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THE ADSORPTION OF DEHYDROABIETYLAMINE

JACETATE 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
equation, T' = kCn, where n ranged from 0.4l to 0.51. The effect

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

creased with decreasing pH.

The ionization constant, Kb’ and the solubility of dehydro-
abietylamine were determined. 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 approximately fwenty years ago, iron ore was considered
suitable for‘blast furnace feed in the raw state. Todéy,-in North America,
only ten percent of the ore.mined_is.directly fed to the blast furﬁace,
the remginder is being beneficiatéd to improve its physical characteristics
and to-upgrade its iron content (1). This situation was caused by the
large surplus capacity to produce iron ore and iron éroducts~which existed
throughout the world after World War 1l. Thé lack of démgnd'forééd'mininé
comﬁanies to improve their products to meet increaainglylgtringent speci-
fications from the stéelmakers.' Although this situation has chahged with
the increased world demand (2), all iron ore presently used is marketed to -
rigid specifications. Seventy-eight percent of all irom ore shipped from
U.S. mines in 1963 (73,500,000 long tons) was beneficiated in some way.

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

content of oresand pellets shipped to blast furnaces in the U.S. increased

from 50.4% to 57.2%. In Canada, the proportion of beneficiated iron ore
has been steadily increasing since 1958. In 1964, seventy-three percent
of 35,900,000 long tons mined was benefiéiated, up five percent'from the
previous year - (3). A further increase of 2.5 percent is indicated in

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

As the reserve: of high-grade ore is gradually reduced, increasing
importance is being attributed to various ore upgrading techniques. 1In
the case of iron ore, these include heavy media separation, spiral concen-

tration, tabling, magnetic and elec¢trostatic separation and flotation.
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Pfesently, flotation teéhniqueé play a minor role in benéfication
of iron ores due to non-selectivity of available collectors, and the lack
of economic advantage over other methods of separation. Most of the ore
processed in Canada is beneficiated by gravity concentration, mainly

heavy media and spirals. Although relatively inexpensive, these methods

are best suited to coarse ground material with a large specific gravity

differential between desired minerals and gangue. With finely dissemi-T
nated materials, such as taconites and specular hematites, these pro-

cesses become non-selective and uneconomical.

Mégnetic separation cannot be appiied to hematite ores in which
the magnetic portion of the iron content is low. High intensity dry
magnetic and high tension electrostatic methods have proved useful for
some specular hematite in the size range from 14 to 35 mesh (5) but
were applicable»to finer sizes only if multi-unit separators were used.
At the present; they cannot compete with more conventional gravity ‘sep-

aration methods of iron ore concentration.

In 1954, the first commercial flotation plant operated by Humbolt
Mining Company to concentrate iron oré.was opened-in Marquette County,
Michigan. The plant, with a capacity of 250,000 long tons per year, pro-
cessed specular 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 flotation 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.



Gravity concentration has been‘used in all concentration plants

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

tation to remove silica from finely disséminated hematite ores (7-9).

Flotation

Flotation is aphysicorchémica_l prodes‘ss:,‘;fo:‘: separating.fi.nely |
dividedvsolidsﬂfroﬁ one another in dn éqﬁeo@évsuspeﬁsibnato ﬁ;oducé
a tailihg which usuallj éontains the.gangﬁé‘of waség; and oﬁe or more
concentrates which cohﬁain,the valuable o;e min¢fa¥s,‘ The conéentra;;

tes are further processed .to recover metallic values.

Originally, the term flo;ation ﬁas uéed with‘deSCfiéfive ad-
jectives to denote all processes.of conéenﬁrationzin which the levi-
tation in water of particles heavier than water wasrobtained. These
included "Bulk-oil flotation", “Skinnflotation", and "Froth fiotation".

Now, -flotation is used universally to describe froth flotation.

The principle of frogh flotation is that if finely divided par-
ticles come in contact with and stick to rising bubbles of gas in a
liquid, the resultant densify of the particle;bubble aggregate is less
than the liquid, hence the bubble will carr&”the particle to the surface.
If the particles do not stick to the bubbles, then the particles remain
in the bulk liquid. For economic reasoné, the liquid is almost-uni-
versally water, and the gas is air., Minerals to be separated rarely
have the suitable physico-chemicallsurface properties to render the
valuaﬁle one floatable alone. Outside intérvention is required in almost

all cases to alter the natural surfaces of the mineral particles that
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make up the flotation pulp. The mineral to be floated (by attachment to
an air bubble) must have a hydrophobic surface and all other minerals in
the pulp must have a hydfpﬁhilic or easily-wettable'surface. The attach-

ment of various hgtetopolar organic compounds to the mineral surface pro-

duces the required hydxophobicity.

The attachmént Qf'thesé organic compounds occurs by‘a‘processvcall"
ed adsérption. 1If a material is added to-a solqt;on céntainihg 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 "absorbtion". 1f the material rémains on the out-
side of the solid, the process is called "adsorption". These two proces-
ses often occur together, and the total uptake from solutibn is known as
"sorption'. Adsorption from the liquid phase is complex and most theore-
tical eéuations are based on extension of gas phase adsorption tr20ry. Or-

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

The effect ofvadsorption of heteropolar compounds on minerals is
of importance to the mineral industry. In fact, flotation has almost
reached the point where improvemeﬁts in the process can only come about
through a better understanding of the mechanisms involved. The funda-
mental mechanisms are quite complex, involving surface adsorption and

establishment of a stable three-phase interface.



THEORETICAL REVIEW
Adzorption °

The process by which atoms or molecules of one material, called
"ads&rbate", becomes attached to the surface of another, called "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 more complex due to the presence
of a solvent which may also adsorb on the solid surface. In general, -
adsorption can be classified as chemisorption or physical adsorption.

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

a) Chemisorption:- characterized by high heats of ad-
sorption (generally above 15 Kcal./mole) and by the
complete or partial transfer of an electron or orbital
overlap;adéofbate is reactive ion or molecule forming
i) a true chemical édmpound capable of existing in the

:the bulk state.

ii) a surface compound for which an analogous species
18- knéwn to exist as a crystal, or in solution,
with the same molecular configuration.

iii) a surface compound in which no analogous compounds
have been isolated.

b) Physical Adsorption:- characterized by low heats of

adsorption (generally below 3 Kcal./mole), and having
@ no true  bond formation; adsorbate may be an iom or un~

ionized molecule.



Cases include:-
1) Un-ionized:molecule, bheld in vicinity of sufface-
by dispersion forces.

ii) ITon held in outer surface of double layer by electro-
static forces.

iii) Ton held close ﬁo the surface by combination of
electrostatic and dispersion forces.

iv) Moleculg or ion retained by relatively weak bonding,
€.8., hydrogen-bonding, etc., (This type of adsorption
coﬁld equally well bé 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 mineral 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.



Adsorption Isotherms

An adsorption. isotherm is a’rélationship between the amount of
material adsorbed and one or more variables which affect-the adsorption

at constant temperature. The simplest adsorption equation is as follows(il):

R W

where T is the absolute temperature, P. is the pressure, I' is the amount
adsorbed, Q is the heat of adsorption; R. is the g#s constant, N is Avo-
gadro's number, M is the molecular weight, T, is the osciliation time of
adsorbed molecules, and x is 3,1416., From this equation, gréphs at
constant tempeérature, pressure, and amount adsorbed may be drawn. These
are known as isotherms, isobars, and isoteres, respectively. In general,

the equation expresses an oversimplification of the adsorption process.

Experimental adsorption isotherms have been the subject of many
theoretical calculations in order to arrive at an adsorption theory. The

three most important adsorption isotherms are discussed below:

Langmuir's Adsorption Isotherm

Langmuir®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 following
equation (12):-

bP (2)
v =V e———
m 1 4+ bP



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

P 1 P .
v bvm Vm

where v. is the volume of gas at,S;T.P. adsorbed
Vo is the volume of gas -at S.T.P, adsorbed for a monolayer coverage
P 1is the pressure of adsorbing gas

b is a constant.

1f there are several competing adsorbates, a similar expression is derived

vy = —t (4)
1 +,bi Pi

where the subscripts "i" refer to the "i'"th adsorbate, and each symbol

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

equation may be written as follows:

ﬁ - abC (5)
1+ bC
and in linear form
S _ 1 ., ¢
x/m ~  ab t 2 (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 monolayer on the adsorbent, and

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

b =b' exp(Q/RT) D)
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There are several assumptions involved in. the derivation of
Langmuir's Isothefm, the most important of which.are:;

i) The energy.of adsorption, Q, is a constant, independant of
surface coverage (which implies uniform sites and no inter-
action befween adsorbate molecules).>

ii) The adsorp;ion‘is on localized siﬁes (which 1mplies no
translaﬁional motion of adsorbate molecules in the plane
of the surface).

iii) The maximum adsorption corresponds to a comp1ete_monomo1e-

cular layer.

The Freundlich Isotherm

A very old equation attributed to Freundlich due to its repeated*~

use in his book (13) is:

(8)

The exponent n 1is generally greater than one. Unlike the Langmuir
Isotherm, there is no low or high pressure region. Although the Freundlich
equation 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 possible to obtain the Freundlich equation as the net of super=-

imposed Langmuir's equations (14).

For adsorption from solution, the Freundlich Isotherm is usuwally
written in the form
1/n

x/m = acC

(9)
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where 2 and n are constants. Constant a is a measure of the surface area of
the solid and n 1is a measure of the intensity of adsorption. For plot-

ting experimental data, the linear form of the equation is

log(x/m) = log a + 1/n .log C | (10) -

Thus, a plot of log(x/m) versus log C should givé a straight line

of slope 1/n and intercept log a.

| The B,E.T. Adsorgtion,Isotherm

Brunauer; Emmett and: Teller (15) showed how to extend Lahgmuir's
approach to multilayer adsorption, and their equation has come to be
known as the BET ‘equation. The derivation is Based on baiancing the
forward and reverse rates of adsorption. The equation, in_linearﬂform,

may be written as

P 1 1 P
- — + =22 (11)
(Po - P)v vmc v.e PQ

where Po is the saturation pressure of adsorbate, ¢ 1is a constant,
and P,v and vm have the same significance as before. The value of

¢ 1is given by

c = exp((Q1 - Qv)/RT) (12)

where Q1 - Qv is known as that net heat of adsorption. If it is
assumed that multilayer adsorption is limited to n 1layers, the BET

equation becomes (16)
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[vmcx/(l-x)][l - (k1) 2 + nxn+1]

v = . (13)
I1 + (c-l)x—cxn+1]

Multilayer adsorption from solutions has been reported in the literature
following sigmoidal or "S"-shaped isotherms. Hansen et al (17) found
that, for a number of higher acids amd alcohols (four or more carbon atoms)
adsorbed on various carbons from aqueous solutions, the isotherms showed
no saturation effect but rathe; the genetal sigmoidal shape of multi-
layer adsorption. The final marked increase in adsofption took place

significantly as the saturation concentration was approached.

Since, in low temperature gas adsorption, the rapid increase in
adsorption occurs as P approaches Po’ and the rational variable is
P/Po’ the proper rational variable in the case of solution adgorption
is C/Co ,where C_ 1is the 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 C/Co' At high C/Co 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 Liquid 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 strongi& adsorbed. When adsorption takes place from binary mix-

tures where a complete range of concentrations from pure liquid A to puré
liquid B are available, the above isotherms become ambiguous since the
distinction between solvent and solute becomes arbitrary. Choosing B as

the solute and therefore the adsorbate, the apparent adsorptionvis de-

fined as
= o _ : (14)
(xz/m)app. M(C2 CZ)/m
where M = initial mass (or volume) of solution
C; = 1initial concentration of component B iﬁ.solution
‘ (mass per unit volume)
C2 = final concentration of component B in solution
: (mass per unit volume)
m = mass of adsorbent.

A more symmetrical definition of apparent adsorption. is that used by

Bartell et al (19)

(xy/m) o = HANy /1 (15)
where H = total moles of original solution
AN2 = change in mole fraction of component B on adsorption.

This effect is due to co-adsorption of solvent and solute and to
changes in volume with adsorption (20). Since negative adsorption occurs
in concentrated solutions, it is not of particular interest in the field

of mineral separation.




&
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Electrical Double Layer

The surface of any solid or liquid phase differs from the interior
in that there is not a complete balance of intermolecular forces at the
surface. When a solid is immersed in water, the electrical balance at
the surface is further distﬁrbgd by the passage of surface ions into so-
lution. To restore tﬁe electrical neutrality there is a migration of
counter ions to the surface. Finally, a state of equilibrium is estab-
lished between the solid surface and the solution in which an excess of
positive charges is produced on one side and an excess of negative chérges
on the other side of the boundary layer. This layer with its electrical

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

According to the Helmholtz theory (10), the electrical double
layer at a solid-liquid intérface is analogous to the two plates of an
electrical condenser, the potential of which is generally termed elec-
trokinetic or zeta-potential. The.theory assumes that the'double layer
is of atomic thickness, the inner layer being adjacent to the surface of
the solid, evenly distributed, and fixed by surface forces to it. The
single outer moveable layer consists of charges of the opposite sign
contained in the liquid. Gouy (22) pointed out that the ions of the doublé i
layer could not be concentrated 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. Consequently, 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 gradual increase in concentration of ions of one sign and

a decrease in concentration of ions of the opposite sign. The ionic
trolytes present. Chapman (23) developed Gouy's idea and derived an ex-
pression for the equilibrium'distribu;ion of ions in such a diffuse layer.

The expression is similar to that derived by Debye and Hiickel (24) to des-

‘cribe the distribution of 1ons‘in.the ionic atmosphere around a given ion.

These theories all 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 cdrrection.to the double layer theory by considering the finite

dimensions of the ions in the first ionic layer next to the particle. The
possibility of specific adsorption of tﬁe ions was also considered. He
assuﬁed 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 zexo

temperature is equivalent to the original Helmholtz double layer.

A further modification has been suggested by Grahame (25) to take
account of ions held to the surface by covalent bonds or Van der Waals
forces.' These Grahame considered to be dehydrated, while ions of the op-
posite sign remain hydrated and are attracted to the surface ﬁy electro-
static forces., As a result of this, the locus of closest approach to
thersolid surface of hydrated ions is a plane, which he calls the outer
Helmholtz plane. Dehydrated ions, on the other hand, can approach closer
-to the solid‘éurface and are located at the inner Helwmholtz plane. Grahame

assumes the capacity of this inner layer is constant.
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Figufe 1" illustrates the distribution of charges surrounding
a positively charged particle, which gives rise to an electrical 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 distribu- .
ted over the surface and are usually considered as part of the sur-

face crystal lattice.

2) Counter ioné, held close to fhe solid'surface, occupy the .
Stern layer (b) which is seldom more than one hydrated molecule thick.
The Stern layer is often considered as a separate inner layer of dehy-
drated or desolvated, specifically adsorbed ions (inner Helmholtz plane)
and é 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 is 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 form a diffuse, or Gouy layer (c¢). The counter
ijon density decreases exponentially and the similiion density increases
exponentially until a point is reached where the number of positive and
negative ions is equal and there is no further change in potential. When
‘the solution moves relative to the solid, a portion of the electrical
double layer is moved with it. It seems likely that the ions and surrounding

medium in the: Stern layer would. 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 POTENTIAL 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 well be located .further out: The potential at this

- shear plane ié known as,;he zeta;potential.'The-thickness ofythia'dif-‘
fuse.layer is said to be equal to 1/x where k is the Debye-Huckel

function (29)

(16)

Where e is the charge on ﬁn electron,.ni is the concentration of the:
ith'component in the bulk solution, zy ig the valence with sign of
the.ith component, D is the dielectric conmstant, k isftheiBoltzmqpn :
constant, énd T is1thelabsolute temperature. The thickness is apéroi-.

imately 1000 angstroms.in 10?5

molar solutions of a uni-univalent.elec-
trolytexsuéhuasﬂsedium-chloride; Gaudin (30) shows that, in flotation

systems, the Gouy layer has an approximate thickness of 97 angstroms:

According to the Gouy-Chapman treatment (29), the distribution
of the ions in the diffuse layer surrounding a charged particle is go-

verned by a Boltzmann relation

e-zew/kT

[« B

‘'n, = n, 17

where n, is the concentration of ions of . the ith kind - at. the point-

where the potential is Y. The coulombic interaction between charges

is expressed by Poisson's equation,

Vo = =471p/D (18)
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where 1V 1is the potential which. varies from vwo at the interface to

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

Laplace operator, defined as

p = Iz, en (19)

v o= 3%/ax® + 3 dy? + 9% /322 (20)

Combining the above equations, the following differential equation

is obtained,

b4 -zieﬂr/kT
VW = -—Zzene (21)
D 2T,

This equation can only be solved with certain simplifying assumptions.

1f one assumes a2n infinitely large plane surface and a single

binary electrolyte of valency 2z in the solution, then the change of

potential with distance from the surface is

& o . /BﬁnoET (ezeW/ZkT . e-zeW/ZkT) (22)
dx D v ‘

and the surface charge density

=}
]

(-] .

f d =.L d_w. '
o P "% (&m0
n T(ezewo/ZkT )

-zewo/ZkT)
25 ’

]

e

=V 2DnokT/g sinh(zeWO/ZRT) (23)



-19-
For small values of ze wo/%?T, the above equation reduces to
U_=JEBE;ET7? (zeWO/ZkT)
= waol4n | (24)

where k is the Debye-Hiickel function (Eq.16).

When Stern considered the two sections of the double layer (28),
the surface charge relationships had to be modified. The potential
gradient, dy/dx-, of the compact layer (Stern Layer) whose thickness

is 5, is approximated to be (wo-ws)/B, and hence

oy = (D' 14m)YCH, - ) | (25)

. where ws is the potential at the Stern layer-Gouy layer interface and

D' is the dielectric constant of the Stern layer (not usually equal to D).

The surface charge density of the diffuse layer (Gouy layer) is
the same as Eq.(23), except wo is replaced by ws; hence the total

surface charge density becomes

c = 04 + g,
= (D"/4m®) (Y ~¥,) +v2Dn_KT/x sinh(zey _/2KT) (26)
(zey + @)
Furthermore, the sinh term. can be expanded to sinh Sk where @
. ' 2kT

accounts for any additional chemical adsorption potential. The total

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

thus
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1 -1 1
¢ ¢ C,
where
do
1 D' '
c1 Ay 4o (28)
and 2 2
dc2 z” e'n '
c, = " = T cosh(zeWSIZkT) (29)

In concentrated solutions, C1 becomes so large, that as an approxi-
mation, C = CZ' The crux of this treatment i1s the estimation of the
exteﬁt to which ions enter the compact layer ;nd the degree ‘to which V¥
is reduced by that factor. The only point at which ws is known accu-

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

\V = 1![ =§ = 6:0 ’ ) (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

Ap kT 4n(a/a;) - (31)

oty = B Ky 6D

ze
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1f -a, is the activity of the potential determining ion at the =z.p.c.,

where (\yo)1 =0 and a; =a, then ¥, becomes

Vo= *%% In (alay)

kT ' '
;g(Pﬁo - pH) (33)

= 2.3

‘where pHo is the pH at the zero-point-of-charge and pH .is the

bulk solution pH.

The mechanism of surface charging has been discussed by Parks
and de Bruyn (33) and others (32,34). The charging occurs in tﬁo»stages
as shown schematically in Figure 2. The first step is éurface hydiatibn
which may be considered as an attempt by the exposed sutfacé atoms to
complete their co-ordination shell of nearest neighbodrs. Oxygén-metaliic
cation. bonds are broken followed by migration of hydro#yl jons, thus forming
a surface of hydroxyl 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 .ion's. co-ordi-
nation number to seven (unlikely to occur), the negative surface probably

results from hydrogen ion desorption from the surface.
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FIGURE 2

SCHEMATIC DIAGRAM OF THE MECHANISM

OF SURFACE CHARGING IN AQUEOUS SOLUTION
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The zero-point-of-charge may be related to the pH of the solu~-

tion in which the adsorption densities.of gt 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
o+ :
Fe(OH)2 (surface)+ 2 H2G===Fe(ou)3 (surface)+ H30+(aq.) (34)

Fe(OH)3 (surface) —_— FeOZ (surface)+ H30+ (aq.) (35)

In these-reactions,‘thé Fe(OH)sv(surfacé).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)z-(surface) —_— FeO2 (surface)+ 2 HY (aq.) (36)
for which the equilibrium constant is

[Fe0;]

Y- 2
K, = . X(—)Xa (37)
1 [Fe(OH)';] V4 o

This constant measures the étrength with which ferric oxide binds its
protons. If the ratio of the .activity coefficients of the surface
sites is close to unity,,then the magnitude of K1 igs determined by the
pH»of the z.p.c. Since the complex ferric ion concentrations are also

equal at the z.p.c., K1 may be written as:
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2
R, = (aH+)° (38)

For many.oxides and hydroxides, the existanée-of many positive
and negative complexes has bgen,established‘and their stability con-
stants are known. The iso-electric-point is defined as the solution
in wﬁich the number of ﬁositive and negative ions of a disspciating
ampholyte are equal in gsolution (36), and ampholyte being an elec-
trolyte which caﬁ dissociate either acidly or basicly: In.this case, .,
the ampholyte is usually the hydroxide_of the oxide under examination.
This point caﬁ be calculate& from stability constants and other thermo-~
dynamic data, in which case, it is primarily a theoretical quantity.
However, Parks (37) in a detailea review of 1so-e1ectric-point data,'
points out that there are several equilibrium points besides the i.e.p.,
such as E(M(OH’+,OH7) and E(M(OH);,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(on)* - OH

i - Pb(OH);
%(Pb' ) - Pb(OH);

These various equivalence points may explain. the wide variations in

z.p.c. found experimentally especially with natural materials.
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t An and Work o esion

" It is observed that in many instances a liquid placed on a solid
will not wet_it,xbut-ratheryremains as a drop having a finite angle of
contact between the liquid an& solid phases. Similarly, in a‘liqﬁid--
solid system, a gas bubble may form a definite angle of attachment or
contact angle befween,the.1iquid-solid‘interface and the ﬁ;i&ﬁ?liquid
interface ag shown in Figure 3. A simple derivation leads to a useful

relationship known as the Young and Dupre Equation (38,39). The change

in surface free eneréy AFS; produced by a change in area of solid covered,

AA 18

AF8 = AA(YSL - YSV) +AAYLV cos(® - A©) (39)

where 4YSL’ ysv,'and YEV are the surface tensions of the solid-liquid,
solid-vapour, and 1iquid-vapour surfaces respectively, @ is the angle of

contact, and A® - is the change in the angle of contact.

Lim AF /AA = 0O o (40) .
AA -0 & : .
and
Ygp = Yoy ¥ Yy ©°° =20
or

Yoy = Yg + Y1y cos © (41)

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

point A of Figure 3(b).
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FIGURE 3

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

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

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

Yivy © air-water interfacial tension
Ygy = air-mineral interfacial tension
Yo, = mineral-water interfacial tension
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The work of adhesion is defined in two ways depending upon whether

one 1s concerned with liquid drop or‘gas bubble attachment.

. The work of adhesion of a drop of liquid to a solid surface is

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

and form a solidsvapour and a liquid-vapour surface (40),add is given by

Waesty = Ysv ¥ Y 7 Vst (42)
where WA(SL)' is the work adhesion of a liquid drop to a solid surface.

Furthermore, the work of adhesion of abubbleof gas to a solid
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

Wacsn)y = Ysn V' Yoy ~ Ysy (43)
where wA(SL) is the work of adhesion of a gas bubble to a solid surface.

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

adhesion is expressed as

WA(SL) (liquid drop) = YLV(l + cos ) (44)

1 -~ cos ©) (45)

WA(SL) (gas bubble) YLV(

The validity of these equations has been questioned on the grounds that
the vertical component of Y1y 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 i; is generally agreed that it may be applied to rigid

‘solids (47), which is the case for mineral flotation (48%525.

Although, the contact angle is Qery-important, it is most dif-
ficult to measure aécurately. The hineral surface must be completely
clean and perfectly flat. The former is impossible theoretically and
the latter is impossible éracticall& due to micro-crystalline cracks
that will alwayé 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 equilibrium angle on a smooth surface and Figure 3(c) shows the
variation found on a rough surface. Many attempﬁs have been made toA
relate contact anglé values to the floatability of minerals (53), but
no definite‘relationship has been found. It is only possible to say

that a finite angle of contact is a pre-requisite for flotation.



@. | -29-

Aﬁine Collectors

Orgénic derivatives of ammonia, in which some or all the hydrogen
ions are replaced by aliphatic, aromatic, or heterocyclic radicals are
known as amines. These compounds have been used as collectors in £lo-
tation, particularly'iﬁ’silica and silicate flotation. Reﬁregenéative
cationic collectors include pfimary, secondary, and tertiary aliphatic
amines and their salts, primary and secondary aromatic amines and their

salts, and salts of the pyridine and quinoline families (54).

Tonization constants of amines in water indicate thatlprimary
amines (KB==4 X 10;4) are more basic thanammonia,and.that the length
of the hydrocarbon chain doesmnot affecﬁ its basicity. Secondary amines
are more basic while tertiary amines are weaker. Aryl amines are about

-10

-a million times weaker bases (KB= 10 *7) than primary amines.

Technical data on amines and amine salts is of prime importance

and yet there is almost no data published on the subject. .

Collecting Action of Amines on Sulphides and Oxides.

Amyl amines have been shown to be good collectorsffqr;Chélcoéite
and sphalerite at pH 10 to 11 (55,56) in a range where undissociated
amine and aminium ions are present in equal quantities. Fur thermore,
Kellogg and Visquez-Rosas (57) have shown that n-dodecylamine acts as
a good collector on quartz, sphaierite, and galena giving a maximum con-
tact angle at a pH between 10 and 11. According to Gaudin(54), it appears

that the same mechanism is involved in all cases. Careful calculation of the
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concentrations of the various forms in which the amine is present in

 solution indicates that one half.of the reagent is in the undissoctiated

form and one half is dissociated at a pH of 10.6 (57-60). Kellogg et al.
(57) conclude that it is the free amine molecule whicﬁ is the effective’

agent causing the coating of the mineral surface.

The ratio of aminium ion concentration to hydrogen ion concentrat-
ion is proportional to the concentratioh of molecularly dissolved amine.

This is implied in the very concept of ionization constant; thus 1if.

[RNH,] [0H]

= (46)
ke [RNE, ]
and ‘
R, = [o87] [E"] = 107 %7
then :
+:
[RNH, ] Kp .
T = R, C &= (48)
[H'] 5 :
A choice of three hypothesis is put forward (54) to explain the
adsorption:c- |

1) Ion exchange between aminium and hydrbgen ions.

2). Simultaneous adsorption of aminium and hydrogen ions.

3) Adsorption of molecularly undissociated amine.
Any one of fhese mechanisms could be favoured by the éxistancé, 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€ (49)

up to. 2 X 10'4'moles/1. Similarly, Morrow (63,64) has found that . .

the adsorption on hematite follows the equation

. 0 L]
' = KC 6 : , (50)

An iﬁcreasq 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 tha;, 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 was impossible, regard-

less of chain length.
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Dehydroabietylamine Acetate

Dehydroabietylamine is a member of a group of amines known as the
abietylamines. The structure of this family is shown in Figure 4,_and
the members are known by theinumber of hydrogen atoms they are lacking
or have in excess compared to abigtylamine. This also is indicated by

the humber of double bonds as shown in the Table I.

TABLE T
Compound " Extra Hydrogen Atoms Double Bonds
Abietylamine ' 0 2
Dehydroabietylamine -2 -3
Dihydroabietylamine 1
Tetrahydroabietylamin4 0

These materials 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 flotation reagents.

Amine D and Amine 750 differ only in the secondary amine content
as indicated in Table II which tabulates some physical and chemical pro-

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

STRUCTURE OF THE ABIETYLAMINE FAMILY

Dehydroabietylamine
Abietylamine
Dihydroabietylamine

Tetrahydroabietylamine

M U O W »
'

Dehydroabietylamine Acetate
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TABLE II

Dehydroabietylamine

‘Dihydrqabietylamihe.

Tetrahydroabietylamine
Secondaryl&mines

Total Amine Content
Physical Statei

Colour, (Gafdner scale)

Specific Gravity at
25/15.6°C

Refractive Index at 20°C

Viscosity (poises) at 25°C

- Amber Viscous Liquid

7

1.000
'1.5430

87

Amine D . Amine 750

50-60% ' 50-60%
20% 20%
20% 207
3% 1%

'.92% 95%

 Amber Viscous Liquid .

6

1.000
1.5447
87

Dehydroabietylamine, Amine D, and Amine 750 are practically: inso-

solvents.

iuble in water (less than 0.5 gm. in 100 gm. of water at 100°C.) but

are readily séluble in alcohols, ether, hyercarbOns; or chlorinated

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

25°¢C.)

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

High-purity dehydroabietylamine acetate, supplied by Hercules

Powders Inc., has the following composition:-




) -

(0

HNHD

(@)

€.,.C

OVOH

)
. _2¥0 [ENHD

HN"HO

(V)
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TABLE II1

ANALYSIS OF DEHYDROABIETYLAMINE ACETATE

bTth:etgcal' _Actual
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 to be 022 u35 NOZ’

with a molecular weight of 345.51. The structural formula is as shown in

Figure &4,

The molecular cross sectional area of the acid molecule is appro-

ximately 50 R2and will be assumed to be the same for the amine (68,69).



-36-

.Use of Dehydroabietylamine in Flotation

Steeprock Mines Ltd, (7) initiated an evaluation of various pro-
cesses to handle their - 140 mesh crude ore. Of several processes,

cationic flotation of the silicequs'gangue was found to be the most eco-

nomical and versatile.A-ngerglféollectors out of twelve tried, (inclu-

ding Amine 750 and Rosin’Aﬁine D Acetate) were found suitable_fqr further

study but Rosin Amine D-Acétateﬁ(70%)4was'foqnd to be most economical.

A pilot mill is presently confifming batch test results which indicate

the production of hematite concentrates containing 3 to 6% SiO2 from

..ore containing 367 SiO2 is possible,

Maltby and Pickett (8) have produced concentrates with 0.127%

5102 and 51.1%7 recovery using 0.4 1b/Ton of Rosin Amine D Acetate,

2
and a recovery 70.7% of the original feed was found to be possible. It

By suitable use of re-cleaners, a concentrate containing 0.06% S$i0

-was found that cationic flotation will produce a higher grade of concen-

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

major costs are grinding and collector consumption).

Major-Marothy (9) in a major research investigation at Schefferville
tested more than a dozen cationic amine collectors. The results showed that
good recoveries: could be obtained with both ring and chain type amineé
but that, economicélly, 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 acetate, as a collector in the
flotation of mineral oxides. A comparison of the results with thosé

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 systemé, name=-

ly dehydroabietylamine (DHAA.) 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 order .to
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.



MATERTALS, EXPERIMENTAL EQUIPMENT AND PROCEDURES
Materials |
1) Mineral Preparation
A, Hematite
The mineral used in this investigation was ~10 mesh speculari
hematite spiral concentrate supplied by the Quebec Cartier_Mining
Company. This material had been previously crushed and ground by
wet autogenous Cascade mills and up graded‘by spirals. Thé =325 + 400
mesh portion was used throughout the adsorption and flotation ex-
periments as this isg tﬁe finest portion which could be sized without
the use of the infrasizer. The preparation of the sample consisted of
size separation, the removal of silica and other low specific graviéy

minerals, the removal of magnetite, and the cleaning 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
material was then wet écreened'into 3 portions: - 270 + 325 mesh, - 325
+ 400 mesh, and - 400 mesh. The latter was formed by small particles,

which adhered to the larger particles when dry, but washed off the

larger particles with the wet screening. Similarly, a portion of the

+ 325 mesh material passed through to the finer screen 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 gravity minerals were re-
moved in a Richards Laboratory type free settling classifier (70),
followed by superpanning in a Haultain Superpanner. The product
was considered silica free when, on microécopic examination, no free

silica particles'could‘be obgerved.

The magnetic portion was 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 sample 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 #nd kept in a closed
dessicator jar. The specific surface as determined by B.E.T. adsorp-

tion method using krypton gas was found to be 1372 ém.Z/gm. (see Appen-

dix III).

A second sample was prepared having as high a specific surface

as possible. To obtain this sample, a portioh of the spiral concen-
trate was recleaned on an air table (0.2 to 0.5% SiOZ) 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 portion was discarded. The sample was freed from magnetics
and cleaned in the same manper as the coarse fraction. The specific sur-
face as detetmined by -the B.E.T. adsorption method using nitrogen gas

was found to be 26.4 Mz./gm. (see Appendix III).

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

' gation,wgs as follows:

Sin : 0.013%

Mg0 <:0,03%

A1203 ‘ 0.01 to 0.1%

Na20 0.01 to 0,1%

Fe203 99.7 to 99.96% by difference .

B. Quartz

The sample of quartz used in this investigation was supplied by
Dominion Silica Co. Ltd., as Silex Flour. The sample was screened in the

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

the sample was leached in a Soxhlet 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 séeam.oven,‘mixed thoroughly, and stored in a
dessicator. The specific surface of the silica was determined by krypton

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

f%he following impurities:

Fe203 . 0,01 to 0.1%

MgO < 0.03% g
Cu ~ 0.01 to 0.05% 4
si0, 99.8 to 99.98% by difference .

C.Rutile

A sample of synthetic rutile was obfained from the National
Lead Co. Ltd., (Titanium'Division). This. sample,was prepared by the
crushing of larger crystals which were grown by the flame fusion tech-
nique, was screened to f325 mesh (73). Although there'was considerable
amount of - 400 mesh material, the sample was used as received without
further sizing. The éample was qleaned'with concentrated hydrochloric
acid, washed with strong sodium hjdroxide, and rinsed with distilled
water followed by conductivity water as described previously. The
surface area was detérmiﬁed by B.E.T. kryton gas adsorption method to
be 3610 cm.zlgm. (see Appendix III). The chemical analysis, deter-

mined specttographiéally, of the rutile sample was found to be as follows:
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Tmpurity - Percentage
510, | 0.02
Fe,0, | 0.0001
A1,0, . 0.01
Sby0, : -~ 0.01
500, | 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 TiO, content is 99.95%.

2

-

-D. Baddeleyite

Unfortunately, a sample of higﬁ purity baddeleyite; or zirconia
was not available in the size range - 325 + 400 mesh. A finely divided
samplg, prepared by precipitation of ZrO2 from zirconium,oxysulphate‘.
solution, waé obtained from the National Lead Co. The sample as ré-

ceived was analysed as follows (74):-
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Impurity Percentage
Chemical Analysis | SO3 ' 0.91
Ign. Loss 1,16
Spectrographic Analysis v8102 0.15
P205 ‘ 0.01
HfO2 .0,005
A1203 0.005
Fe203 0.005
Mg0 0.02
Ca0 0.03

The sample, after washing and drying, would by difference analyse
99.77% Zr0,, if all tﬁe 803 could be removed. The sample was washed
with IOZ hydrochloric écid, distilled water, and conductivity water as
described previously. The filtrate was checked for chloride and sul-
phate ions. The sample.was dried,'mﬂked, and stored in the usual way.
The surface area was determined by B.E.T. nitrogen gas adsorption to

‘be 16.3 M. /gm.

All minerals were identified by X-ray diffraction to determine
if there was more than one compound present (e.g. FeOOH in Fe203).
No compounds other than the minerals being examined were detected

(see Appendix IV).
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2) Chemical Reagents
A. Dehydroabietylamine Acétate
The. dehydroabietylamine acetate used in this- investigation
was.a specilally prepared sample.supplied by Hercules Powdéré Inc.
For the present adsorption study, this high purity dehydroabietyl-.
amine acetate was used because it.is easily soluble in water, whetre-
as the amine is practically insoluble. The composition of the acet- -

ate was. checked and the results are reported in Table III (68).

Stock solution conta;ning 6.2-graonf‘dehydroabietylamine acet- -
ate per .100 ml. of solution was prepared as follows:- To a tared beak-
er, exactly 0.2000 grams of -dehydroabietylamine acetate.was added fol-.
lowed by 20 ml..of -conductivity water. When dissolution was: complete,
the solution was.trgnsferred to a.volumetric flask and' the required
volume of water added. to make exactly 100 ml. of solution. The above
procedure was necessary due to the sticky nature of dehydfoabietylamine
acetate  (similar to pine pitch). ?he stock solution had a concentration
of 2,000 mg./1. dehydré;bietylamine acetate. From the stock solution,
other solutions of varying concentrations.were made for the adsorption

tests by simple dilutionm.

B. Conductivity Water

Conductivity water for.these experiments was prepared from wat-.
er distilled in a Barnstead Water Still, Type SL-1. This water was.re-

distilled in an all-pyrex Yoe-type still(Corning 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.conductivitf

. varying from 2.6 to 5.0 XlO-7 mhos/cm. The pH. of these solutions
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 hydroxidé solution to remove carbon dioxide,
then through a 15 inch column of a 0.1 N solution of vanadyl sulphate

to remove oxygen,and finally through a column of distilled water :to re-
move any traces of vanadium salts or acid that might have been carried
over. The vanadium solution was prepa;ed by the method suggested by
Meites (75). Lightly amalgamated éinc 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. Hyvdrochloric 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 HCl. (see Appendix II).
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E. Sodium Hydroxide

Eight& 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 whicﬁ
the precipitated sodium carbonate had.settiedﬁto the bottom. Twenty ml.
of the clear solution ﬁas diluted to 400 m13 with conductivity water to
give a solution of approximately 1 N. This base solution wa; standar-

dized against the above hydrochloric acid and found to be 1.181 N NaOH.
(see Appendix II). |

F. Other Reagents.
All other chemicals used in this investigation were commercially

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

include:-
7
Glacial Acetic Acid Merck Co, 99.87 Min.Assay
(A.C.S.)
Chloroform Fisher Certified Largest Impurity
(A.C.S.) Acetone 0.005%
Bromophenol Blue Fisher Certified - -

(Na-salt) (A.C.S8.)
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_.Experimental Equipment and Procedures

1 (a) Agitation Adsorption Tests

Two gram samples of the cleaned and sized o#ides were used. in
all adsorption tests. Adsorption tests were carried out in 50 ml.
glass vials, which had an average capacity of 48.0 ml., when empty;
If the vials were filled with two grams of hematite, zirconia, or rutile,
the liquid volume waé 47.5 ml. If the vials contained two grams of
silica, the solution volume was 47.2 ml. These vials were completely
filled with amine solution to minimize the formation of bubbles. vThe
vials wefe stoppered with rubber serum caps and the last air bubble was
femoved with a hypodermic needle. Agitation was provided by ﬁacking
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 hours was taken
to be sufficient for equilibration. Above 30 mg./l., the equilibrium time ap-
peared to be less than one hour, but, in order to make all the tests
uniform,a period of eighteen hours was used for each: test. All tests

were conducted at room temperature (23 + 2 deg. C.).
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ADSORPTION TESTS TO DETERMINE THE EQUILIBRIUM CONTACT TIME

Time Initial Final Amount
of Contact Concentration Concentration Adsorbed
(hours) (mg./1.) (mg./1.) (Mmoles/cm. )

0 5.0 5.0 0.0 .
1/12 5.0 3.1 9.50x10™°
1/4 5.0 3.0 1.00x10"%
1/2 5.0 2.8 1.10x10"%
1 5.0 2.6 1.20x10°%
18 5.0 1.8 1.60x10™%
0 50 50 . 0.0

1/12 50 - 33.5 8.25x10"%
1/4 50 34.2 7.90x10"%
1/2 50 33.0 8.50x10" "
1 50 . 35.5 7.25%10"%
18 50 34.5 7.75x10™%
0 500: 500 0.0
1/12 500 465 1.75%1073
1/4 500 460 2.00x10™3
1/2 500 450 2.50x10™°
1 500 455 2.25%10">
10 500 465 1.75%1073
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FIGURE 5

THE ADSORPTION OF DEHYDROABIETYLAMINE
ACETATE ON HEMATITE AS A FUNCTION OF CONTACT TIME

[] - 500 mg./1.
O - Somg./]..
A - 5 mg-/l-
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1 (b) _Desorption Tests -

Amine ions or molecules adsorbed to the surface of the solid
minerals were desorbed in an.appératus similar to the one used by
Gaudin :and Bloecher (78). . The apparatus consisted of a 250 ml.
filter flask on which a 20 mm. coarse fritted glass fil:ér was mounted.
The minepal sample was placed in. the fritted glass filter and well mixed
with a small portion of the amine stock solution. When wetting was as-

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

"shown in Figure 6. The remaining solution was added to the funnel, thus

maintaining a constant solution coverage ovef the bed of mineral. The
same solution (100 ml. total) was passed through the bed three times to
assure equilibration of the solid and solution. After analysis, a por-
éion"was removed and replaced with conductivity water. The dilute so-
lution was then passed through the bed to desorb amine until equilibrium
was again established. This proceduré was continued until the concen-
tration fell to the lowest possible level. Calculations were made to
determine the amount of amine adsorbed at each concentration. To estab-
1ish the error due to adsofption on the fritted glass filter, a check
was made between the amount adsorbed in these teéts and in the agi-

tation adsorption tests. Adsorption on the filter was found to be negligible.

2, Surface Tension Determination

The surface tension of the organic amine solutions were deter-
mined at a natural pH of 5.4"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

DESORPTION APPARATUS

M - Mineral Bed
S - Solution

R - Rubber Stoppers
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- tension was measured by determining the equilibrium height of amine

solution in. two vertical capillary glass tubes of different internal

radii (8l) as shown in Figure 7. If the meniscus in each capillary

-1s falling to the equilibrium position, then. the formula for the sur-

face tension,

Y 1/2 pgh r cos © (51)

becomes

Y 1/2 pgh r (52)

since cos ® ¥ 1 when O, 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: -

Ah (53)

where Y  is the surface tension in dynes/cm.

p 1is the density difference between the amine golutions and the

air above it (Assumed to be 1.00 gm./cm.3)
g 1s the acceleration of gravity (980.6 cmr/sec.z)

r,>¥, ‘are the radii of the two capillary tubes in cm.

Ah is the difference in héight of the menisci in each tube in cm.
The glass capillaries were cut into ten inch long sections. The
radius of the bore of each was determined by filling the capillary with

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

DOUBLE GLASS CAPTLLARY 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 and Desorption Tests

The amount.of dehydroabietylamine acetate adsorbed on quartz,
hematite, rutile, and baddeleyite (PR)' has been determihed as a
function of the equi1ibrium concentration of amine acetate in solu~-
tion (CR). The adsorptioq isotherms, shown in Eigures 10 to 13 for
each mineral respectively,were drawnAﬁsing logarithmic scales for
specific adsorpfion and equilibrium concentration. The concentra-
tion was varied from 0.3 to 5600 micromoles per iitg@awhile the spe-
cific adsorption varied from 0.2 to. 49.0 micromoles per square meter
(or Gibbs). The rgsults 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 11.

The four isotherms indicate that the adsorptidn‘is related

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

FR = k (CR) ’ (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 specific adsorption, PR’ and the ex-

ponentéui‘% is replaced by n. The values of k and n are recorded

in Table V , when¥FR is expressed in Gibbs and CR in micromoles per

litre.
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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 conétruction of‘the contact angle apparatus was based on
the one designed by Taggart, Taylor and Rice (79). It consisted of
a microscope with its stage and 6bjective horizontally mounted.. A
transparent plastié container, in which the solution and the sbecimen
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 mineral 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 imagg PR
through the microscope's eyepiece, which was provided with gradﬁ;tions:

allowing direct reading of the angle to the nearest degree.

The sampleswere polished 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 mineral.
An air bubble was then brought into contact with the mineral 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 werevcon-
ditioned with .amine in.exaétly the same manner as for the.adsorption
tests. A flotation time.of one minute, with an air flow rate of
250 ml./min.(meésured 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-pointrof-charge of specular hematite, rutile and bad-
deleyite (zirconia) were determined using the adsorption of potential-

determining ions technique ( 34);

»The apparatés used to determine the zero-point-offcharge consisted
of a 600-millilitre beaker with pouring lip removed, fitted with a
rubber 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
(25.00 i.O.OSOC). To prevent bicarbonate formation and dehydration,

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

APPARATUS USED FOR ZERO-POINT-OF~CHARGE DETERMINATION



J

A - Glass Electrode
.- B - Calomel Electrode

" “C - Thermometer

D - Nitrogen Inlet.
. E - Nitrogen Outlet

. F - Base Burette

G- Acid Burette
| H - Stirrer

J - Constant Temperature
Bath '

. K - Rubber Stopper
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(= 0.005) with a Model 12 Corning pH meter with Corning electrodes,

Type E-la

Two titration curves were established for each concentration

. of supporting electrolyte, one with no solids 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 when there 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 is 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 cell and the use of nitrogen gas

purification of the solution within the apparatus.

The solution under consideration was made up of acid or base
additions made through a burette (B) and conductivity water which had
been flushed with purified nitrogen in burette (I0). It was mixed in
bulb Al’ and streamed back and forth through the mineral plug C into
bulb A2 until the con&uctivity was constant as measured by the con-
ductivity cell immediately below Al' The streaming cell was made up of
two bright platinum electrodes in ground glass joiﬁEs as shown in

Figure 9.
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FIGURE 9

Solution Bulbs

Burette
Manometer
Manifold
Streaming Cell
ConductivityvCell

- pH Cell

Pressure Release
Ballast Tank

002 Scrubber

Conductivity Cell
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FIGURE 10

ADSORPTION OF DEHYDROABIETYLAMINE

ACETATE ON QUARTZ

A - Adsorption Isotherm

D Desorption Isotherm
B - Adsorption of Dodecylamine Acetate (deBruyn)
C - Adsorption of Dodecylamine Acetate (Bloecher)

M. - Monolayer
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FIGURE . 11

ADSORPTION OF DEHYDROABIETYLAMINE

ACETATE ON HEMATITE

A -() Adsorption Isotherm
] pesorption. Isotherm
B.~ Adsorption of Dodecylamine Acetate (Morrow)

M - Monolayer
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FIGURE 12

ADSORPTION OF DEHYDROABIETYLAMINE

ACETATE ON RUTILE

() - Adsorption Isotherm
[j -~ Desorption Isotherm

M - Monolayer
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FIGURE 13

ADSORPTION OF DEINDROABIEMINE

. ACETATE ON BADDELEYITE
(Precipitated Zirconia)

() - Adsorption Isotherm

M .~ Monolayer
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TABLE V.

k AND n VALUES FOR THE FREUNDLICH EQUATION

 MINERAL .k n

Quartz 1.41 0.41
Hematite 0.645 0.51
Rutile 0.440 0,50
Baddeleyite 0.106 "0.49

. The adsorption isotherms for rutile and hematite reach a satu-
ration point at high concentrations. In this concentration range,
the adsorption follows a modified Langmuir isotherm which may be ex-
pressed as follows:

(PR)O bCR

T, = —— (55)
1+ bCR '

where (I‘R)° is the maximum adsorption under existing solution con-
ditions, and b 1is a. constant which determines the,concéntration
above which the adsorption approaches saturation. From the slope and
intercept of the graph of CR[FR vs. Cp

and hematite, the constants (FR)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 systematic effect on the adsorption results.

shown in Figure 14 for rutile .
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FIGURE - 14

DETERMINATION OF LANGMUIR ISOTHERM
CONSTANTS

JA. Rutile

O] - Hematite
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The solutions used were found to be slightl& acid (pH of 5 to 6),
even though no acid waé added to 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 carﬁon dioxide or traées of acetic écid
(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 réspect.to pH was observed, Absoluté ‘'pH
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 monolayer 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 K?

(68,77), the area of quartz and hematite occupied by‘bne dehydroabietyl-" |

amine : molecule.is 46.88? and 48.13?' 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 cons
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 specific surface of each mineral,

the weight of amine required to cover one square centimeter of surface
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is 0.1146 microgram. The weight of amine réquired for an adsorbed
monolayer on one gram of quartz, hematite, rutile and baddeleyite

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

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

sectional area of the dehydroabietylamine molecule.

Effect of pH

A series of tests was'conductéd to investigate the effect of
pH on the adsofption of dehydroabietylamine acefate on the four
minerals under study. The initial adsorbate concentration was 50 mg./1.
in all tests. The pH was varied from 2.50 to 10.68 using acetic acid
and sodium hydroxide. The‘regults are shown in Figuresls,to 18 and are
tabulated in Tables Lto LIII in Appéndix VII. The specific adsorption

was corrected for differences in equilibrium concentration to corres-

pond to a constant equilibrium concentration of 34.5 mg./1.(100 umoles/1).

The corr?ction was made by applying equation (54) using the experimental
Values of n. 1In order to check the validity of this correction, the
specific adsorption on rutile as a function of concentration at five
different pH values wasAdetefmined. Results are shown in Figure 19 and
fecorded in Table XLIX, Appendix VII. With the exception of the 1owes£
points on curve E (at much higher pH than the rest of curve E), the spe-
cific adsorption>is proportional to the square root of the equilibrium

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

The largest variation in specific adsorption occurs in the

 glightly acid region (pH of 3 éo 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. BADDELEYITE
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FIGURE 19

ADSORPTION OF DEHYDROABIETYLAMINE
ACETATE ON RUTILE AT

VARIOUS pH VALUES

A - pH = 2,50
B - pH =3,98
C-pH = 4.99

6.30 to 6.55

=)
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6.80 to 9.70
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the adsorption takes place., Below a pH of approximately three, the
amount adsorbed is negligible and above a pH of sevén 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:

-1
Ty = k(Cpy ) ~(56)

where CH+> is the concentration of the hydrogen ions and k 1is 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 consequently be removed into acidic solutions. This quantity probab-
ly could be removed by continuous dilution with.water, but, at low
concentrations, the analysis became ' inaccurate. It'was easier to 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 DEHYDROABIETYLAMINE ACETATE
FROM QUARTZ (wt. = 4.5628 gm.)

Equilibrium | Equilibrium | Amine in | Amine Amine Amine‘Removed
Test No. Concentration]| Solution jAdsorbed | Total |From Solution
mg./1. mng. ng. - mg. mg.
1 before 1905 190.50 9.50 |200.00 143.00
after 1905 47 .50 9.50 57.00
2 before 496 49.60 7.40 57.00 37.20
after 496 29,80 7.40 19.80
3 before 160 16.00 3.80 19.80 12.00
after 160 4,00 3.80 7.80
4 before 54.8 5.48 2,32 7.80 4,11
after 54.8 1.37 2,32 3.69
5 before 21.5 2,15 1.54 3.69 1.54
after 21.5 0.61 1.54 2.15
6 béfore 9.5 0.95 1.20 2.15 0.71
after 9.5 0.24 1.20 1.44
7 before 5.5 0.55 0.89 1.44 0.41
after 5.5 0.14 0.89 1.03 :
8 9.6 0.96 0.07 1.03 (Acid)
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TABLE VI1

DESORPTION OF DEHYDROABIETYLAMINE ACETATE
FROM HEMATITE (wt. = 8.6872 gm.)

Equilibrium | Equilibrium | Amine in ‘Amine Amine |Amine Removed
Test No. Concentration| Solution| Adsorbed] Total |ffom Solution
wng. /% mg. mg. ng. mg.
1 before 1910 191.00 9.00 200.00 143.20
©  after 1910 47.80 9.00 56 .80
2 before 481 48,10 8.70 56.80 36.07
after + 481 - 12.03 8,70 20.73
3 before 160.3 16.03 4.70 20,73 12,01
after 160.3 4,02 4.70 8.72
4 before 52.2 5.22 3.50 8.72 3.90
after 52.2 1.32 3.50 4.82
5 before 22.4 2,24 2,58 4,82 1.68
after 22.4 0.56 2,58 3.12
6 before 13.4 1.34 .80 3.14 1.00
after 13.4 0.3% 1.80 2,14
7 before 8.5 0.85 1.29 2,14 0.64
after. 8.5 0.21 1.29 1.50
8 14.5 1.45 0.05 1.50 (Acid)
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TABLE VIII

DESORPTION OF DEHYDROABIETYLAMINE ACETATE
FROM RUTILE (wt. = 9.6137 gm.)

hquilibrium | Equilibrium Amine in | Amine Amine jAmine Removed
Test No{ poncentration Solution [Adsorbed Iqtal» Erom Solutioq
wng./2, mg. - mg. mg. mg.
1 before 1834 174.24 16.90 191.14 9.18
after 1834 165.06 16.90 | 181.96
2 before | 860 163.50 18.46 | 181.96] 86.00
after 860 77.50 18.46 95.96
3 before 438 83.10 12.86 " 95.96 43,80
after 438 39.10 12.86 52.16
4 béfore 214 . 40.60 11.56 | s52.16| 21.40
after 214 19.20 11.56 30.76
'S before 102.6 19.20 11.26 30.76 15.40
after 102.6 4.10 11.26 15.36 :
6 before 50.5 9.60 5.76 15.36 5.05
after 50.5 4,55 5.76 10.31
7 before 24.5 4.65 5.60 10.31 3.68
after 24.5 1.03 5.60 6.63
8 13.6 2.58 4.05 6.63v -
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Surface Tension, Conductance and Ton Concentration.

1) Surface Tension Measurements

The effect of amine concentration on the surface tension of
aqueous solutions is shown in Figure 20. The results are'tabulaééd
in Appendix VI. With increasing amine concentration, the surface
tension dropped rapidly at low concentrations followed‘by a more gra-
dual decrease at higher concentrations. The effect is similar to
that obtained by adding ethyl alcohol to aqueous solutions (88).
When the surface tension is plotted as a function of the logarithm
of the equilibrium concentration, the result, shown in Figure 21, in-
dicates that there was no effect up to 5 mg./l. dehydroabietylamine
acetate. Above 30 mg./l.,. the surface tension was a function of

the logarithm of the concentration according to

R 91.1 - 16.7 1og10(CR) (57)

where <y 1is the surface tension in dynes/cm. and CR is the amine
acetate concentration in mg./l. In the concentration range of 5 to

30 mg./1., there is a transition zone where the change in surface ten-
.s8ion 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 onset of micelle -
formatior. Therefore, the critical micelle concentration has not been

reached in the concentration range below 2 gm./l. Since dodecylamine

acetate has a critical micelle concentration of 0.013 molar (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 DEHYDROABIETYLAMINE
ACETATE SOLUTIONS AS A FUNCTION OF THE

LOGARITHM OF THE CONCENTRATION
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(89),1it can be estimated that the critical micelle formation for dehy-
droabietylamine acetate is in the order of &% gm./1. (0.013 Molar),

well above the concentration range covered in this investigation.

2) Equivalent Conductance Measurements

In.order to check the conclusion from surface tension measure-
ments that the criticai micelle concentration had not been reached
at 2000 mg./1l., the equivalent conductance of dehydfoabieﬁylamine
acetate solutions wés determined. The equipment used was identical
to that used for the zero—points-of;charge (see Figuré 8) except that
the pH electrodes were replaced by a'dip-type conductivity cell(cell
constant 0.1003). The results are 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 Onéager's Equation,

A = Ao - (e AO + g)/C (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

[0 - Dehydroabietylamine Acetate

(O - Dodecylamine Acetate
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It may be concluded that the critical micelle cqncentration‘
has not been reached at 2000 mg,/l.‘dehydroabietylamine acetéte,
Further, at 25°C., the vglues for Ao and 1¢ havé been determine&-
to be ¢ .~ |

A = 60.1 mho - cmg/equiv.

1c = 23.3 mho - cm?/equiv..

The slope of the straight line in Figure 23 is 80.6 which
1s not in good agreement with the calculated slope of 73.5..The
calculated slope is.based“on theoretical values .of -6 (0;2273) and
o (59.78) given in the liéératuré (90) for OnuagerYs Equation,“
waever, in Ralston's work (89), the experimental slope (84.0) is
higher than the theoretical slope (74.0) calculated from the,same 

constants., -

3) Calculation of Concentration of Amine Ions and Free Anite.

The ionization constant for dehydroabietylamine has been
determined experimentally to be approximately 4.2 X 10—5; The solu-
bility of free dehydroabietylamine was found to be 4.0 mg./l. (express-
ed as dehydroabietylamine acetate) or 1.16 X 10—5‘moles per-litre:‘

The concentration of the dehydroabietylamine ion (RNH;), the concen-
tration of the free déhydroabietylamine (RNHZ), and - the equivalent
concentration of precipitated dghydroabietylamine (RNHZ(precipitated))
have been calculated 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 AMINE CONCENTRATION

Total :
Concentration| pH " pH pH pH pH pH pH
mg. /1. 6 7 8. 9 9.62 10 11
1 1.00| . o0.99 0.98) 0.81| 0.50 | 0.29 | 0.04
2 -2,00]. 1.99. 1.951 1.62} 1.00 0.59 | 0.08
4 4.00 3.98 |. 3.90] 3.23}] 2.00 1.18 ] 0.16
8 8.00 7.97 7.80| 6.46 ] 4.00 1.72 | 0.17
20 20.00 19.93 19.52 | 16.17 | 4.00 1.72 | 0.17
50 50.00 49.8 48.8 |17.2 '} 4.0 1.7 | 0.17
100 100 99.6 97.6 |17.2 | 4.0 1.7 | 0.17
200 200 199 172 17.2 } 4.0 1.7 0.17
500 500 498 172 17.2 | 4.0 1.7 0.17
1000 1000 996 172 }17.2 | 4.0 1.7 0.17
2000 2000 1720 172 17.2 | 4.0 1.7 0.17
TABLE X
CONCENTRATION OF UNIONIZED AMINE (SOLUBLE) AS A
FUNCTION OF pH AND TOTAL AMINE CONCENTRATION.
Total
[Concentration| pH pH pH pH pH pH pH
" mg./1. 6 7 8 9 9.62 10 11
1 - - 0.03 0.19 | 0.50 0.71 ] 0.96
2 - 0.01 0.05 0.39 | 1.00 1.41 | 1.92
4 - 0.02 0.10 0.77 | 2.00 2.82 | 3.84
8 - 0.03 0.20 1.54 | 4.00 4.00 | 4.00
30 - 0.07 0.48 3.83 | 4.00 4.00 | 4.00
50 0.01 0.12 1.2 4.0 4.0 4.0 4.0
100 0.02 0.24 2.4 4.0 4.0 4.0 4.0
200 0.05 0.5 4.0 4.0 4.0 4.0 4.0
500 0.12 1.2 4.0 4.0 4.0 4.0 4.0
1000 0.24 2.4 4.0 4.0 | 4.0 4.0 4.0
2000 0.48 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 TOTAL AMINE CONCENTRATION

Total -
ﬁConcentration pH pH PH pH pH- pH PH
mg. /1. 6 7 8 9 9.,62-] 10 11
1 - - - - - - -
2 - - - - - - -
4 - - - - - - -
8 - - - - - 2.24 3.83
20 - - - - 12,00 14.28 15.83
50 - - - 28.8] 42.0 44,3 | 45.8
100 - - - 78.2] 92.0 94.3] 95.8
200 - - 24 178 192 194 196
~ 500 - - 324 478 492 494 496
1000 - - 824 978 992 994 996
2000 - 76.0 | 1824 | 1978 1992 1994 199

Furthermore, the total solubility, drawn as a function of pH, agrees
well with experimental points. Some supersaturation occurs at low
concentrations. Similar calculations have been reported by Smith (60)

for dodecylamine acetate with similar results.

Qualitatively, dehydroabietylamine acetate is found to react with
mineral acids (HZSO4, HCl, HNO3) to form a white gelatinous precipitate.
The ultra violet absorption spectrum of this amine in solution was exa-
mined to locate a suitable analysis wavelength. The spectrum in Figure .
25, (see Table XLIXI, 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 CONCENTRATIONS IN DEHYDROABIETYLAMINE

ACETATE SOLUTIONS

E] - Experimental Solubility Points
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FIGURE 25

ABSORPTION SPECTRUM OF DEHYDROABIETYLAMINE

ACETATE SOLUTIONS
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Contact Angle Measurements and Work of Adhesion

Contact angle measurements were made on’pqlished surfaces of
quartz, hematite, and rutile immersed in aqueous solutions'pf dehy-~
droabietylamine acetate. Conditions_of essentially constant pH |
(6 to 7) an& temperature were maintained. ‘Thé results are shown'
in Figure 26 as a function of concentration; All the oxides-exhi-
bited a zéro contact angle in water. Measuraﬂle contact angles were
obtained at concentrations of 0.5 mg./1., or more, éfter measurable

amounts of adsorption had occurred.

The contact angle reached a maximum of 51° for hematite at a
concentration of 500 mg./1l., after which it decreased to 44° at a

concentration of two grams of dehydroabietylamine acetate per litre,

The contact angle of quartz increased more rapidly with concentration

than the corresponding values for hematite. From a concentration 6f

2 to 10 mg./l., where the surface coverage was approximately a mono-
layer, the contact angle on quartz remained constan£ at 38°, Aboﬁe‘m.
10 mg./1l., the contact angle on quartz increased to a maximum of 53°
at 500 mg./1.and then decreased to 48° at 2 gg./l1. The angles on
quartz were comparable to those on hematite except that they were

slightly higher on quartz.

On rntile, the contact angles increased much more rapidly,
reaching a maximum angle of 64° at 2 mg./l., dehydroabietylamine acetate.
This maximum angle was maintained until a concentration of 60 mg./l.,

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 .

< p0OO
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to 30° at 2 gm./l. The contact angle on rutile was greater than the

corresponding angle on quartz and hematite for all concentrations below
300 mg./1. Above 300 mg./l., the anéles'on rutile were less than those
on the 6tﬁer minerals. The maximum contact angle on rutile occurred at

lower concentrations than those for the other oxides.

’An attempt was made to measure the contact angle on:baddeleyite
but the results are somewhat questionable. The only pure mineral avail-
able was the powder with a‘gpecific surface of 16.3 Mz./gm. A portion
was mounted on top of .Lai. section of "quickmount", taking ca;e that no
"éuickmount" covered the mineral. The surface, being flat, was comparable
to a piéce of bulk mineral except that it was porous and could adsorb
considerable weight of>amine due to its large surface. As seen in Figure 26,
no contact was observed until a concentration of 20 mg./l., was reached.
The contact angle increased to a maximum of 57° at 300 mg./1l., above which
it remained constant. The.adsorption on baddeleyite may have been con-

siderable, whereas the adsorption on the other oxides was negligible.

The work of adhesion of an air bubble to the surface of each of

the four oxides was determined. Calculations are contained in Tables .LIV

. to LVII, Appendix VII and the results are shown as a function of concen-

tration (Figure 27).

The work of adhesion increased smoothly with concentration of
amine for @-quartz, rutile, hematite and baddeleyite. 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
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Rutile

- Baddeleyite
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attained after which it decreased rapidly. This decrease was caused

by the decrease in contact angle as well as the decrease in surface

tension of the solutions.

The work of adhesion on hematite decreased rapidly above a
specific 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,while the increase in specific adsorption became vefy small.

The work of adhesion on rutile was almost twice that for the other
minerals, a phenomena which may be significant. The high purity rutile
samples used in this investigation were unlike those found intnatﬁre |
which contain various dissolved impurities such as iron. ’Thebshafp de~
crease in the work of adhesion as the specific adsorptionAincreaséd
above 6 Gibbs was due to the decrease in contact angle, to the decrease

in surface tension, and to the slow increase in specific adsorption

above 15 Gibbs.
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FIGURE 28

EFFECT OF SPECIFIC ADSORPTION OF DEHYDROABIETYLAMINE

ACETATE ON THE WORK OF ADHESION
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Zero-Point-of-Charge and Streaming Potentials

1) Zero-Point-of-Charge of Oxides

The results of the titration tests .to determine the zero-point-
of-charge of hematite,‘zirconia and rutile are contained in Tables
XII to XIV. Titration curves are shown in Figures 29,30 and 31 for

hematite, zirconia and rutile respectively.

The relationship between the ionic strength and the potassium
chloride ion content, considering the acid and base added, is as

follows:

Normality Ionic
of KC1 Strength of
Solution Solution
1074 2.6 % 10”3
1073 3.5 x 1073
1072 1.25 x 1072
-1 1

10 1.025 x 10

The titration curves in the absence of any solid material for
each of the four tests in Figure 29, when superimposé& on each ﬁther;r
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



TABLE XII

RESULTS OF TITRATION TESTS USING HEMATITE

Test No.14-107*N KCl(Blank)#l‘est: No.16-107YN KC1 |Test Nal7-102N KC1(Blank)|Test No.18-10"N KCl
Acid Added | pH Acid Added pH Acid Added pH Acid Added pH
wl, wl, wl, ml.

0.000 11.250 0.000 11.180 0.000 11.354 0.000 11,170
0.770 10,795 0.651 10.720 0.650 10,970 0.532 | 10.858
0.992 10.375 0.873 10.290 0.971 10,465 0.849 | 10.312
1.080 9.935 0.998 9.765 1.090 9.835 1.000 9.640
1.118 9.555 1,081 9.210 1.145 8.475 1.090 8.955
1.140 9.038 1.151 8.600. 1.163 4.690 1.155 8.400
1.155 8.410 1.222 8.100 1.265 3.660 1.201 | 7.975
1.166 8.260 1.271 7.320 1.600 3.060 1.295 6.675
1.198 4.587 1.334 . 6.327 2.000 2.800 1.360 5.588
1.240 4.028 1.429 5,015 2,760 2,530 1.500 4.280
1.347 3.602 1.484 4.629 o 1.500 4,280
1.601 3.198 1.563 4.090 :

2,295 2,785 1.783 -3.525 A

—g6—




TABLE" . XII (cont'd)

Test No.20-10"

ZN KC1(Blank)

2

Test No.21-10 “N KC1

Test No.23-10"

1N KC1(Blank)

1

Test No.24-10 "N KCl

Acid Added pH Acid Added pH Acid Added pH Acid Adde’ pH
,mé. mf. mf, nl.

0.000 11.300 0.000 11.200 0.000 11.280 +.0.000 11.121

0.687 10.905 0.700 10.675 0.672 10,882 -.0.611 10,624

1.010 10,300 0.978 10,020 1.005 10.155 .0:,815 10,232

1.098 9.788 1.115 9.350 1.085 9.340 .0.975 9,641

1.140 8.920 1.214 8.565 1.184 4.305 ..1.053 9,150

1,180 8.245 1.420 7.435 1.300 3.510 ©.1.165 8.400
- 1.210 4.351 1.560 6.875 1.655 2,986 ©.1.340 8.025
- 1.296 3.696 1.700 '6.631 2.490 2.564 ..1.630 7.526

1.600 3.125

2.955 2,495
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TABLE XIII

RESULTS OF TITRATION TESTS USING BADDELEYITE

» Test 30a Control

Test No.30b 0.1. N KCl

Test No.31 0.01 N KC1l

Test No.32 0.001. N KCl

Base Added pH Base Added pH Base Added- pH Base Added pH

me. . " mb. mé.
0.000 .2.,654 0.000 2,840 0.000 2.785 0.000 . 2,735
0.422 2.948 0.386 3.129 0.400 3.083 -0.386 3.058
0.644 3.259 0.610 3.519 0.616 3.440 0.604 3.420
0.735 3.516 0.710 . 3.920 0.703 3.750 0.715 3.780
0.794 3.835 0.749 4,240 0.766 4,216 0.770 4.370
0.842 4,300 ~0.771 4,580 0.795 4,753 0.799 4,850
0.852 8.730 0.806 5.275 0.825 5.628 0.853 6.300
0.869 9.431 0.841 5.981 0.868 6.642 0.917 7.580
0.897 9.825 0.866 6.480 0.935 7.890 0,987 945025
0.943 10,140 0.897 7.165 0.998 9.24] o
1.044 10.448 0.940 7.850 : -
1.195 10.702 0.978 8.396
1.429 10.880 1.020 9.115

1.069 9.694

-L6-



RESULTS OF TITRATION TESTS USING RUTILE

TABLE XIV

Test No.34 Control Test No.35 0.1N KCl | Test No.33 0.0LN KCl | Test No.36 0.001N KC1
Base Added - pH Base Added pH Base Added pH Base Added pH

ms, mé. mé. mé.
0.000 2,640 0.000 2.770 0.000 1 2.757 0.000 2.689
0.418 2,915 0.358 3.015 0.401 3.030 0.370 2.911
0.598 3.140 0.645 3.455 0.657 3.405 0.662 3.335
0.717 3.436 0.735 3.799 0.759 . | 3.777 0.767 3.766
0.802 3.915 0.792 4,243 0.809 4.219 0.834 4,883
0.841 5.080 0.811 4,625 0.841 6.043 0.854 8.805
0.850 8.870 0,826 5.300 0.862 9,178 0,889 0.685
0.894 9,990 0.868 9,180 0.900 | 9.702 0.957 10.140
0.989 10.490 0.910 9.642 0.966 10.133 1.041 10.490
1.094 10.734 0.993 10.145 1.030 10.398 - 1.256 10,900
1.238 10.920 1.097 10.540 1.135 10.720

1.266 10.830 1,225 |10.865

-86-
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FIGURE 29

TITRATION CURVES FOR HEMATITE

(O - No Solids
[0 - solids

No. - Normality of KCl Solution
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FIGURE 30

TITRATION CURVES FOR BADDELEYITE

(O - No Solids
[ - solids

No. - Normality of KCl1 Solution
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FIGURE 31

TITRATION CURVES FOR RUTILE

QO - ©No Solids
[(J - solids

No. - Normality of KC1

Solutions
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was an increase in the hydroxyl ion adsorption and a decrease in hydro-
gen ion adsorption as shown by the decrease in pH a; constant titrant
addition, (or by the decrease in acid required to obtain a specific so-
lution pH). Conversely, at lower pH valugs, there was an increase
in hydrogen ion adsorption and a decrease in hydroxyl ion adsorption
as shown by the increase in pH at constant titrant additioﬁ. An in-
crease in ionic strength increased the net adsorption of hydrogen and
hydroxyl ions, as shown by the ilncreasing deviations of the titration

curves with solids from the blank curves.

Calculations required to determine the adsorption density, the
surface charge density and the differeﬂtial 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

function of pH. The adsorption density is defined as the excess of

hydrogen ion adsorbed (FH+) over the hydroxyl ion adsorbed (POH-).

In mathematical form, the net adsorption is written

A.D. = PH+ - POH- (59)

Thus a negative adsorption density indicates that the hydroxyl..ion ad-

sorption is in excess of the hydrogen ion adsorption.

For hematite, the curves for all ionic strengths show a charac-
teristic S-shaped curve, the S being more pronounced as the ionic
strength decreases. The zero-point-of-charge was found to be at a pH

of 8.68 + 0.20. At higher pH values, the excess hydroxyl ion adsorption
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FIGURE 32

EFFECT OF pH ON ADSORPTION DENSITY ON HEMATITE -

Ne.- Normality of KCl1 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. - Normaliﬁy of KCl Solutions




. ]
SN o T |
2 N N Q |
-
A}
<
[~
N g~
Tol!|
o
(4]
o (=]
) 1
o) o
o |
Il?' Te]

‘wbyseow ™ - ALISN3Q NOILMOSQY



-106-

was increasing slowly close to the zero-point-of-charge-and more ‘rapldly
as the pH increases. The four curves are quite close together with a
uniform increase-of adsorption with ionic strength. At pH values less
than the zero-point-of-charge, the hydrogen ion adsorption followed the
same general pattern. However, there was a marked.inCreasé-in‘the net
hydrogen ion adsorption when ionic strength was 1ncreésed above 1'0f3 N KC1.
Also there was a portion of the adsorption curve around a pH 16f 6, where
the rate of incréase in adsorption decreased slightly followed byla con-

tinued increase.

For baddeleyite in Figure 33, the adsorption was lower than the
equivalent hematite samples. This was to be expected as the specific
surface area of zirconia was less than it was for hematite. The curves
are smooth and almost straight between pH wvalues of 4 to 8, indicafing
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 a low value.

The zero-point-of-charge was found to be at a pH of 6.08 + 0.05.

The net adsorption of hydrogen ions cn rutile was similar to the
adsorption on baddeleyite as shown 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 all cases. At a pH  of 10.5, the rate of

increase in net adsorption increases again in the case of 10‘"'1 N KC1

soldtion_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 'l
and is reported in micro-coulombs per gram and»in micro-coulombs
per cmz. The latter ié more useful for the comparison of the behaviour
of different oxides. Similarly, the differential capacity is-reported
as micro-farads per gram and wmicro-farads per cmz. The resultﬁ_of these
calculations are shown graphically in FiguresBS to 40. The first three
graphs show the differential capacity for each oxide aé-a functioh of
pH and the last three show the differential capacity as a function of
the surface charge density. The inset in Figure 40 is an enlargement
of the region A near the zero-point-of-charge. All the grabhs 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 a wide range.

TABLE XV
pH AT THE ZERO-POINT-OF-CHARGE

1

KC1 Conc'n. 1074N 1073N 10"2y 10" °N Average
Hematite 8.60 8.55 8.90 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 DIFFERENTIAL CAPACITY

OF HEMATITE
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FIGURE 36

EFFECT OF pH ON THE DIFFERENTIAL CAPACITY

OF BADDELEYITE
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FIGURE- 37

EFFECT OF pH ON THE DIFFERENTIAL CAPACITY

OF RUTILE

- 10 " N KCl
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FIGURE 38

DIFFERENTIAL CAPACITY VS. SURFACE CHARGE DENSITY

OF HEMATITE
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FIGURE 39

DIFFERENTIAL CAPACITY VS. SURFACE CHARGE DENSITY

OF BADDELEYITE
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FIGURE 40

DIFFERENTIAL CAPACITY VS. SURFACE CHARGE DENSITY

OF RUTILE
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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 éhift in pH. The method is
most luseful when the zero-point-of-charge is at a pH between 4 and 10.
Therefore, the ;treaming potential of quartz was used to locate the zero-
point-of-charge of the quartz used in ‘this investigation. The results

are tabulated in Table XVI and are shown in Figure 41 as a function of pH.

For these calculations, the Helmholtz-Smoluchowski equation was
used. The conductivi;y 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 exhibited a hystersis
loop 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.

E _ Y _ pr_ :
P 1 41k (60)

where streaming potential

streaming pressure
streaming current
volume flow rate
viscosity

specific conductivity
dielectric constant
zeta-potential

~U ®o3<HWH

#nuononnoun



TABLE XVI

ZETA POTENTIALS OF QUARTZ

Test No. pH | Zeta-Potential Conductivity Age

mV. mhos/cm. days
25 7.37 -48.0 0.28 2
26 6.83 -50.7 0.61 3
27 5.95 -53.7 0.99 3
28 5.69 -51.6 1.70 6
29 5.16 -48.0 4.64 6
30 4.62 -40.4 13.6 6
31 4.23 -35.3 30.5 6
32 3.73 -18.2 94.8 - 7
33 3.45 -12.5 181 7
34 3.13 - 4.7 368 7
35 2.89 - 2.3 : 649 7
36 2.55 0.0 1420 7
37 2.90 - 2.1 "620 7
38 3.20 - 6.3 .304 7
39 3.53 -11.3 146 8
40 3.85 -17.6 72.1 8
41 4.18 -25.6 33.0 8

42 4.51 -32.2 16.6 8 -
44 4.83 -38.2 8.22 9
45 5.17 -40.9 3.96 9
46 5.60 -41.3 1.87 12
47 6.41 -37.4 0.57 12
48 6.93 -32.8 0.44 13
49 4.95 -39.1 6.81 13
50 4.02 -28.3 50.6 13
51 3.38 -10.0 211 14
52 3.76 -17.9 89.0 14
53 4.25 -29.0 29.6 14
53a 4.75 -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 befween’loo
and 200 micrbmoles'per litre in the casgnof q@attz, hematite and rutile,
The flotation of baddeleyite, due té,itg fine sizé, was low ahd did
not reach a maximuﬁ. The results are tabulated in Table‘LVIII, Appén-
dix VII and‘are shown graphicaliy'as a function of concentration in’
Figure 42. At concenﬁrations in excess of 200 micromqlesnof amiﬁé
per litre, the floatability decreased continuously which corresponded
to the decrease in contact angle noted in the results‘concerning con-~ -
tact angle. Several tests were conducted using quar tz-hematite mix-
tures to determine whether or not separétion could be obtained. The
resilts, shown in Figure 43, indicated that no‘effedtive separation
could be accomplished in the absence ofvmodifie;s, although good re~
cdvery of both minerals in the froth tégether could be obFained

(74.3% Fe,0, and 84.5% $10, at 20 mg. amine /1.).

In the presence of 25 mg;/l. 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 gradé éf 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% Fe203 grade and 85.0% recovery in one minute:

using 20 mg./l. as the initial collector concentratian.
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FIGURE 42

THE EFFECT OF DEHYDROABIETYLAMINE CONCENTRATION

ON THE FLOTATION OF MINERAL OXIDES

- Quartz
Hematite

= Rutile

g >00

- Baddeleyite
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FIGURE 43

THE EFFECT OF DEHYDROABIETYLAMINE CONCENTRATION
ON THE FLOTATION OF A 50-50 MIXTURE

OF QUARTZ AND HEMATITE

- Neutral, No starch

pH = 9.6 to 9.9; 25 mg./l. starch

opo

- pH =9.6 to 9.9; 25 mg./1l. starch
(conditioned without amine)

- - Percent Fe203 in Concentrate

~——- Percent Recovery of Fe203
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DISCUSSION OF RESULTS

Adsorption and Desorption Tegt

The adsorption iéotherms of hematite, quartz,rutile, and
baddeleyite presentéd in this thesis are similar .to each other in
shape. The adéorption density (PR).inCreases regularly with in-
creasing conceqtration (CR)‘at 16w’amine cqncentrations. At high.
concentrations'of'amipe, the adsorption on hematité and rutiie lévels
off at adsorption'dénsities equivalent to 5‘to‘8 monolayers. Tﬁé |
adsofption oﬁ baddeleyite may also level off'atlhigher concentra-
tions where the adsorption density is equivalent to- several mono-
layers. The adsorption on quartz gives no indication of levellihg
off even at high concéntrations.‘ This may be due to the fact that
quartz has a mﬁéh ﬁore negative surface than the other minérals in
neutral solufion and that its capébity to hold positive ilons physi-

cally in the double layer is much greater,

At low amine concentrations, the adsorption on quartz up to
monolayer is greater than the other minerals at the‘same feagent con- “
centration., It is suggested.that, dué to the highly negative surface,
quartz will adsorb the first layer easily but will require a greater
driving force (increased reagent concentration)to adsorb additional
layers. The concentration requirea t§ adsorb these additional layers

is similar to that required by the other minerals.
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The adsorption.on baddeleyite is from three .to four times
less than on the other minerals and may be due to the large surface

area. The sample of pure baddeleyite used was a precipitated pro-

‘duct and it is conceivable that up to 75% of its surface area is '

either not available to fhe dehydroabietylamine ions éf'molecules
(small capillaries) or blocked by previously adsorbed material;

For example, if the dehydroaﬁietylamine mélecule may be considered.
as a cylinder with a cross-sectional area of 50 3 .and a length of
16 K (length to diameter ratio of 2) and it just fits into a pore
of this size, then the occupied area becomes 453 8 instead of 50 32
Therefore, the available surface area may be as low as 4 M ./gm. and

the adsorption density becomes similar to that on the other minerals.

The slopes of linear portion of the log-log graph of specific
adsorption vs. concentration are all 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 involved in the adsorption process. Furthermore, work using dodecyl-

amine (62,63) has indicated that the same slopes (0.50 to 0.60) have
been found on quartz, hematite, and sphalerite, although the quantity
adsorbed is much less. Since the aminium ion RNH; is teﬁ_thousand
times more abundant than the undissociated amine (RNHZ) at pH of 5.8
(the pH at which the adsorption tests were made), the ion should 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. The free amine could be the active species which is adsorbed
from solution. The“émine would be replaced in the bulk solution by
the rapid conversion of the aminium ions by the reaction

“pE' (Sol'n) + OH (Sol'n or ==== RNH,(Sol'n) + H (6D
3 : R A v 2
Adsorbed) , R :

The effect ofipHx§n-the adso:ption of dehydroabietylamine
acetate on mineral oxides is complex due to changés in other variables
which change'w?th pH. The expefimental curveéﬂof adsorption vs. pH
exhibit two diétinctvregiohs. In the pH,range'of'B to 6, the cufves
are linear. For quartg and hematité, the slope of this portibnAof
the curve is ﬁhity; while for rutile, the slope is 0.8 and,_for bad-~

deleyite, it is 0.98. Above a pH of app:oximately 8, the adsorp-

tion has reached‘a maximum and the curves become horizontal.

Due to experimental limitations in the analysis, specific
adsorption results at lower pH Qaldeswereimpdssible to obtain. If
these results were to show that the curves are sigmoidal in shape on
a log-log scaie, this would indicate a complex dependance of ad-
sorption of pH that could not be explained simply. However, if the
results were to indicate that the straight lines continued, the ex-

planations are simpler.

Nemeth (77) has found a sigmoid shape curve on a semi-log
graph ¢using pH as the logarithmic scale) in his investigation. If

his data is replotted on the same scale as this work, the results are
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similar. Nemeth did not investigate the adsorption properties below

a pH of 6 and, hence, did not have any problem with low adsorptions.

A change in the pH of the adsorbing solutions will cause a
change in the surface charge on the oxidgs due to a change in"the
surface potential, wo , and in the total ion concentr#tion, n. Regard-
less of the value of tﬁe zero-éoint-of-charge, a decrease in pH

) :
will cause a decrease in the ability of the double layer to contain
positively charged ions such as the aminium ioms. It isbclearly
shown in Figure 19, that the maximum adsorption decreases with de-
creasing pH. The zero-points-of-charge of thesé oxides (range 2.6
to 8.7) appear to have little effect on the pH'below which the ad-
sorption rapidly decreases. Therefore, the chemistry of the amine so-

lutions appears to be of greater importance to the adsorption pro-

cess than the state of -the mineral surface.

In amine solutions, an increase in hydrogen ion concentration
will increase the ratio of aminium ion to free amine propor tionally
provided that précipitation 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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Cout
'RNH.
. 3

'y

. S¢roran)

R o

or log (CRNﬁﬂ.)

K1 . pH (62)
2

where K1 = log Kw + log C(TOTAL) - log KB

Therefore, the adsorption may be governed either by the concentration
of free amine or the ratio 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:-

n

k3/CH+ (63)

However, the adsorption should vary directly with concentration at

constant pH according to
Tr = K CRmr;

‘% = K+ C(roraL) (64)
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But the adsorption at constant pH is found to be proportional to
the square root of the total concentration. Therefofe, the free

amine concentration alone is not the determining factor.

If the aminiuﬁ::s the adsorbing species, an increase in hydrogen
. ion concentration increases the competition between hydregen and’
aminium ions for available adsorption sites in the double layef.

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 results (Figure 19) A simple stoichiometric

ion exchange mechanism between the hydrogen ion and the amiaium ion
has been considered by deBruyn (62). It was rejected since it did

not explain all the experimental results. The fraction of aminium ions
which may adsorb on posiﬁive adsorption sites in the presence‘of hydro-
gen ions may be written as

Connit
RNH
Crwtt T

The adsorption should be related to the total amine concentration by

r = k . C(TOTAL) (65)
Cirorar) t Gt

According to this equation, at low pH values, PR should be propor-

tional to C(TOTAL)’ whereas, at high pH values PR 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-

tionship between adsorption and concentration.

The competition between positive ions is quglitétively supported
by the results in three ways.' At all amine concentrations, the spe-
cific adsorption deéreases.with decreasing pH. The méximum,capécity
to adsorb amine decreases with decreasing pH, due to 1ncreésing amounts
of hydrogen ions in the double layer. The square rooﬁ‘felatiénship

favours the adsorption of aminium ions in the double layer.

In general, the effect of pH_ié more complex than the étraight
line relationships indicate. The effect of the zero-point-of-charge
and ite shift with amine content (if any) cannot be completely neg-
lecfed. However, the sharp changes that have been réported (90) in
adsorption and flotation characteristics at the zero-point-of-charge
may be due not so much to the zero-point-of-charge but to changes in
ion concentrations of the édsorbing species with pH. 1In. 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 as 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 chemically with the mineral surface. Similar conclu-
sions have been reached by Danilova (91) using lauryiaminé on‘Quartz,

and by Zagirova (92) using IM-11 and octadecylamine on quartz, fluorite,

scheelite, cassiterite, and hematite.
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Contact Angle

The results of the present investigation indicate thatvnq'
simple relationship exists bétﬁeen specific adsorptioh and coﬁtéctr
angle. In general, with incrgasing épécific adsorption; the angle
increaseé until several monoléye:s have been formed. fhe maximum
angle varies from 51° to 64° depéﬁding-on the mineral. The maximum
- angle is not maintained at higher amine concentrationé as iﬁ other
amine-oxide systems 1nvestigatéd by Bloecher (65),‘Morr6ﬁ (63), and
deBruyn (62). A general decrease‘is observed at hiéh concentrations,
1ndicéting.a decrease in thé effectiveness of the amine already ad-

sorbed.

Figure 26 suggests that a definite surface 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 requiréd to bring the con-
tact angle to the value of zero. Thus, thevusage of the phrase "Hp'
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 may be
due to the adsdrption of many layers of amine. When several layers
of amine are adsorbed, the forces of attraction between the mineral
surface and the outermost 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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fdrces of attraction are weak, exhibit a small contact angle. In the ex-
treme caseszero contact angle is a possibility when the attractive force of
the 1ayér of amine (with bubble attached) for the mineral surface be~

comes equal to that for the surrounding liquid. In the case of hematite

. and rutile, the decrease in .contact ahgle is accompanied By a decrease

in the rate of adsorption bf amine (i.e° the adsorption starts to fol-
low La;gmuir's_isotherm.). It is apparent from contact angle ﬁéasure-
ments, that the quartz surface is almost completely covered withladsoré
bate at 2 gm./l. The quartz surface may follow a Langmuir type iso-

therm at concentrations slightly in excess of 2 gm./l., similar to those

followed by the hematite and rutile surfaces.

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 problem of relating contact angle to
adsorption density is most complex. 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 absehice of specific adsorbates is still
under study; At the présent 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 (94) in
various systems. Unfortunately, these authors do not ekplain their re-

sults except to say that the condition exists.
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Zero~-Point~of-Charge

The determination of the zero-point-of-charge of oxides under
consideration in this study yielded results which were in accord with

those of other authors.

The zero-point-of-charge of sbeéular 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 fog other natural hematites
(range 5.4 to 6.9)(37). Awmong the natural hematites, only one is
specified as Labrador specular 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 case is lower than that in other sémples,
but this is not easily confirmed. A common explanation for the lowering

of the zero-points-of-charge of natural oxides is the preserice of im-

" purities such as quartz.

The sample of zirconia used, withba zgro?point-of-charge of 6.08,
is not similar to any ziréonia éxamined to date. Two other preci-
pitated products have been tested:- one precipitated from ZrO_(NOé)2
solution with NaOH (96).and the other from Zr(N03)4 solution with
NaOH (97). These oxides had zero-points-of-charge of 10-11vand 6.7
respectively. A natural zirconia sample was examined and found to
have zero-point-of-charge of 4 (98). The purity of this mineral
is not reported. The present sample, whose structure is that of the

mineral baddeleyite (confirmed by X-rays), is precipitated from

»ZrO(SOA) 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 éample in that it has a
natural mineral structure. The zero-point-of-charge found in the
present study is similar to that of hydrous ZrO2 reported by Mattson

and Pugh (97) which was precipitated from Zr(NOS)a'solution;

The difficulties encountered with the exchange of SOZ

OH {ons in the zirconia sample has been reported by others. Parks

with

(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_frdm the surface

where it interferes with zero-point-of-éharge measurements.

The rutile under investigation exhibited a zero-point-of-charge

of 7.13 which is slightly higher than 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 Holmes (95), and from 3.5 to 5.5 for natural

rutile (85,95,103,104).

The sample of quartz was found to have é zero-point-of-charge
of 2.6 which is about tﬁe average of the reported values. Othgr
values include 3.7 by Gaudin and Fuerstenau (105), 1.3 by Sen and Ghosh
(106), 2.8-3.0 by Huckel (107), 1.5-1.8 by Bhappu (108), an& 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 préviously) is not related to the zero-point-of~-charge
of the mineral involved but rather to the chemistry of the solution
in contact with the mineral. .It is obvioustin.this work’that the
decrease in adsorption of amine in all cases occurs in the pH range
of.4.5 to 6.0 whereas the zero-point-df;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-;hem’and those'of‘bther systems. In
10-3 M potassium chleride solution, the minimum differential capacity
for hematite, baddeleyite, and rutile‘ié 143, 88, and 350 p.fd./cm.2
respectively. These are much highérvfhan for silver sulphide (AgS)
and silver iodide (Agl) (roughly 5 ufd./cm.z) and for hematite‘
(38.6 ufd./cm.z) (99). The minimum differential capacity predicted'
by the double layer theory on the éssumption that the identity of the
solid plays no role; is 7.2 p.fd./cm.2 (99) which is also much smaller

than obtained in the present work.

As the differential capacity curvés were obtained by graphi-
cal differentiation of the smoothened charge density curves (which
were obtained from smoothened titration curves), no quantitative pre-
cision either in the upper range of values or in the shape of the curve
can be exéected. Qualitatively, it may be concluded that there is
some specific adsorption of Na¥ and K' at high pH values (nega-
tive surface) and of Cl ions at low pH values(positive surface).

Similar conditions have been reported on ,ThOz, Zr02, and SiO2 (109).
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It has been reported (110) that on removing the oxidevfilm‘ffom,
metals (such as Pt), the clean metals behave like mercury in their
differential capacity curves. In the present case of oxides,
specific adsorption of cations may be sai& to occur on the metal

through chemisorbed 02 ions (111).
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Calculation of the Iso-Electric-Point of Oxides

If a group of positive and negative complexes of the same
central ion is considered independently of-any other ionic species

in solution, this group will be electroneutral when

4 G4 2z ¢ : (66)

where 2,,(z_) is the net cha;gﬁ of a:positive'(negative) complex (33).
The ligand activity (or éoncénfration in dilute solution) at which -
this condition is satisfied determinés the iso-electric-point of the
complex solution (112,113). When the complex system includes a solid
phase, the iso-electric-point correspondé to the point of minimum so-
lubility of the solid. Proof is given by Beck (113) and Johnston (114).
Figure 44 shows that the iso-electric-point and the minimum solubi-
lity of silver ogide (99) do, in fact, coincide. It should be noted
that the concentration of the undissociated hydroxide is in excess

of the ionic species over less than one pH unit near the iso-elec-

tric-point, thusits effect on the solubility is minimal.

S
oy

The determination of the iso-eléé%;ic-point for other materials
and particuiarly for other oxides by minimum solubilify determination
has been seriously hampered by two factors:- (1) the accurate loca-
tion of the minimum solubility is difficult due to a relatively high
concentration of the undissociated hydroxide, and (2) accurate analytical
methods for determination of low metallic 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 1argé 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 tabuiates the equilibrium.constants used in the

calculation of the concentratioh,of the ions in equilibrium with

the solid oxide. The céncentration of ions as a function of pH are

listed in Table XVIII. The equilibria between positive ion complexes

and the hydroxide have béeh defermined by Liberti; et al (115). The
negative ion concentration has been.calculated 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 calculated solubility and the experimentai points agree
well and the iso-electric-point is found to be at a pH of 6.9 + 0.1,

The concentrations of each ion are recorded in Table XIX.
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TABLE XVII

- EQUILIBRIUM CONSTANTS USED TO CALCULATE THE
ISO-ELECTRIC-POINTS

Element

[m(om)} 2]

M(om) 2, ]

* * * * I Ref.
Oxide K Ky Ky Re 'Kinst(S) inst(6) No.
Rutile -1.80 | -4.20 |-6.30 - - (115)
(Ti0,) :
Zirconia -0.22 | -0.62]-1.05 |-1.17 -4.72 | +1.79  {(118,119)
(Zr02) | 1 .
Hematite -2.17 | -4.70 - - ' -5:15 - (33,122,
(Fe,0,) 123,124)
Quartz -9.66 | -11.7 | -12.0 |-12.0 - - 1 (128)
where .
* [M(om) ™11 (6] % (0w} 1[a¢]
K , K =
1 ' -
' [) & pomy ]
. [e(omY} %] 1] x [4(0B) (0K ]
) ) K nst(5) - ]
M(on)™ 71 [M(OH) 4
-3 - -
. fM(omy3 "1 ") * _Duom) 10w}
Ky Kinst(6) -
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TABLE XVIII

CONCENTRATION OF IONS IN SOLUTION

Ion Concentration Jlon Concentration
lo;g(molesll.) ' ‘log(molesll.)
Rutile Hematite ’ .
Tf+4 no evidence FeZ(OH)';4 -4.31 - 4 pH
+3 of existance +3 ;
Ti(OH) 0.0 - 3 pH Fe -0.73 - 3 pH
Ti(om)';2 -1.8 - 2 pH ~ re(om)? -2.90 - 2 pH
Ti (OH)§ -4,2 -  pH Fe(0H), -7.60 - pH
HT10, -18.0 + pH Fe(OH),, Fe0, -24.6 + pH
Zirconia Quartz
2t -5.65 - 4 pH 51(0H),, -2.60
zr (0H) > -5.87 - 3 pH H,510, -12.26 + pH
Zr(on)‘;2 -6.49 - 2 pH stm;z -23.96 + 2 pH
' ' -3 .35 0 .
2 (0B} -7.54 - pH HS10; 35.96 -+ 3 pH
zr(0H),, -8.71 510,% 47.96 + 4 pH
Zr(OH); -17.99 + pH
Zr(OH);Z -32.78 + - 2 pH

-8€1~
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" FIGURE 45

1SO-ELECTRIC-POINT OF RUTILE

0O -

Experimental Solubility Points
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TABLE XIX

CONCENTRATION OF COMPLEX TITANIUM IONS IN SOLUTION

pH o| 2 | 4 6 | 12 | 14 16

Tith4 - - - . - - .
w3 | 0.0 -6.0 | -12.0|-18.0] - | - -
Ti(om);” | -1.8 5.8 | -9.8|-13.8] - | - -
ra(omt | -4.8) -6.2 [ -8.2]-10.2-16.3 183 | -
Ti(om), | -6.3| -6.3 46.3 -6.3| -6.3 | -6.3| -6.3

HT10;  |-18.0]-16.0 [ -14.0}-12.0| -6.0 | -4.0 | -2.0

Concentrations are expressed in loglo(moles/l.)
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- 2) Baddeleyite.

No solubility data are available concerning the metallic cation
zirconium. The following free energy data together with the equilibri-
tm constants listed in Table XVII are used to calculate the ionic
concentrations in Table VIII.

1.95 X 1072

il

.Concentration of"Zr(OH)4 (aq.) moleé/1, (119)

AGS (Zr(OH)a) =370 kecal./gm.mole (120)

1]

f
AG; (Zr02) = -247.7 kcaitlgm.mole (121)
AG; (Zr+4) = =141.0 kecal./gm.mole (120)
o —
AGf (HZO) =

'-56.72kcal./gm.mole (121)

From this data, it is established that the zirconia surtface
is completely hydrated and the stable solid phase in solution is

zirconium hydroxide. The maximum activity of zirconium dioxide in

this phase is 3.5 X 1077

. A sample calculation of the ionic concen-
tration is given below:-

[2r(0R), ] (5]

+
[Zr(OH)3] *K

4
-9

_1.95 X 10 +

= 117 H]

10
= 10-7'54 X (-antilog(pH))

log [Zr(OH);] = =7.54 - pH
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Table XX shows the actual concentrations at each pH. The diagram
for the iso-electric-point detérmination is drawn in Figure 46. The

iso-electric-point is found to be at a pH of 5.27 i 0.1.

. TABLE XX

CONCENTRATION OF COMPLEX ZIRCONIUM IONS. IN SOLUTION

pH 0 2 4 6 12| 14 16
zeT . -5.65|-13.e5| - - - - -
zrom™? | -5.87|-11.87| -17.87| - - - -

+2 '
2r(0H) -6.49)-10.49| ~14.49]|-18.49| - - -
zr(on);' -7.54| -9.54| -11.54|-13.54| - - -
Zr (OH),, -8.71| -8.71| -8.71| -8.71| -8.71| -8.71 | <8.71
z:(on); -17.99(-15.99 | -13.99(>11.99| -5.99 [ -3.99 | -1.99
Zr(OH);Z - - - - |-8.78|-4.78 | -0.78

Concentrations are expressed in loglo(molesll.)

3) Hematite

Of the oxides and hydroxides of ferric iron, q-hematite is the
most stable in dry systems and goethite, o-FeOOH, is the most stable
in aqueous systems at . temperatures less than 100 deg.C. Ferric oxide
is amphoteric (120). Equilibrium constants for the formation of
positive hydroxo complexes have been given by Latimer (120), Gayer

and Woontner (122), Hedstrom (123), Biederman and Schindler (124),
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FIGURE 46

1SO-ELECTRIC-POINT OF BADDELEYITE

D - Experimental Solubility Points
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R

nilburn (125), and Lamb.and Jacques (126). Constants for the negative

“hYdrokd compiexes have been determined by Lengweiler, Buser, and
| Féitnecht (127) usihg radioactive iron (Fesg). This data has beén 

combined by Parks (33,99), but his two 41agrams do -not agfee with each
. bther; The data considered correct by this author, reproduced in -

Iable XXI and in Figute‘47, is simiiar_to that of Parks (33). The

isQ-éleqtriq-point is found to be at a pH of,B.S‘i,O.l. Table XXI

indicates‘fhe'equilibrium conééntration.in_éoﬁtact with solid

hematite Qz-FeZOB).

TABLE XXI
CONCENTRATION OF COMPLEX FERRIC TONS TN SOLUTION

pH 0 2 4 | 6 12 14 16

Fe.com™4 | -4.31 |-12.31 - - - - -
2(0H) 5

Fe'? -0.73 | -6.73 | -12.73 | -18.73| - - -

+2 '
Fe(OH) -2.90 | -6.90 | -10.90|-14.90] . - - -
Fe(OH) -7.60 | -9.60 | -11.60 | -13.60| - . -
Fe(oH)3 -6 054 -6 054 . -6054 -6 -54 -6154 -6054 -6-54
Fe(0H), - - | - |-18.6 |-12.6 |-10.6 | -8.6
or Fe0;

Concentrations are expressed in loglo(molesll.)
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. FIGURE 47

ISO-ELECTRIC-POINT OF HEMATITE




o

a8 8

. Zgag—

491 - m:..ouuu

AL _twops

€(HO) 4

24H0N?d

n...o.._

( NOILYHLNIONOD ) 907



-146-

4) . Quartz

The iso-electric-point of quartz is not determiﬁable by this
method, due to the lack of data for the positive complexes. It ap-
pears that data will not be forthcoming in the Qear future since,
even in concentrated acid, the solubility will be far less than for
undissociated Si(OH)4 (aq.). A partial table of concent;ationé
(Table XXII ) and diagram (Figure 48) illustrate this point. The

dotted line is a probable location of the concentration of Si(OH);

line.

The solubility of amorphous silica in water has been deter-

mined by Alexander, Heston, and Iler (129) as indicated in Figure 48

. by the E] symbols. The solubility of silica dust in water by Brown

et al (117) does not agree with the above data. The data indicate

a sharp solubility minimum in the range of pH of 2.2 to 3.0. (as in-

dicated by the(?’symbols) suggesting that the iso-electric-point is
in this range. Brown et al state that the high solubility of quartz
is due to a highly soluble disturbed surface layer. 1In concluding,
it may be said that the thermodynamic data for quartz-silica-water
system is not complete and that the iso-electric-point can only be

determined experimentally in each case.
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FIGURE. 48

1SO-ELECTRIC-POINT OF QUARTZ

QO - sSolubility (117)

(] - 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.)a -2.60| -2.60 | -2.60 | -2.60| -2.60 | '-2.60 | <2.60
HyS107:), [-12.26 [ -10.26 | -8.26 | -6.26 | -2.26 | -0.26 | +1.74
uzsmz‘%r‘:‘" - - |-15.96 |-11.96 | -3.96 | +0.04 | +4.04
usm,:3 - - - |-17.96.| -5.96 | +0.04 |+6.04
sm;" - - - - -7.96 | +0.04 | +8.04

Concentrations are expressed in .loglo(molesll.)

The most important feature of these calculatioms for rutile,

baddeleyite,fand'hematite‘is the fact that the iso-electric-point

of the complex solutions agree so well with the measured zero-point-

of-charge. (Rutile -0.3 pH units, baddeleyite -0.8 pH units,

hematite -0.2 pH units).
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Floatabilitz

In the concentration range 10 to 1000 pmoles/l., a maximum

recovery is reached. At higher cbncentrations, the recovery decrea-

ses. Qualitatively, the decrease in recovery coincides with a de-
€rease in the work of adhesion and with the completion of adaérp-

tion on the surfacg. 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 in ba-’

sic solutions.

Tests on quartz-hematite mixtures indicate that, although‘
floatability is high, the selectivity is poor in neutral solutions.
The use of modifiers is required as indicate& by the last series of
tests. The use of a pH modifier (1 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:-

i-———o
H_OH n

| 2 _

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 gfoups,in the starch
would“tend to render the surface hydrophilic even in the presence of

amines. Further work is necessary to clarify this point.
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Surface Free Energy

Applying Gibb's adsorption equation to systemsat constant tem-

perature, pressure, and ionic strength, it can be shown that

dy == 2 1".1"dl~li
i .
= - - I\ - 0 ' ‘
FCy - Top Mgbigy- % 67)
where Hi = 2,3RT log-ai

By combining these équafions,

dy = - 2.3RI(FH+ - Pog~) d(log aH+)

2.3RT (T - I‘OH-) d(pH) (68)

where Yy 1is the surface free‘energy (oi interfacial ene:gy) of the

solid-1liquid interface in ergs/cm.2

By integration of the above equation, the change in surface
free energy from that at the zero-point-of-charge may be expressed ésA'
pH
y-v, . = 23RTJ (r_, -T__)d(pH) (69)
o - OH
pH=zpc

where Y, is the surface free energy at the zero-point-of-charge in
ergs/cm.z. The graphical integration of the adsorption density vs. pH
curves (Figures 32 to 34) will yield 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 solid surfaces,
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only the change in surface free energy may be calculated as shown

in Figures 49 to 51 for hematite, rutile, and baddeleyite. These

results are tabulated in Table LX of Appendix VIII.

Applying Gibbs-Duhem and Gibb's adsorption equations to the
results obtained with dehydroabietylamine acetate at constant tem-

perature and pressure, the change in surface free energy may be ex-

préssed by the relation :~

= - -7 - -T . d
dy = I“mmg Aot = Toac” oac- ~ 1,0 P, 0

3 2 2
+ C o
But n Aot * Poac- Wose t 0 a0 0
3 3 2 2
and n =n, o5 dupo 4 = Ao, -
RNH'; OAc RNH c
4

therefore dY = -{PRN@ + ‘POAC- - Fnzo ( rﬁi o )} duRN'H;
2

where FRNHgsTOAC' fFHZO refer to thé adsorption density of dehydroabietyl-

aminium fon,acetate ion,and water respectively at the solid~liquid interface,
and n -

. RNH§ » Dopem 2 and nHZO are the number of moles of dehydroabietyl
aminium 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

negligible (99),

Tonem = 0
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FIGURE 49

DECREASE IN SURFACE FREE ENERGY OF HEMATITE VS. pH

. 1074 N KCl

10-3 kel
- 10'2 N KCl
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FIGURE 50

DECREASE IN SURFACE FREE ENERGY OF RUTILE VS. pH

0 - 1073 N k1
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- 1072 x kel

v - 107! N kel



LA

-200
-400

- AOYIN3 334 30VHUNS NI 3

-600

ONVHO

10



-155-

FIGURE 51

DECREASE IN SURFACE FREE ENERGY OF BADDELEYITE VS. pH

0 - 1073 §xa
JAN
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Vv - 10°} ¥ kel
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the equation reduces to the simple expression

: = d : 70
dy FRNHB “RNH* (70)

where PRNH+ now refers 'to the adsorption density of the aminium

ton’ relative to that of 'water which by convention is: assumed zero.

'Since -the concentrations used in ‘this- investigation are low, °

the activity (aRNH+) 1n solution may - be replace& by the concen-‘

tration (CRNﬁ;) Integrating equation (70).:-

v
.
<
n

o - £ (2.3RT I‘F]“{+)d(log 2t
. o |
- 2.3RT. [ (T, 4)d(log C__.+) (71
o -

RNHy RNH

where Yo is the surface free energy of the solid-liquid interface in

the absence of the collector (aminium ions). rRNH% may be related to

the concentration by the adsorption equation

. n
PENH"' = kcmm‘.g .
The decrease in surface free energy is simplified and integrated as

follows:~

d(Cp it )
mm3

2. 3C

y-y°=-23RTf chNH;(

w

RTk o0 »
= - == O
n RNH; (72)
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The decrease in surface free energy as a function of concentration
.of amine for hematite, rutile,vduéttz,'and baddeleyite is shown in
Figure 52. Results are tabulated in Téﬁle LXI of Appendix VIII. The
cﬁange in surface freé energy aé';}fungtiﬁn of,thg adgorptiqnfdensity

iskrecorded in Figure 53.

The‘change in:su:face free ene:gyfof-fhé hematite-liquid
surface per unit pH 1s:between,1{5‘ahd 6;6 érg‘s/cm.2 near the zero-b
 point-of-chargé, dépending on the ionic strengtﬁ, which ié similar
to the range of 1.0 to 2.5 ergs/cm.2 reported by Pafks (99). These
results also compare favourably with those using a silver sulphide-~

liquid surface (i.e. 0.5 to 1.5 ergs/cm.2 (133,134)).
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FIGURE 52

DECREASE IN SURFACE FREE ENERGY AS A

FUNCTION OF AMINE CONCENTRATION
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Hematite
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Jgp>0O0

- Baddeleyite
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FIGURE 53

DECREASE IN SURFACE FREE ENERGY AS A

FUNCTION OF SPECIFIC ADSORPTION

O - Quartz

D ~ Hematite

/A - Rutile

¥V - Baddeleyite
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the potential‘detefmining ions (31,32,33,63). At constant pﬁ, v
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Proposed Mechanism and Discuséioﬁ

The adsorftion isothgrmé obtained in tﬁis 1nve§t£gation,ihdif
cate that the weighﬁ of-dehydroabiétylamine adsorbed;per unit sur-
face of mineral is propoffional to the s@uare root of the concen~
tration of déhydroabietyiamine'in soldtioﬁ.‘ in_thé cage,of oxide 
minerals, it is accepted tﬁat the hydrogen an& ﬁydioxyl-ions'are

o
is constant, and the charge density in the diffuse layer may be

written as

o4 = AVn

| IDKT zey Y |
where A = sinh [ : °] (73)
_ N akT ‘

Since the amine salt is the only electrolyte added to the solution

and is almost completely ionized in the vicinity of pH = 6,

'Eq. (73) can be replaced by Eq. (74) which relates the charge per

unit area of the diffuse layer, T4 to the concentration of amine

salt, C

PRNH; = o4 = . AVC (74)

When the ﬁinerals are placed in solution, the double layer is
developed 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-

ally represented by
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The adsorption of the heteropolar organic compound on the
mineral surface occurs by a reaction 1nvolving the double 1ayer, Since

the adsorption may be expressed. 1n terms of the charge of the diffuse

- layer, the dehydroabietylamine ions may be said to be adsorbing in. the

diffuse double layer.

The effect of the 2ero-point-of-charée on the~quantitj,of amine
adsorbed appears to be minimal. The quartz specimens adsorb the lar-
gest amount of amine ahd have the most negative 3urfaee. However,
hematite has a strongly positive surface and adsorbs. the second lar-
gest amount of amine. This may be explainedbby 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.



At the zeroépoint-offcharge of each.mineral wiéh the except:i.orrj
. of quartz, there is considerable adsorption on thg minéréi sgrface.
This may be explained 5y the interaction of the aminium ions with
~ hydrogen ions of the hydrated su;face,1ayer in théQAbsehce_of’gv

double layer. Ihus, thevinteraction may be written as

N
N

It is also possible that‘metal-amine complexes are forﬁéd‘similar
‘to those suggested by Arbiter, Keliogg,.and Taégart'(ISO)r Howéver,
since no evidence of the existance of oxide-amine compoqnds has beeh
reported; it is not likely that these compounds are invoived. The
possibility of the adsorption of undissociated amine spch as that

favoured by Cook (131) is .feasible but does not satisfactorilﬁ ex-

plain the dependance of adsorption on the square root of the bulk ~

concentration.

I1f the surface .is positively charged, such as the hematite
gsurface 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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0/; O/H
\M/ " + RNHY === \:/ S + ow
e H 3 . H y
\o/ 7\

@ ’ o0 &
\H> : ' \HNR

2. Aminium ions may react with hydroxyl ioms in the.diffuse.
double 1a&er to fbrm oxyamine compounds such as:i-
. - — e ok
o+ RNH'; == OH,NR™  + H
3. Aminium.ions may exchange with the remaining hydrogen»ions'

(concentration of hydrogen ions is less than that of hydroxyl ions)

in the diffuse double layer, which may be represented as

H (diffuse layer) + RNHj(bulk) == RNH(diffuse layer) + H'(bulk)

4. Undissociated amine molecules may adsorb;spébificaily,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. Awminium ions may adsorb.on the negative.surface thus re-

ducing the net negative charge - .
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////0 + RNH¥ ===;=4 Mf///
\\\\0 .. | \\\\OH3NR

2. Aminium ions 'may exchange with the hydrogen ions in the
diffuse layer which are present in excéss'of'hydroxyl ioné.

‘3., Amipium ions may react with hydroxyl ions of the diffuse
layer even though the concentration is less than the hydrogen ion

concentration.

4, Undissociated'amine_may adso:b.specificall&;in ﬁhe Stern
layer.

All the methods areequivalent in that they represent merely
different paths to the same end product:- the adsorption of the
amine group withopt'the desorption of metallic ions into the solution..
The first three represent a release of hydrogen ions into the bulk
solution from the interfgce whereas the four;h one involves no hydrogen

ions. Qualitatively, a small pH decrease was noticed during the ad-

sorption tests.

DeBruyn has discussed the effect of amine concentration on

pH of a solution (62) and has derived the following expression:-

2 (ut ~ - 0 (73
+ ] -— - : = 75
. [1+] L 4+ ]
Kb[l'fl'] K

a
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wheré m is the total amine concentration, Kw is the ioniéatiqn
cohstént for water, K . is the basic diésbciation constant of thé
amine, and Ka is the acidic dissociation constant ofbacet;c'acid;
The curve is sigmoidal in shaée starting at pH =7 for zeroiaminé’
concentration, turning to ﬁigher pH vélues; ahd assymptotically |
approaching a pH of about 7t4fat high amine qoﬁcentfatiqhs., In_ 

the present étudy,’a qualitatively similar relationship:was fdund in

t

. the pH range of 5.3 to 6.0. If the effect_of other:VariableSis,the‘

same on all samples a pH shiftvof this type is expected.

- Adsorption according to ﬁhe third mechanism is not likely to

occur in practice, since the concentrations of hydroxyl and hydrogen

_ions in the double layer are not in excess of those in the bulk so-

lution. The adsorption is most likély to occur by interaction with
surface hydroxyl groupé near the zéro-poipt-of4charge; by inter-
action with the surface -OH; groups or OH~ ions in the diffuse
double layer when the surface is positively charged; and by inter~
action with surface -0 groups or H" ions in the diffuse double

layer when the surface is negatively charged.

The deviation from the straight line relationship between
adsorption and concentration at high total amine concentration
may be explained in terms of Langmuir's concept of adsorption. When
the first layer of ions adsorb on the surface by attraction to a
negative site (i.e. an -0~ surface site or space left vacant by a

hydrogen ion), the tail of the hydrocarbon chain or group becomes



-166-

slightly electronegative and the amine head slightly more electro-

positive than the simple positive ion. Thus, by,induction,‘mofe than

. one layer of amine ions may adsorb, especially if there is a lérge

number of unsatisfied adsorption sites on the surface. Layers of

ions continue to build ﬁp but the attractive fprées becqmF.sdcééa?
sively weaker as the number éf layers increase énd tﬁe adSorbe&
material becbmes more 1oose1yvbound.' EVentually, the'capgcity‘ofvthe7
surface to hold amine ions is reached énd further increases iﬁ éon-
centration have’n; effect.. As shown in the resﬁlts; the{dgviation:méy
be considered as a form éf La@gmuir's equaﬁion if fhevmaximum adsdrp4
tion, Po, is considered not»as a monolayef but as the méximum’weight
of amine that the surface can adso;b. The maximum coverage'is in the
order of 5 to 8 monolayers. If the length of the amine»mﬁlecule is
about 16 g., the thickness o% 5 to 8 monolayers is 80 to 128 3.,

which is comparable. to 77 ®. (99) and 97 &. (30) found in similar

systeuns.



CLAIMS TO ORIGINAL RESEARCH

Adsorption isotherms in: natural solutions have been determined
for dehydroabietylamine acetate on.quartz, hematite, rutile, and

baddeleyite.

~

The effect of pH on the adsorption of dehydroabietylamine acetate'

on quartz, hematite, rutile, and baddeleyite has been determined."

The surface tension and equivalent conductance of dehydroabietyl-'

amine acetate solutions have been determined in the range 0 to ’
2000 mg./1. Ao and 1c for'dehydroabietylamine'ionfhave;been cale
culated. The ionization constant Kb -has been determined to be‘
4,2 X 10-5 moles/1l. The solubility of dehydroabietylamine (undis-
sociated) has been found to be 4.0 mg. of amine acetate/l. or
1.16 umoles/1. |

The ‘ion concentrations as a function of pH have been calculated

-+ .
for RNH3, RNHZ(solution), and RNHZ(precipitated) where R is the

dehydroabietyl radical.

The contact angles of the ailr-dehydroabietylamine solution-mineral
oxide system for each of the four oxides studied have been deter-
mined as a function of amine concentration.

The work of adhesion for each of the above systems has been calcu-
lated.

The zero-point;ofécharge of each of the four oxides under study
has been detefmined. 1t is necessary to establish this point as

-

there are wide variations in reported values in the literature.
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Surface charge densities. and differential capacities have been

calculated for hematite, ruﬁile,.and‘baddeleyité as a function

. of hydrogen and" hydroxyl- ion adsorptibn.

"Changes ih.surféce free energy have‘been‘calculatéd for hydrogen;

a@d hydroxyl ion adsorption an& for amine adsorption according
to Gibb's equation.
Floatébility tests in a Hallimond tube were conducted to correlate’

practical and theoretical aspects of flotation with dehydroabietyl-

amine as a collector.



SUGGESTIONS FOR FUTURE WORK

In most mineral separation_investigations associated with ad-

sorption processes, information isnlacking‘concerning the heats

of adsorption. A better understanding of the mechanism involved

- might be obtained fronlheat of adsorption studies.

In the work reported in, this thesis, the cross-sectional area of

the amine molecule or ion was assumed to be 50 R Accurate

determination of this value could be made from a study of the

uni-molecular f£ilm behaviour on a surface balance. The effect

of pH on the size of the ion or molecule (if any) should also be
determined.r | |

The accuracy of adsorption studies is}dependant on the sgpecific
surface determinations. For any study of this type, B.E.T.
surfaces should be compared with the results of liquid phase
surface areas obtained by radiotracer or negative ion adsorption
techniques.

To shorten‘the time of analysis and to measure small specifie
adsorptions (such as at low pH values), procedures to use radio-
tracers to determine quantities of collectors adsorbed should be
established.

A scientific study of the effect of various starches used as a
depressant for hematite on collector adsorption, contact angle,
and floatability should be conducted. Also, adsorption isotherms

for starches should be determined.
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6. The critical micelle céncenfration of dehydroabietylamine shouild
be détermined. The effect of micelles onnthe adsorption and flo-
tation characteristics sﬁould»ﬁe invesfigatéd.

7. The effect of temperatﬁre is an 1ﬁpor£ant véfiable in adsotption
processes; Due to'its effect on many other variébleg, 11;t1e'
work has been dshé to invéétigate(the compléxwéffect of this.va-
riable on collector adsorption. |

8. More infprmation céncerhing the»attachment of ioﬁs to surfaces,
the distribution and nature of adsofﬁing species ié fequired;

9. Co-adsorption studies using cationic collectors ;nd other in--
orgaﬁic cations should be undertaken to determine the effect of

the other ions present in solution.
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APPENDIX I

ANALYTICAL METHOD FOR THE DETERMINATION
OF DEHYDROABIETYLAMINE ACETATE



-172-

In order to determine the, adsorption of- dehydroabietylamine
acetate, a rapid and accurate method was required. Colorimetric
determination, developed by Hercules-Powders Inc.; and used by.
Nemeth, was adopted with modifications-as a suitable method for
aqueous systems, containing from one to fifteen mg /1. of dehydro-~

abietylamine acetate.

Chemistry of the Determination

The method is nased on theAformationyof-a;yellqw colnured
salt 1in acidic aqueous‘solntions resulting from the reaétionlonthe
amine group of dehydroabiefylamine or its salts with the acidic form
of bromophenol blue. queﬁer, since bromophenol blue is:an'aqueOuS'
pH indicator, it forms a yellow complex with hydrogen ions:below a, pH
of- 3.8 which interferes with the determination. A portion of the amine
complex, relatively insoluble in water, is .extracted into chloroform
from the mixture of complexes. It is recommended by the author that
the sodium salt of bromophenol blue be used in place.of bromophenol
blue since the former is more soluble in water. Bromophenol blue
solutions (0.04X) are supersaturated and the use of .them may cause.
erratic results. Excess bromophenol‘blue is not soluble in chloro-
form and does not interfere with the analysis. The colour density
of thevchloroform extract is proportional to the amount of amine
group present and.nan be measured visually, with photoelectric color-

meters, or with spectrophotometers. Appropriate adjustment of sample
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concentrations enables application of this determination to a wide
range of amine concentrations. However, large dilution factors tend

to decrease accuracy.

Procedure

Range O - 15 mg./1
Accuracy + 0.03 mg./1.

Into a 125 ml. separatory funne1,~pipet-éxact1y 25 ml. of sample

~solution, 5 ml. of glacial acetic acid and 8 ml. of bromophenol blue

solutibn (0.04% sodium salt of bromophenol blue). After mixing, allow
;olution to stand ten minutes. Pipet exactly 25 mi. of éhemically‘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 cells (3 ml.) and measure

thé absorbance immediately against distilled water using 0.11 mm. slit‘open-
ing at a wavelength of 410mp. For an accuracy of 3'per cent;ali'readings
must be within 0.010 absorbance units and duplicaté tests must ‘be within

0.030 absorbance units.

A calibration curve is constructed from carefully prepared standards
of 5,10,15 and 20 mg./l. dehydroabietylamine acetate. It was found that
the 20 mg./l. standard did not obey Beer's law, hence the method is re-
commended up to 15 mg./1. only, The calibration curve is shown in

Figure 54.
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The bromophenol blue solution has a tendancy to v#rg-its‘effecttve;
ness. It has beeq reported by Nemeth (77) that fresh.solutions must be
made up daily as it decreases its effectiveness.approximately ten per;
cent per day. Experience in this investigationpwith;the sodidm‘salt of
bromophenol blue has indicated a scatter rather than a decreasé,iq;its
effectiveness, Tgmpétaturé of the solutibnslis probablj_more important“
than time,but the effect can be corrected for when § stan&ard an& a

' blank are analysed with each lot of samples.
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FIGURE 54

CALIBRATION CURVE FOR THE ANALYSIS OF
DEHYDROABIETYLAMINE ACETATE BY

SPECTROPHOTOMETRY
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'APPENDIX 11

STANDARDIZATION OF HYDROCHLORIC ACID
'AND SODIUM HYDROXIDE
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Standardization of Hydrochloric Acid

Three accurately weighed dry samples (approx. 2 gm.) of
sqdium carbonate (Baker Analysed, A.C.S. grade) were dissolved
in 25 wml. of conductivity water. Three drops éf 0.1% phenophthaléin‘
solution (in alcohol) werevadded. Titration was continued until no
pink colour returned after one minute boiling to remove carbonic

acid.Results are tabulated below:~

Sample No. Weight of Volume of Hbrmality
NaZCOS(gm.) HCl(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 Hydroxide

Twenty five ml. aliquots of standardized hydrochloric acid were
titrated with the unknown solution of sodium hydroxide using phenophtha-

lein as the indicator. Results are tabulated below:-

Sample No. » Volume of - Volume of Normality
HC1(ml.) NaOH(ml.) 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



-
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The surface area of each sample was determined usihg‘the
Brunauer, Emmett and Teller method of gaseous adsorption,'described
previously (15).

' P P .
If a plot 0f ————— against —— 1is drawn, a straight line
v(P -P) . P
o [o]
should be obtained having a slope of 5:% and an_intergept of 1/vmc.
Linearity is generally obtained in the relative pressure range of
0.05 to 0.35. The linear portion depends on the value c, for example,
when ¢ = 100, the monolayer point occurs at a relative pressure of

about 0.1 andywhen c¢ = 1, the monolayer is reached at a relative pres-

sure of 0.5.

In the present investigation, the surface area was determined
by krypton and nitrogen adsorption at liquid nitrogen temperatures

using the apparatus described by Salman (132). The surface area covered

2

-

Similarly, one cubic centimeter of nitrogen at S.T.P. covers 4.36 M?

by one cubic centimeter of kryptqn gas at S.T.P. is taken as 5.24 M

of adsorbent.

As shown in the following B.E.T. plots, straight lines were
obtained in all cases. The following tables contain all the calcula-

tions required to determine the specific surface of each sample.
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TABLE XXIII

KRYPTON ADSORPTION DATA»FOR’SURFACE AREA DETERMINATION

Test | Total McLeod Sample |Adsorbed | Krypton McLeoa P P
No. Volume Volume Tube ‘Voluge Py Pres- P° (PO'P)V
. Volume ‘ : sure’,
cc.STP. cc.STP. cc.STP. | cc.STP. mm. Hg, {mm. Hg,
Coarse.Heﬁatite(A)
1 0.061203 | 0.023367 | 0.002106| 0.035730| 2.570 |0.22 }0.086| 2.620
2 | 0.088280 | 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 71 .267
~ |Coarse Hematite(B) .
1 -0.071115 | 0.025508{ 0.002227{ 0.043380| 2.605 |.0.24 |0.092| 2.339
2 0.100845 | 0.043695| 0.003805 0.053345 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 0.060595 | 0.037250| 0,003078 0.020267 2.493 |.0.35 |0.140| &.059
2 0.081987 | 0.054352| 0.004486| 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 6.122498 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 |0.08L| 4.198
2 0.086324 | 0.053106 | 0.004212] 0.029006 2.458 | 0.50 [0.203| 8.804
3 0.105583.}1 0.065896 | 0.005223] .0.034464 2,465 | 0.62 }0.252] 9.804
4 0.124262 ] 0.080640| 0.006403] 0.037219 2.468 | 0.76 |0.308]11.955

continued...
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TABLE XXIII(continued)

Test | Total McLeod | Sample Adsorbed | Krypton|McLeod P_ - P
No. Volume Volume Tube Volume P Pres-| P |(P - P)v
. . 0. . j .0 o
e «.» | Volume SRR B ‘sure :
cc.STP. | cc.STP.. | cc.STP. | cc.STP. mm, Hg, | mm. Hg-
_ v Silica(C) _ _ ) o
1 | o.054612 | 0.021030 | 0.002908 | 0.030674 | 2.532 |0.20 0,079 | 2.79
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 | 8.159
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}0.021 0.378
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 |0.40 [0.157 | 1.341
4 | 0.244474) 0.067660 0.009870 | 0.166944 | 2.560 §0.65 [0.254 | 2.039
Rutile(B)
1 | o0.066987 | 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 10.064 | 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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FIGURE 55

.B.E.T. PLOTS FOR KRYPTON GAS ADSORPTION

- Silica (A)
- Silica (B)
- Silica (C)
Hematite (A)
- Hematite (B)
- Rutile (4)

ovde OO

- Rutile (B)
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TABLE

XXIV

NITROGEN ADSORPTION DATA FOR SURFACE AREA DETERMINATION

Test| Total Bulb’ ‘Sample Adsorbed Nit- Bulb P P
No. Volume | Volume Tube Volume | roge Pres-] P (P _~-P)v
. . | Volume P, sure | . ° ° 3
cc.STP.| cc.STP. cc.STP. cc.STP. | mm.Hg.| mm.Hg, x 10
, Baddeleyite .
i | 10.482| 4.833 | o0.236 | s5.413 778 | 14.8 [0.019 | 3.582
2 10.482 4.454 0.352 - .5‘676 778 22 0.028 5.127
3 | 10.482 | 3.993 0.448 | 6.041 778 | 28 o.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 lo.074 | 3.801
2 36.218 11.649 1.251 23.318 778 101 0.130 | 6.407
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

. B.E.T. PLOTS FOR NITROGEN GAS ADSORPTION

O. - Hematite

D - Baddeleyite
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DETERMINATION OF SPECIFIC SURFACES
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TABLE XXV

'Sample Weight B.E.T. B.E.T| v c Specific
’ Slope Inter4 ) Sugface
go. cept | cc.STP. cm”/gm.
C.'Hematite (AY 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 | 0.23 | 0.1580 30.2 3520
| Average © 31,2 3610
Baddeleyite 1.8763 0.1416} 9.5 7.011 150 162,900
x10~% )
-4
x10
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APPENDIX IV

X-RAY DIFFRACTION ANALYSIS



@;

LR

-187-

FIGURE 57

X~-RAY DIFFRACTION PATTERN FOR ¢-QUARTZ

Copper Radiation

40 kv, 19 mA, 1 ‘hour.

Magnification 2,1 X
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- ""TABI..E;!’GNI S

X-RAY IDENTIFIGATION OF
- a-QUARTz k.

1/: ——
"'*‘gﬁﬁfiiliﬁ“

)'dl

T d ;vf.;Errot:f ,
| caras-oassl

]aiizo 16
H*Qizs 9
:27.36°

}zo 71

}26 66

Lsi0e

| 40056
la2ate .
- 46.26 -
150,26

’64 .36 , L

66.06-

68.36

'73.66

77 .96

80.06

‘81.46

83.96
84.96
87.56
91.06
92.76

194.96

96.36
98.86

102.46
104.26
106.66

s f2
R

15

f 40

1.20 ’

30

50

10
15

25

25
10

20

10

10
10
15
10
10

10

1.18
1.15
1.14

-1.11

1.08
1.%

.1.04

1.03 -
1.015
0.989
0.976
0.961

2. 458 &
2,282
2,237

- 2.128 |

1,980
. 1.817:
{1 .672

1.659 |

- 1.541
"1;453

- 1.418

- {1.382
11,375

1.372 |

1.288
1.256

{1.1997
1.1973

1.1838
1.1802

11.1530
1.1408
1.1144
1.0816
1.0636

{1 0477
1.0437

1.0346
1.0149
-0,9896
0.9762
0.9607

o028 |

=0, 012

<0008 | -
=0.020 1

=0.003

-0.012- | "
+0.001 " .

-0. oir |

=0.013

0.005

| -0.008 - .
: { -0.012

-0.002

'-0.008
=-0.006
-0.008

{+o.0003,

+0.,00027

-0.0038
-0.0002

. -0,0030
-0.0008
-0.0044

-=0.0016

-0.0036
{-0.0077

-0.0037

~-0.0046
+0.0001
-0.0006
-0.0002
+0.0003

 3.-0 003;r;z;,,,,h

> ‘nabx NS W

PYATAY®

A )
NE=E=ENNDND DN =

continued.,..
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~ TABLE XXVI (cont'd)

o Q-QUARTZ

20

1

114,56
115.76
SRS 55 ST 56 T R
| 120.16
122,56
126.96
131.06
}132.8
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

o (est) |

2

momohG

gt -
Vo Ulo M= =

el

v L SO0 NN

==
o oun =

.916
f: ;910 .
ff_}898 .
.. .889

861
847

- .836

.830

- .826

.820

. .812

.810
.805

.798

792

.786

* There is no comparison for these lines. They are assuméd to

belong to the q-quartz pattern.
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X-RAY DIFFRACTION PATTERN FOR HEMATITE

. Iron Radiation.

25 kv, 11 mA, 1 hour
Magnification 2,1 X
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| TANE XWIL

20 | T/1g
] iCesty)

R 7 )

a e
" /|card No.2-0942 .

730,72
38.12 |
| s2.02 -
45,12
51.92 |
6312 |
+.69.22
74,02
'80.72
1 83.02
| 90.82.
94,52
99,72 -
103.12.

107.92
111.52
115.12

1121.52

123,12
131.62
136.12
154.52
155.62

- t
RV RC R

e
acopN=oO

-t

_1; le_” i

HERENNDNNW
L]

e e
[ ) [ 3 -®

Y el el

0.0l-'

ER RN NWW SN ONUNNOR

H .

oN T

26 | x0.01

co28L
20200
L T
T 1106000
118
0135
k.31
1.23
- L21
- 1.16
- l.14
1,10
~'1.10

1,05
1.04

0.99

+0.002 |
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X-RAY DIFFRACTION PATTERN FOR

SYNTHETIC RUTILE

Copper Radiation
40 kV, 19 mA, 0.5 hour.

Magnification 2.1 X
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TABLE«XXVIII

. X-RAY IDENTIFICATION OF
SYNTHETIC RUTILE

100 |

20 | I/14 d o a | Error | 1/1y |
(est.) Card 4-0551 v :
27.64 100 . 3.23 3,245  =0.015
36.24 | 60 2.48 2,489 |- -0.009" 41
1 38.74 2 . 2.32. 2,297 -+ 40,023 | . T
41.14 40 72,19 . 02,188 |"+0.002 22
| 43.94° .5 2.06 2,054 ‘40,006 9
54,14 - 80 1.694 1.687 - .| -+0.007 - 50
56.54 40 1.627 1.624 | +0,003 16
62.54 10 1.485 . .1.480 . 40.005 - 8
63.84 10 1.457 " - 1.453 +0.004 6
68.54 40 1.369 1.360 “+0, 009 16
69.44 40 .. 1.353 -1.347 40,006 - | 7
1.305 : IR PR O
76.24 2 1.249 1.243 +0.006 3
: : 1.200 R 1
82.24 2 1.172 1.1700 +0.002 4
83.94 2 1.153 1.1485 +0.0045. 4
, - ' 1.1140 o 1
. 89.24 4 1.097 1.0933 - 4+0.0036 4
90.14 2 1.089 1.0827 0.0063 4
94.74 5 1.048 1.0424 - +0. 0056 5
95.14 5 1.044 1.0424 +0.0016 4
96 .44 1 1.034 1.0361 40,0021 4
1.0273 , .3
105.54 2 0.9686 0.9642 +0.0042 2
115.84 1 0.9098 0.9071 +0.0027 —~*3
117.24 1 0.9030 10.9007 +0.0023 3
119.74 4 . 0.8913 0.8892 4+0.0021 5
122.24 4 {0.8795} . Lo :
123.14 4 0.8780 0.8773 +0.0014 6
130.84 2 {0.8469}
131.54 2 0.8467 0.8437 +0.0031 5
135.94 4 {0.8309} ,
136.74 4 0.8306° 0.8290 +0.0017 5
139.44 10 {0.8210} ,
140.64 8 0.8200 0.8196 +0.0009 8




R CTEN

X-RAY DIFFRACTION PATTERN FOR

PRECIPITATED ZIRCONIA (BADDELEYITE).

Copper Radiation
. 40 kV, 19 mA, . 1 hour.

Magnification 2.1 X
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TABLE xx1x -

X-RAY IDENTIFICATION OF PRECIPITATED

ZIRCONIA (BADDELEYITE)

e |

T
.(est})

4

| Card 7- 343

| 2418
| 2848

‘f3°-385 N
31.58 | -

34,58 |
- 35.18.
| 38.58

40,78

- 45.28
49.38
50.38

| s3.88
 55.38
57.28

. 58.28

60.08
61.28
62.78
64.08

65.78

71.18
74.58
81.48
85.18

93.78
95.18
96.38
96.38
98.68

101.28

103.38
110.48
115.38
120.28

123.68

125.88

'7o:f
- 100

100
. 60
l‘ i0’ S
10

-

HFN RRREERERERERNDERRERDREREDROOROREENOVOULWL

3. 681§y“ff
3. 134_;g~"

L. 2,942
e 833.i;‘

2594 |
2. 541&;W:~~1-
2. 334;-»

2.003”
1.845

1.811

1.608

1.583

1.540 |

1.513
1.480
1.453
1.420

-1.325

1.272
1.181
1.139

1.107 -

1.056

1.044

1.034

1.034

1.016

0.9971
0.9824
0.9383
0.9121
0.8889
0.8744
0.8657

25405

[ g

2 84 . | . e
{2 62 g
2,60

2,54 .

2,33
2.21

2,02

t1.99

©1.846 .
©1.877

1.693
1.655

:1.609
1.581

1.542
1.508

1.477
1,449

1.420
1.322
1.262

&;,;3'69fffcl
*'2 95

. -0.001

+0.008

- 40.002
-0.002
+0.005
+0.003
+0.004

" 0.000
+0.003
+0.010

" +0.003 | -
{-0.017 |
+0.013

-0.006 .

*2.92
2.95

100%
70%

line of Zr02(cubic) Cgrd'7-337
line of Baddeleyite Card 2-0464 .
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: The]exposure-of‘these films was difficult;in two cases. First,
the exposure of rutile to X-ray radiation caused considerable fluores-F‘

cene of the titanium atom, due to its low atomic weight. Iron radia-

tion caused complete fogging of the film and copper radiation was better

but not perfect. The forward reflection region was clear but the back

, reflection was fogged. The use of a molybdenum target would compress
. the diffraction lines in the forward region. The best solution would bet'
‘ the use of a chromium target which was not available.. The best com-

' promise was the use of the copper radiation as reported in Table XXVIII.7"

Second, the zirconia (baddeleyite) was so fine that it caused
line broading and a diffuse pattern in. the back reflection region.

However, it was found to be clear enough for this work
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A

CALCULATION OF SURFACE CHARGE DENSITY

AND DIFFERENTIAL CAPACITY



-1

The surface charge density may be calculated from the adsorption

density byAusingvthe following conversion factors

| 1 mole »é 6. 023 X lO23 molecules

.‘l electronic charge = 4 803 x 10 e‘a.u.

RN coulomb. 106 pcoulombs.

Ctpmete = 10%meles.

'One-must-assume that there is one electronic charge on each

A

: hydrogen and hydroxyl ion‘and that a mole of each contains 6 023.X 1023

electronic charges.. Hence, the surface charge density is determined

"-as follows.

Surface Charge Density, a = Adsorption Density (FH+ -)(Egglsg)

x 10 (“°1es) X 6. 023 x.1023 ;22§§§3122>,. 3

. 10 e-S’.u. - '
X 4 803 x 10 | (ESTZEﬁle)

' 10 ‘coulomb’ 6 Econ .
X 3 336 X 10 ge‘s;u. ) X 10 coul.

" (rg;?-l‘-' X 4,803 6:023:X 36 107 beoel.

(I‘H+ - r -] x 9.64 X 10 -EEQEL&

1f one assumes the B.E.T. surface area to be the same area as that ex-

posed.to'the solution and available for hydrogen and hydroxyl ion ad-
sorption, then the surface charge density for the hematite sample, ex~

pressed in terms of area available becomes
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) :

E‘!’,‘ ‘e‘4 ’v “'v; ,;IYJ7jt :,  ¥e;

I 4 Ecoul. _@. L1ME
o =(I‘ ,I‘ -) .X964X10 “X= X
Hem. ) H'" OH Hem. gm. 26 4 Mg '104 c‘mez..

Hem. L2

l;mxacf, ) lcoul..

’l.‘he differential capacit:y may be calculated from the di.fferention :

of the adsorption density with respect to pH or, more simply,from the. slope._'_:f_‘ L

of t:he adsorption density vs. pH curve.v 'I‘he conve‘aion factors invol-'v v

ved :ln add:l.t:ion to those in the previous section are. o

Y pH unit = - 0. 05915 volts
1 volt >= 3.3356 X 1073 . s.’u"(pot"l)

1l e.s. u.(capacity) =ll-_%._:__“i.-_%§%:_r_§2;

1 e.s. u.(capacity) = 1. 11263 X 100 “12 farads

B farad : = 10.6 pfarads ..

Using the same conditions as for the surface charge ,den's"ity,v the

differential cepacity, C\ ’ becoines:e

a(r R TR
gt OH (bmole )x 10 6( mole )“X 6. ozgxmza»(molecules)

ci d(pH) gm-pH unit umole ‘mole
10 e.s.u.(charge ' pH:uni
X 4.803 X 107 molecule 0 05915 ¢ voltt)
X 1 _volt X 1 (ﬁ.s.u;gcagl e.8.u.(pot'l)
. T ’
3.3356){10-3 e.s.u(pot 1) e.s.uf‘(charge)
X 1.11263 x 10 12 (—£& x 10° (B

‘e.s.u. charge)



bpecific Surface(?/gm.> |  26.4 163 | o037

0-200-

d(I‘Hn- ) 6. 023 % 4.803.X 1 11263 }.{'1164 fd
d(pH) T 0.05915 X 3.3356 E__gm.. e
L T - 1101;1') 30 % 105 g fa’ e

X 1.632 10°
4G L

sting the B E T.surface area, with the reservations expressedAabove,fff

'the differential capacity per unit area for hematite becomes.r :‘.’

: fdo .1 gm.. 21
¢ = (—B__OHy xi1,632x10° 2% y 2 BB
i(Hem.) ~d(pH) Hem, = -~ . Ele 964 MU

ar % I LT e e e
- lt OH v fd& S e e
- DT D gem. X1 L'cm. e e

The constants for each oxide are listed below

Constant - - Hematitevf‘ _;irconia. _Rutile

Surface Charge : » ‘
Density Conversion(gcoul.) 0.364 0.590 25.9
> .
Ipifferential cme
Capacity Conversion: ( d.] 6.19 10.03 440
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. ‘Sample Calculation

‘From Figure 29 at a pH 9‘.‘.'50,‘ thé éci,d Aac-l,_d‘i-!:;io:i:_s__.‘wzere ;a's""‘fo'lbl.'.dws..'i,-..f

_ No Hematite - 1.085 m¢.of 1.000.N HCL '
4 gu. fn: ' _ 0 995 ‘|-' _'" o " “ .:‘
The change . in ’voimié; = Volume with hematite

"=.volume with ‘no hema'tite
0 995 - 1 085 nw.

-0 090 m!, LT
Adsorption per grams, (I‘H.,_- I‘OH_) Change in Vol (m.&)x Molal:l. Z '

Weight of Hematite (gm )

0 090 FYR x 1000 p.mole/mz.
4 gm. '

= - 22 5 p.mo].es/gm.

‘d(PH'" OH") ( measured from) =~ 22, 9 P-mole/gm/pﬂ unit.
d(PH) © Figure 32
Surface Charge Density, g = (?_H-i- - FOH')"X 9:64-X. l04

= -22.5 X 9.64 X 10°

- - 21.6 X 105‘ pcoul./gm.

Surface Charge Density,oc = (Pl-f" - POH') X 0.364

- 22.5 X 0.364

== 8.2 pcoul. /cmé

d(C.,. - T ..
Differential (_.‘.apacity,ci = - ( il OH ) X 1.632 X 106
- - (- 22.9)X1.632 x 10°
6

37.5 % 10° pfd./gm.
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: .'-'Di:fferential Capacity;C W T s
B A ST R

=202 :

@Ta Ty
: __.H_"__.QH_ X:'6.19

= (- 22.9) X 6,19



TABLE XXX

CALCULATION OF SURFACE CHARGE. DENSITY AND DIFFERENTIAL CAPACITY

HEMATITE IN 0.1 N KC1 SOLUTION

TESTS No.23 AND No.24.

pH 'Acid Volume Change In [Adsorption BTy - POH') Surface Charge Differential
Solids |No -Solids{Acid Volume PH* - FOH'- d(pH) Density Capacity
mb. mk. mf. pmoles/gm. pmoles/gm. ucouljgm.pcohl/cm?' pfd./gn. ufd./cm?
_x 10-3 x 1076

11.12 ] 0.000 | 0.470 -0.470 =117.5 192.5 -113.0 -42,8 314 1190
11.00} 0.210 | 0.585 -0.375 - 93.8 130.0 -90.,3 | -34.2 212 805
10.751 0.500 ] 0.765 -0.265 -66.3 62.1 -63.9 -24,2 101 385
10.50 | 0.665 0.885 -0.220 -55.0 42,5 -53.0 -20.0 69.5 263
10.25 | 0.810 | 0.980 -0.170 -42.5 34.4 -40.9 -15.5 56.2 213
10.00 | 0.900 | 1.040 -0.140 -35.0 27.5 -33.7 -12.8 44,9 170
9,75 | 0.955 | 1.065 -0.110 -27.5 25.0 «26.4 -10.0 40.9 154
9.,50] 0.995 | 1.085 -0.090 -22,5 22.9 -21.6 -8,2 37.5 141
9.25]1.032 } 1.102 -0.070 -17.5 22.9 -16.8 -6.4 37.5 141
9,00 1.072 | 1.115 -0.043 -10.8 26.2 -10.4 =3.9 43,0 162
8.75]1.113 | 1.128 -0.015 -3.8 31.0 -3.7 . -1.4 50.6 192
8.501 1.153 1.140 -0.013 3.3 38.6 - 3.2 1.2 63.3 238
8.25]1.225 | 1.143 .-0.082 20.5 59.0 19.7 7.5 96.6 365
8.00) 1.350 | 1.147 0.203 50.8 64.6 49.0 18.5 105 400
7.7511.495 1.151 0.344 86.0 -92.6 82.8 31.4 151 572
7.50] 1.640 1.155 0.485 121.3 156.0 117.0 44,2 255 . 750
8.6341.133 1.133 0.000 0.0 . 35.0 0.0 0.0 57.0 216

~€0¢C-
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TABLE XXXI

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY ': i
HEMATITE IN 0.01 N KCl SOLUTION R

: 'VOZ-- ‘

TESTS No. 20 AND No. 2L.
pH Acid Volume Change In ' Adsorption PH+ - TOﬁQ Surface Charge [ Differential
Solids|No Solids| Acid Volume PH* -T - - E d(pB)  J :,  Density T_‘ Capacity ’
md. mé. ‘md. pmoles/gm. pmoles/gm. icould gm. ucoul./cm. ufd/gm. p.fd.A/c:m.2
' | w108 o A xw0® L
11,20 | 0.000] 0.380 -0.380 -95.0 .-119.00 =91.5" "=34.6 194 735 B
11,00 | 0.340] 0.610 -0.270 -67.5 : 90.1. 1. -65.0 | -24.6 | 147 558 | -
10.75 | 0.620] 0.820 | -0.200 -50,0  s0.9 | -48.1]-18,2 - | 8.0} 315 |
10.50 | 0,790} 0.940 | -0.150 -37.5 3.0 - | =-36.1]-13.7 | 55.5| ‘210"
10.25 | 0.900f 1.025 -0,125 -31.3 26,8 ) =30.17 "-1l.4 . | 40.4 ] 153
‘l10.00 | 0.978] 1.075 - | -0.097 -24.3 20.9 -23.4-| ---8.8 34,0 | 129
9,75 | 1.033] 1.108 -0.075 -18.8 18.4 <18.1 | -6.9 | 30.0 | 112
9.50 | 1.070] 1.135 | -0.065 -16.3 23.5 | -15.7] .-5.9 | :38.3 | 145
9,25 | 1.115] 1.155 | -0.040 -10.0 23,5 o 0.=9.6 | =3.6- | 38.3. -145
9.00 | 1.145) 1.160 | -0.015 -3.8 235 | e3ar| -1 | 383 145
8.75 | 1.125} 1.165 | 0.020 5.0 33,9 | 48 f 1.8 | 553 209 |
8.50 | 1.225] 1.170 | 0.055 13.8 | 4l 13.3| 5.0 | 62,9} 257
8.25 | 1.270] 1.172 | 0.098 24.5 41,6 23,6 | 8.9 | 62,9 257 |
8.00 | 1.315| 1.175 0,140 35.0 41.6 a3yl iz | ez 257
7.75 | 1.360] 1.177 | o0.183 45,8 41.6 44,0 | 16.7 | 62.9.} 251 |
7.50 | 1.400| 1.178 | 0.218 54.5 416 | 52,5 | -19.9 | 62.9 | 257
7.25 | 1.455] 1.180 | 0.275 1 68.8 55.0 - | 66.3 | 25.1. | 89.8 | 340
7.00 | 1.515| 1.182 | 0.333 83.3 65.7 | 80,2 | 303 {107 | 406 '}
6.75 | 1.600} 1.184 0.416 '104.0 - - 125.0 *100.0. | - 37:8 . 7204 - [ 772 Co
6.64 | 1.700f 1.186 - 0.514 128.5 - 133.2 . ’123¢Q,‘5;46;8ﬂ ﬂ’f217 825
18.90 | 1.162] 1.162 0.000 0.0 30.2° 0.0.}....0,0 49 2 . 187



TABLE XXXII

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL cAPAciTYf

HEMATITE "IN:'0.001 N KC1 SOLUTION
TESTS No. 17 AND No. 18..

- Acid Volume Change In Adsorption!_ Cu - Ton-|l- Surface Charge ‘Differehtial
Solids |No Solids | Acid Volume [T’y - POH‘?  d(ph) o ‘Dé‘ansit.y,:. R .c_apg,cityﬁ
md. ml. md. | vmoles/gm. pcoul/gm. pcOU]ng,:ubbulJcmgv pfd, /gmd ufd. /cmg
: _x1073 L %1076 |
11.00 | 0.355 | 0.645 -0.290 1-72.5 1 78.5 -69.9 | 7-26.4 {128 ] 486
10.75 |..0.600 |. 0.820 -0.220 -55.0  40.8 -53.0 | . -20.1 | 66.5 | 253"
10.50 | 0.765 | 0.955 -0.190 -47.5 33.9 -45,7 | -17.3 | 55.3 | 210
10.25 | .0.875 | 1.030 -0.155 -38.8 '30.8- -37.3 | -14.1 | 50.2 | 191
10,00 | 0.942 | 1.070 -0.128 -32,0 28,5 -30.8°|  =11.7 | 46.5 |- 176
9,50 | 1.015 { 1.115 -} -0.100 -25.0 23.6. - =24,0 | " =9.1 | 38.5 | 146
9.00 | 1.080 | 1.125 . =0.045 -11.3 23,1 -10.9 4,1 | 37,7 | 143
8.50 | 1.148 |- 1.140 '0.008 2.0 23,1 1.9 ) 0.7 | 37.7. | 143
8.00 | 1.202 | 1.150 0.052 13.0 " 23.1 12,5} 4.7 - 37.7 | 143
7.50 | 1.240 | 1.151 0.091 22.8 18.2 21,9 8.3 | 29.7 [ 113
07.00 | 1.277 | 1.152 0.125 - 31.3 - 14.3 30.1) 11.4 | 23.3 | 89
6.50 | 1.302 | 1.153 0.149 37.3 14,3 35.9| 13.6 | 23.3. | 89
6.00 | 1.335 | 1.157 0.178 44,5 14.3 - 42.8)  16.2 | 23.3 89
5.50 | 1.365 | 1.160 0.195 48.8 15.0 47,01 17.8 } 24,5 ] .93
5.00 | 1.415 | 1,163 10.252 63.0 20.6 - | 60.6.] -23.0 |:33.7 | 128
4,50 | 14465 | 1.172 0.293 73.3 28.2 - C70.6 |  26.7 | 46,0 |.175
4.00 | 1.565:} 1.205 0.360 90.0 41.7 - 86.7 32.8 | 68,0 | 258
3.90 | 1.605 | 1.220 0.385 96.3 58.1 92,8 35.1 }95.0 7] 360
3.82 | 1.640 | 1.230- 0.410 102.5 65.8 1. . 98.8 | 37.3 |108 | 417
3,75 |.1.665 | 1.240 0.245 106.3 73.0° | 102.6 | :-38.8 |119 . '} 453
8,55 | 1.139 | 1.139 | 0.000 0.0 23.1 00| -0,0:}-37.7 ['143 -

-G0Z~



CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY

TABLE

XXXIII

‘HEMATITE IN 0.0001 N KC1 SOLUTION

TESTS No.14 AND No.16..

pH . Acid Volume Change In |Adsorption P(PH+4PQH-iI Surface Charge | Differential

Solids |No Solids| Acid Volume| Iyt = Toy- L'd(pH) ]| Density . Capactty

wl. nd. mb. pmoles/gm. pmoles/gm. ticoul/gm. pcouL/cm? pfd;/gm.ufd./cm?

- R %1075 x10°6

11.15 | 0,080 | 0.360 .=0.280 -70.0 132 .} ~67.5 1 -25.5 | . 2157 816 -
11.00| 0.340 | 0.580 .=0,240 -60.0 447 -57.8 - | -21.9 | 73.0] 276
10.75| 0.635 | 0.810 -0.175 -43.8 32.2. -42,2. | -16.0 '52 51199
10.50| 0,785 | 0.945 -0.160 . =40.0 23.4 | -38.5 | -14.6 | . 38.2 145
10.25 | 0.890 | 1.027 -0.137 -34.3 22.0 | -33.0 | -12.5 | 35.9| 136
10.00| 0,960 | 1.070 -0.110 -27.5 21.7 | -26.4 -10,0- ] - 35.4| 134
9,50 1.043 | 1.120 -0,073 -18.3 o 21,7 | =17.6 - =6:7 | - 35.4] 134
9,00 1,110 | 1.145 -0.035 . -8.8 21.7 | 8.5 -3.2 | .35.4]1 134
8.50| 1.163 | 1.158 - -0.005 1.3 20,5 - 1.3 - 0.5 | 33.4]-126
8.00| 1.230 | 1.160 0,070 17.5 - 19.8 | 16.9 . 6.4 | - 32,3)122.
7.50) 1,262 | 1.165 0.097 24.3 17.5 |- 23.4 ) 8.9 28,61108
7.00] 1,295 | 1.170 0.125 31.3 15.1 - 30,1 ] 1.4 | 24,71 93.
6.50{ 1.322 | 1.175 0.147 36.8 .o 15,1 -35.4 134 | 26.7) 93+
6.00| 1,360 | 1.180 0.180 45.0 15,1 | 43,3 | 1644 ¢ 26,71 93 ¢
5.50 | 1.397 } 1.187 0.210 52.5 - 16.0 |- 50.5 | 19.1.-]..26.1 99 -
5,00} 1.430 | 1.195 0.235 58.8 - 18.1 ' | 56.6 214 | . 29.5) 112
4,50 1.483 | 1.200 0.283 70.8 26.1 | 68.2 ~25.8 | 42.6]161 -
4,00]1.600 | 1.242 0.358 89.5 42,5 | 86,1 | 32,6 |  69.5 263
3,751,680 | 1.300 0.380 95.0 53.6. | 91,5 | .34.6" . 87.6) 332
3.50{ 1,800 | 1.400 0.400 100.0 - |96 ) 364 e e
8.60 1,156 | 1.156 0,000 0.0- " . 20.7 0.0 - | =0.0 | 33.87127

. -goz-




.. - TABLE. XXXIV

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY -
| BADDELEYITE IN 0.1 N KC1 SOLUTION .

TESTS No.31la AND No.31b

"“Diffe.revn'tialv. i

pH Base Volume | Change In |Adsorption A+ T op-)|| Surface Charge
Solids|No Solids | Base Volume|lpy - Topl 1| d(pH) ' Density. :  Capacity
nl. mé. ml. pmole/gm. | umole/gm. 'Ipéoiil./:gm. pcod_l./ém? I.Lfd./gm ‘jufd/cm?
- - «03 | |xi0% |
9.50 | 1.055| 0.874 | 0.181 -53.4 14.0 . |-51.4 | -31.5° |22.9 | 141
9.00 | 1.015| 0.855 | 0.160 -47.2 13.8 | |-45.5 |-27.8 |22.5 | 139
8.50 | 0.984| 0.851 | 0.133 -39.3 17.5 -37.8 |-23.2- |28.5 | 176
8.00 | 0.950| 0.850 | 0.100 -29,5 | 17.5 -28.4 | -17.4 - 285 | 176+ |
7.50 | 0,919| 0.849 | 0.070 -20.7 . 13.5 -19.9. | -12.2  |22.0 | 136
7.00 | 0.890| 0.848 | 0.042 ~12.4 12.2 -12,0 | -7.3 - {19.9 | 123
6.50 | 0.868| 0.847 | 0.021 -6.5 | 12.2 -6.3. | -3.8 {19.9 | 123
6.00 | 0.842| 0.846 |-0.004 1.2 1109 L2 0.7 |19.6 | 129
5.50 | 0.819| 0.845 |-0.026 1.7 124 | 7.6 | 4.6 [20.2 | 125
4,50 | 0.768] 0,843 |-0.075 22,2 12.4 2r4 | 131 f20.20 | 125
4.00 | 0.720f 0.818 |-0.098 28,9 12.6 |'27.8 | 7.1 20,2 | 125
3.75 | 0.676 | 0.782 |-0.106 - '31.3 18.4 30,1 |.18.5 ~|30.0 | 185
3,50 | 0.607]| 0.733 |-0.126 37.2 34,1 '36.0 | 22,0 |55.6 | 243 -
3.25 | 0.460] 0.638 |-0.178 52.5 39.6 50.5 | 31.0 - |64.6° | 298
3.00 | 0.265| 0.48  |-0.215 © 6335 39.6 61.2 | 37.5 |46 | 398
6.08 | 0.846 [ 0.846 | 0.000 0.0 1.9 | 0.0 | 0.0 |19.6 | 120

=102~



. TABLE

XXXV

CALCULATION OF SURFACE CHARGE DENSITY AND DIFFERENTIAL CAPACITY

BADDELEYITE IN 0.0l N KCL SOLUTION.

TESTS No.3la AND No.32.

pH Base Volume ‘Change In | Adsorption| @(T 4-T'o )| ‘Surface Charge | Differential
Solids |No Solids|Base Volume FH+ - POH? d(pH) " Density. -~ Capacity
ng. mf. nd. pmoles/gm.| pmoles/gm. ‘ucoullgﬁ..ucoﬁllcm? -ufdlgm.pfd/cm?'

v 1 oxe5 | o | w06
9.50| 1.012 0.874 0.138 -40.7 4.6 S -=39.2 | =240 | 7.5 ) 46 |
9.00| 0.986 0.855 0.131 - =38.7 8.3 -=37,2 | -22.8. | 13.6 | 83 |
8.50| 0.462 | o0.851 0.111 -32.8 | 12.7 -31,5 } . -19.4 | 20.7 | 128
8.00| 0.938 0.850 0.088 -26.0 12.7 » =25.0.1  =15.3 | 20,7 -] 128
7.50| 0.910 | 0.849 | 0.061 -18.1 12,7 - L =17.4 |- <10,7- | 20,7 | 128
7.00]1 0.885 | 0.848 0.037 ~-10.9 12.1 =10.5 | - -6.4- |- 19.8 |-122. | -
6.50] 0.864 | 0.847 0.017 -5.0 10,7 4.8 | 3.0 17.5 ] 107 |
6.00{ 0.842 0.846 -0.004 1.2 - 10.1 - c 2 0eT ) 16451 101
5.50] 0.825 0.845 -0.02