.3 M./gm.) 

Test Solution Concentration pH Weight Specifie Adsorption 

No. Refore Aftet 
of of 

Solution Amine 
Adsorp-' Adsorp.tion Adsorbed 

tion 
: 2 2 

mg. 1". mg.IL Jll1101elL " J.Lgm. J.Lgm./gm. J.Lgm. lem. J.Lmo1e/M. 

1 50.0 1.5 10.15 10.15 2300 1150 0.00705 0.205 

2 50.0 2.2 7.15 .. 7.15 2270 1135 0.00696: 0.202 

3 ~O.O 3.5 ~10.1 6.35 2210 1105 0.00678 0.196 

4 50~0 2.9 8.40 6.25 2240 1120 0.00687 0.199 

5 50.0 3.3 9.6 6.15 2220 ll10 0.00681 0.197 

6 50.0 4.7 13.6 5.90 2150 1075 0.00660 0.191 

7 50.0 34.5 100 5.35 735 368 0.00226 . 0.146 

8 50.0 31.7 91.7 5.15 870 435 0.00267 0.077 

9 50.0 34.3 99.2 5.10 745 372 0.00228 Q.066 

10 50.0 44.5 129 4.65 265 133 0.00082 0.023 

II 50.0 45.5 132 3.80 214 107 0.00066 0.019 

12 50.0 46.7 135 3.30 157 79 ,0.00048 0.014 

13 50.0 46.9 136 147 74 0.00045 
1 

3.05 0.013 

14 50.0 47.2 137 2.10 133 67 0.00041 0.012 
-~ ~~

--

Sùrface 
Coverage 

% 

6.18 
6.08 
5.90 
6.00 
5.93 
5.75: 
4.40 
2.32 
1.99 
0.69 
0.51 
0.42 
0.39 
0.36 

-- --

r. 

1 

1 

1 

1 
N 
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Test pH 
No. of 

S<>lution 

1 10.15 
2 7.15 
3 6.35 
4 6.25 
5 6.15 
6 5.90 
7 5.35 
8 5.15 
9 5.10 

10 4:65 
11 3.80 
12 3.30 
13 3.05 
14 2.10 

TABLE LIlI ,(continued) 

ADSORPTION OF DEHYDROABIETYLAMINE ACETATE ON BADDELEYITE 

AS A FUNCTION OF pH 

Solution Specifie Adsorption 
Concentration: Specifie Corrected to Surface 

After Adsorption Solution Concentration Coverage 
Adsorption of 100~ mo1es/t. 

J,.Lmà1e/ t. 2 ',J,.Lmo 1 e /M. J,.Lmole/M~ % 

4.34 0.205, 0.980 29.5 
6.36 0.202 0.794 23.9 

10.1 0.196 0.615 18.5 
8.40 0.199 0.686 2.0.7 
9.6 0.197 0.636 ' 19.2 

13.6 0.191 0.517 ' 15.6 
100 0.146 , 0.146 4.40 
91.7 0.077 0.080 2.41 
99.2 0.066 0.066 1.99 

129 0.023 0 •. 022 0.66 
132 0.019 0.017 0.57 
,135 0.014 0.012 0.36 
136 0.013 0.011 0.33 
137 0.012 0.010 0.30 

• 

1 

1 
N 
W 
(J) 
1 
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Concentration Surface 

of DHAA Tension,y 

mg./ R,. dynes/cm. 

0 71.65 
0.2 71.78 
0.5 71.79 
1 71.09 
2 71.17 
5 68.17 

10 68.43 
20 67.41 
50 63.50 

100 57.55 
200 53.83 
500 46.50 

1000 41.50 
2000 36.75 

TABLE LIV 

WORK OF ADHESION OF AN AIR BUBBLE ON QUARTZ 

Contact Angle, 9 

Advancing Equilibrium Receding 
Cos 9E 

degrees degre~s :' degrees 

0 0 0 1.000 
0 0 0 1.000 
3 13 22 0.975 

21 31 43 0.856 
27 37 49 .0.799 
26 38 49 0.788 
27 38 47 0.788 
31 42 53 0.743 
35 46 59 0.695 
35 48 53 0.670 
35 47 59 0.681 
42 53 65 0.601 
41 51 65 0.630 
35 48 58 0.670 ... -

- - --_._- --

1 - cos 9E 

0.000 
O~OOO 
0.025 
0.144 
.0.201 
0.212 
0.212 
0.258 
0.305 
0.330 
0.319 
0.399 
0.370 
0.330 
.. 

Work of 
1 

Adhesion 

. ergslcm2• 

0.00 
0.00 
1.79 

10.25 
14.30 
14.58 
14.50 
17 .36 
19.38 
19.0,0 
17.15 
18.55 
15.35 . 

'12.~J 

• 

1 
l'.l 
U) 
\D 
1 



• 
TABLE LV 

WORK OF ADHESION OF AN AIR BUBBLE ON HEMATITE 

Concentration Surface Contact Angle, e 
Cos SE 

of DHAA Tension,y Advancing Equilibrium Receding 

mg. / p,. dynes/cm. dëgrees degrees de,grees 

a 71.65 a 0 0 1.000· 

0.2 71.7,8 a 0 a 1.000 

0.5 71.79 a a 0 1.000 

1 71.09 8 10 20 0.985 

2 71.17 14 18 27 0.950 

5 68.77 14 21 40 0.934 

10 68.43 24 31 48 0.856 

20 67.41 27 35 51 0.820 

50 63.50 38 45 63 0.707 

100 57.55 36 49 65 0.655 

200 53."83 33 49 67 0.655 

500 46.50 35 51 71 0.630 

1000 41.50 29 48 67 0.670 

2000 36.75 33 44 54 0.720 

1 - cos S E 

,0.000 
,_ .0.000 
.0.000 
0.015 
0.050 
0.066 
0.144 
0.180 
0.293 
0.345 
0.345 
0.370 
0.330 
0.280 

Work of 

Adhesion 

/ . 2 ergs .cm • 

O~OO 

0.00 
0.00 
1.07 
3.56 
4.53 
9.84 

12.11 
18.60 
19.85 
18.60 
17.20 
13.70 
10.30 

• 

1 

~ 
o 
1 
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Concentration • Surface 

of DHAA Tension,y 
mg./!,. dynes/cm. 

0 7L65 
0.2 71.78 
0.5 71. 79 
1 71.09 
2 71.17 
5 68.77 

10 68.43 
20 67.41 
50 63.50 

100 57.55 
200 53.83 
500 46.50 

1000 41.00 
2000 36.75 

TABLE LVI 

WORK OF ADHESION OF AN AIR BUBBLE ON RUTILE 

Contact Ande. S 

Advancing EquilibriuŒ -Recedfng 
Cos SE 

degrees de~ees . degrees 

0 0 0 1.000 
0 0 0 1.000 

10 20 30 0.940 
40 54 89 0.588 
45 66 90 0.407 
48 64 90 0.438 
53 58 90 0.530 
49 64 90 0.438 
45 65 92 0.422 
41 62 81 0.470 
25 50 72 0.643 
30 47 70 0.682 
19 35 68 0.820 
8 30 61 ··0·.866 

1-cos SE 

0.000 
0.000 
0.060 
0.412 
0.593 
0.562 
0.470 
0.562 
0.578 
0.530 
0.357 
0.318 
0.180 
0.134 

Work of 

Adhesion 

ergs/cm2• 

.0.00 
0.00 
4.30 

29.30 
42.20 
38.60 
32.10 
37.80 
36.70 
30.50 
19.20 
14.80 
7.47 
4.92 

• 

1 

1 
N 
.j:" 
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Concentra- Surfac'e 
tion of DHAA Tension,y 

mg. / i~. dynes/cm. 

0 71.65 
0.2 71.78 
0.5 71.79 
1 71.09 
2 71.17 
5 68.77 

. 10 68.43 
20 67.41 
50 63.50 

100 57.55 
200 53.83 
500 46.50 

1000 41.00 
2000 36.75 

TABLE LVft 

WORK OF ADHESION OF AN AIR BUBBLE ÔN BADDELEYITE 

Contact Angle B Cos BE 1 - cos BE 
AdvancLng Equilibr1um Receding 

âegrees degrees. degrees 

- - - 1.000 0.000 

- - - " " - - - " " - - - " " - - - " " - - - " " - - - " " - 20 - 0.940 0.060 
- 35 - 0.820 0.180 
- 41 - 0.755 0.245 
- 55 - 0.574 0.426 
- 57 - 0.545 0.455 
- 56 - 0.560 0.440 
- 58 - 0.530 .0.470 

Work of 
Adhesion 

2 
erg~/cm • 

.0.00 

" 
il 

" 
" 
" 
" 

4.04 
11.42 
14.10 
22.90 
21.10 
18.05 
17 .25 

• 

: 

i 

1 
N 
~ 
N 
1 



• 
Tbtal Amine 
Concentrat,ion 
(initial) Quartz 

mg. "O •• . 

0 2.8 
2 44.5 
5 78.4 

10 87.2 
20 89.5 
50 93.2 

100 96.5 
200 92.4 
500 .88.2 

1000 80.3 
2000 45.9 

50 49,7 
(pH) = (3.70) 

50 93.6 
(pH) = (9.10) 

500 -
(pH) = 

. 
500 -
(pH)'" 

.. 

-243-

TABLE LVIII 

HALLIMOND TUBE 

FLOTATION RESULTS 

Percent Recovery 

Hematite 

2.7 
42.7 
48.5 
63.9 
80.0 
76.5 
79.5 
84.5 
80.6 
76.l 
71.0 

40,0 
(3.75) 

83.9 
(8.88) 

, 

" 
, 

-

-

Rutile Badde1eyite 

7.4 2.3 
28.5 -
52.0 -

. 63.0 -
67.7 -
72.6 7.5 
76.0 22.5 
73.2 24.0 
66.4 30.4 
63.5 30.5 
21.5 34.4 

44,,8 -
(3.70) 

75.8 -
(8.31) , 
... 

- 4.3 
(3.70) 

- 32.9 
(5.70) 



ft, 

Samp1e 

No; 

~ Froth 
Cone. 

B Froth 
,Cone. 

C Froth 
Cone. 

D Froth 
Cone. 

E Froth 
Cone. 

F Froth 
Cone. 

G Froth 
Cone. 

H Froth 
Cone. 

l Froth 
Cone. 

J Froth 
Cone. 

K Froth 
Cone. 

L Froth 
Cone. 

-244-

TABLE LIX 

HALLIMOND TUBE FLOTATION OF SILICA AND HEMATITE 

(USING 50% Si02 - 50% Fe203 SAMPLES) 

Weight Ana1ysis Distribution pH 

% I%Fe203 %Si02 
1.;Fe203 %Si02 

66.1' 49.6 50.4 64.5 67.9 5.2 
33.9 53.5 46.5 35.5 32.1 

,71.5 48.5 51.5 ' 69.3 74.0 5.3 
28.5 53.8 46.2 30.7 2~.0 

76.0 48.3 51.7 72.6 79.0 5.3 
24.0 57.5 42.5 27.4 21.0 

79.5 47.2 52.8 74.3 84.5 5.3 
20.5 62.7 37.3 25.7 15.5 

3.1.0 60.5 39.5 38.0 24.2 9.7 
69.0 44.5 55.5 62.0 75.8 

: 33.6 46.8 53.2 31.6 35.1 9.6 
66.4 50.8 49.2 68.4 64.9 

48.0 33.7 66.3 32.6 63.0 9.9 . 
52.0 64.3 35.7 67.4 37.0 

50.0 24.3 75.7 24.4 75.3 9.9 
50.0 75.3 24.7 75.6 24.7 

1 17.7 27.1 72.9 9.7 25.7 9.9 
. 82.3 54.6 45.4 90.3 74.3 
1 

22.6 29.7 70.3 ,13.6 31.2 9.8 
77 .4 55.0 45.0 86.4 68.8 

27.7 15.1 84.9 11.6 64.3 9.6 
72.3 71.2 28.8 88.4 35.7 

51.3 15.7 84.3 16.0 86.5 9.9 
48.7 86.5 13.5 84.0 13.5 

* Stareh and KOH added 5 hours prior to amine addition. 

Amine Stareh 

:Cone'n Cone'n 

mg.! J,. mg.IA 

2 0 

5 0 

10 0 

20 0 

2 25 

5 25' 

10 25 

20 25 

2 25* 

5 25* 

10 25* 

' 20 ,25* 



-245-

APPENDIX VIII 

CALCULATION OF 

$URFACE FREE ENERGY DECREASE 



• 

Mineral 

I~ Cl. 
10-4 

pH 

3 -
3.5 -
4 -40.3 
4.5 -31.9 
5 -24.5 
5.5 -18.6 
6 -13.6 
6.07 -
~.5 -9.15 
6.75 -
7 -5.47 
7.13 -
7.25 -
7.5 -2.71 
7.75 -
8 -0.89 
8.25 -
8.5 -0.05 
8.68 0.00 
9 -0.26 
9.5 -1.56 
10 -3.97 
10.25 -
10.5 -7.50 
10.75 -
11 -12.7 

-

TABLE LX 
2 

CHANGE IN SURFACE FREE ENERGY (in ergs! cm. ) AS A FUNCTION OF pH -

Hematite Rutile Badde1eyite 

10-3 10-2 10-1 10 .. 3 10-2 10-1 10-3 . -2 
10 

- - - -194 -385 -599 -16.2 -18.2 

- - - -100 -212 -332 -11.0 -12.2 
-43.4 - - -65.6 -128 -213 -7.23 -7.57 
-34.6 - - -40.9 -83.1 -139 ':'4.01 -4.40 

-26.5 - - -26.0 . -53.4 -89.1 -1.81 -2.15 
-20.6 - - -16.1 -33.6 -54.6 -0.51 -0.57 
-15.0 - - - 6.2 -13.8 -24.8· - -
- - - - - - 0.00 0.00 

. -9.89 .. - -3.1 -6.9 -12.3 -0.38 -0.40 

- -15.7 - - .. - - -
-6.05 -11.6 - - - - -1.53 -1.70 

- - - 0.0 0.0 0.0 - -
- -8.07 - . - - - - -

-3.06 -5.36 - -3.0 . -6.1 -9.1 -3.96 -4.30 

- -3.20 -7.35 - - - - -
-1.05 -1.53 -3.00 -5.~ -12.2 -18.3 -7.57 -8.13 

- -0.63 -0.90 - - - - -
-0.01' -0.10 -0.12 -7.2 -18.3 -29.7 -12.2 -13.2 
0.00 0.00 0.00 - - - - . -

-0.28 -0.31 -0.32 -13.5 -2} .2· -59.5 -18.4 -19.6 
-1.60 -1.95 ,-1.97 -44.5 -74.2 -124 - -26.2 

. -4.04 . -4.60 -4.82 . -9.4.0 -156 -243 - -
- -6.34 -9.19 - - - - -

-7.59 -8.42 -12.5 -202 -336 -475 - -
- -11.3 -16~2 - - - - -

-13.4- - - - - - - -

10-1 

-24.5 
'-15.7 
-10.1 
-4.65 
-2.77 
-0.79 

-
0.00 

-0.49 
-

-2.27 
-
-

-5.08 
-

-9.65 
-

-15.7 
-

-23.3· 
-32.2 

----
-

• 

1 
N 
~ 
0\ 
1 



• 

.. 
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The resu1ts tab1ed be10w are obtained either by use of the integrated 

~orm of équati~n(72.) where possible or by graphica1 integration of adsorp-

tion dens:lty vs.1ogaritht)l of concentration diagrams. 

TABLE LXI, 

CHANGE' IN SURFACE. FREE ENERG~ AS Al, 

FONCtiON OF' DElm>RoABiÈTYLAMlNEA:CETAn: 

CONCENTRATION " 

Concentration 'ChanRe in Surface Free Enern 

Quartz Hematite Rutile 

iuno1es/.t. 
2 ergs/cm. 

2 
ergs/cm. 2 ' ergs/cm. 

0.3 -5.15 -1.73 -1.19 
1· -8.45 -3.16 -2.17 
3' -13.3 -5.48 -3.66 

10 -21.7 -10.00 -5.85 
30 -34.1 -17.3 -11.9 

100 -55.9 -31.6 -21. 7' 
200 - -45.6 -
300 : -87.9 -56.0 -36.6 
400 - -64.2 -
500 - -70.8 -48.3 
700 - -82.9 -57 •• 3 

1000 ~143.8 -96.5 -68~6 
2000 - -126.6 -91.6 
3000 -226 -147.4 -108.3 
4000 - -163.3 -
5000 - -173.9 -129.8 
7000 -320 -192.6 -144.3 

Badde1eyite 
2 

ergs/cm. 

-0.25 
-0.46 
-0.80 
-1.45 
-2.51 
-4.58 
-

-7.93 
-
--

-14.5 
"" 

-5.0 --
' -38.3 

The decrease in surface free energy as a function of pH is reported 

'mt· Tab1e"·X;X for hematite, rutile, and badde1eyite. Ther.e are no resu1ts 

for quartz since a different method W8S used to determine the zero-

point-of- charge . 

" 

' .. 

: 

:.,' 
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