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Principle of froth flotation
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FIGURE 12.1 Principle of froth flotation.
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FIGURE 12.2 (a) Particle attached to bubble, and (b) classic representation of contact angle and surface tension forces.
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FIGURE 2 Schematic representation of the equilibrium contact between an air bubble and a
solid immersed in a liquid. The contact angle 0 is the angle between the liquid—gas and the
liquid—solid interfaces, measured through the liquid.

Vs = YsL+YLgeosH (EQ12)
AG = ygq— (Vs +V1G) (EQ13)
AG = y,(cosb—-1) (EQ 14)

o] ek a5y (gl3) @ el slals b Iy ls (35,5 1,5 ales jo 2 bogrye o151 (55,3



(AG) ™ S13T (53 51
G) e

AG=AH —TAS |v=v+pPv «)

AG = change in Gibbs Free Energy
AH = change in enthalpy

T = temperature in Kelvin

AS = change in entropy
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(5 ) o5 0 Cuols &0 - ST
Enthalpy—A Combination Property
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Classification of Polar Minerals

(Jeds000) (oobd slo S5 sunailb U

TABLE 12.1 Classification of Polar Minerals

Group 1 Group 2 Group 3(a) Group 4 Group 5
Galena Barite Cerrusite Hematite Zircon
Covellite Anhydrite Malachite Magnetite Willemite
Bornite Gy psum Azurite Gothite Hemimaorphite
Chalcocite Anglesite Waulfenite Chromite Beryl
Chalcopyrite limenite Feldspar
Stibnite Group 3(b) Corundum Sillimanite
Argentite Fluorite Pyrolusite Gamet
Bismuthinite Calcite Limonite Quartz
Millerite Witherite Borax

Cobaltite Magnesite Wolframite

Arsenopyrite Dolomite Columbite

Pyrite Apatite Tantalite

Sphalerite Scheelite Rutile

Orpiment Smithsonite Cassitente

Pentlandite Rhodochrosite

Realgar Siderite

Native Au, Pt, Ag, Cu Monazite
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Induced (temporary) dipole moments are created when an external electric field
distorts the electron cloud of a neutral molecule.
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Principle of froth flotation

Concentrate

Froth
Launder

------ -1 Hydrophobic minerals
® Hydrophilic minerals

Impeller

(Rotor/Stator)

FIGURE 12.1 Principle of froth flotation.
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FIGURE 12.2 (a) Particle attached to bubble, and (b) classic representation of contact angle and surface tension forces.
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(a) Freshly formed surface  (b) Hydrated surface (c) Hydrogen bonding

FIGURE 12.3 Stages in exposure of quartz to water: (a) freshly exposed surface of quartz, (b) reaction with water molecules to form SiOH (silanol)
groups, and (c) formation of H-bond with water molecules making the surface hydrophilic.
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Classification of Polar Minerals

(Jeds000) (oobd slo S5 sunailb U

TABLE 12.1 Classification of Polar Minerals

Group 1 Group 2 Group 3(a) Group 4 Group 5
Galena Barite Cerrusite Hematite Zircon
Covellite Anhydrite Malachite Magnetite Willemite
Bornite Gy psum Azurite Gothite Hemimaorphite
Chalcocite Anglesite Waulfenite Chromite Beryl
Chalcopyrite limenite Feldspar
Stibnite Group 3(b) Corundum Sillimanite
Argentite Fluorite Pyrolusite Gamet
Bismuthinite Calcite Limonite Quartz
Millerite Witherite Borax

Cobaltite Magnesite Wolframite

Arsenopyrite Dolomite Columbite

Pyrite Apatite Tantalite

Sphalerite Scheelite Rutile

Orpiment Smithsonite Cassitente

Pentlandite Rhodochrosite

Realgar Siderite

Native Au, Pt, Ag, Cu Monazite
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(a) Hydrated surface (b) Surface reactions (c) "Oxidized” surface

FIGURE 12.4 (a) Hydrated surface of sulfide mineral, (b) reactions with dissolved oxygen (DO) to form a variety of “oxidation™ species, and
(c) reaction products, most of which make surface more hydrophilic.
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FIGURE 12.5 Adsorption of collector on mineral surface showing gen-
cral orientation with hydrocarbon chain directed toward the water and
making the site hydrophobic.
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FIGURE 12.6 Classification of ionizing collectors according to type. anionic or cationic. and their application, primarily for non-sulfides or sulfides.



Sho o 57 9 Lol (sl yels

TABLE 12.2 Major Collectors and Example Applications

Collector Family General Formula R Value Application
Sulfide minerals ¥anthate, alkyl E C2-C8 Maostly for Cu, Zn, Cu—Mao, Au, PGM, Ni,
. ﬂ and oxidized minerals
T g
Dithiop hosphate, “l_':-‘\\ ,;..’-"5 C2—Ch Widely used with xanthates for PGM, Fe, Cu,
dialkyl R Ph, Cu—Ma, Cu, Au, and complex sulfides
7N
A — B
Dithiocarbam ate, Ry !‘,5 22—Ch PCM ores, Cu, Ph
dialkyl Y—
d N
Dithiop hosphinate, ku\\ xﬁﬁ 24 Widely used, especially for complex sulfides,
dialkyl F’\ eg., Pd complexes with 5 and Se
E: ._,..-""- 5
7
Thionocarbamate, 3 -4 Widely used for Cu, Cu—Mao
dialkyl R, )J\ Rq
e e
H
Non-sulfide minerals Fatty acids and JP C—C22 Widely used for P, Zn0, CuO, Ni, Nb, Ti,
their salts R—c\\ Cu—Co, 5n, W
o
Primary amines H C12-24 Widely used, e.g., quartz, Zn0, Ti, 5n
H—rl\.l+ Fi
H
e o . 1- —
Amine ether o \‘Lcn,l;”HH’\“ Ch—C13 Quartz, Al silicates
Petroleum 4 Cl4-C17 Widely used, eg., Ti, W, Fe
sulfonates H_ﬂ_g
I
Hy droccarmates Dﬁ‘lL o~ C5-C14 Rare earths; 5n, W, Mn,
.‘"'-::—N Al silicates, quartz
/
A H

Source: Adapted from Magaraj and Ravishankar (3007)



@U 6031.\:.3 gsuwy“

Common Polyatomic lons
lon Name lon Name
NH: Ammonium CO;’ Carbonate
- Hydrogen carbonate
NO, | Nitite  |HCO;| "~ o
Bicarbonate
NO, Nitrate CIO | Hypochlorite
S03 Sulfite ClO, | Chlorite
SO% Sulfate ClO, Chlorate
- Hydrogen sulfate B
HSO,| = t ClO, | Perchlorate
Bisulfate
OH Hydroxide [C,H;O,| Acetate
CN Cyanide | MnO, |Permanganate
PDE:' Phosphate Cr20$' Dichromate
HFOi_ Hydrogen phosphate CI"OE_ Chromate
HEPO:I-?_ Dihydrogen phosphate 02_ Peroxide
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Common Polyatomic lons

CoHz02 acetate hydroxide
NH4" ammonium hypochlorite
C032_ carbonate nitrate

Cl0z chlorate nitrite

Cl0o~ chlorite oxalate
Cr042_ chromate perchlorate
CN cyanide permanganate
Crp072~ dichromate phosphate
HCOz™ bicarbonate sulfate

HSO4 bisulfate sulfite

HSOz bisulfite
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—_ =
/ Charges, Names, and Formulas

of Common lons

Positive lons (Cations) Negative lons (Anions)
+1 Charge -1 Charge
Name Formula Name Formula
Ammonium NH,* Acetate C,H,0,”
Copper(l) Cu* Bromide Br
Lithium Li* Chloride cr
Potassium K* Dihydrogen H,PO,"
Silver Ag* Phosphate
Sodium Na* Fluoride F-
Hydroxide OH~
+2 Charge Hydrogen HCO,"
Name Formula Carbonate icartonate)
Barium Ba®* Hydrogen HSO,”
Calcium Ca?t Sulfate (visultate)
Copper(ll) Cu?t Hypochlorite ClO"
Iron(1l) Fe®* lodide I-
Lead(ll) Pb?* Nitrate NO;
Magnesium Mg?* Permanganate MnO,~
Nickel(ll) Ni®* Thiocyanate SCN-
Strontium Srét
Tin(ll) Sn2t -2 Charge
Zinc Zn2* Name Formula
Carbonate COo,>
Chromate CrO*
;,3"?: i Formula  Dichromate Cr,0,*
Aluminum AP+ Hydrogen HPO,*
Iron(lll) Fed* Phosphate
Oxide o*
+4 Charge Oxalate C,0*
Name Formula  Sulfate Soai_
Lead(lV) Pbdo Sulfite 803 g
Tln('V) Srl‘h -3 chame
Name _Formula
FLINN Nitride N>
e A Phosphate PO,*

© 2049 Piem Sowetn, e 8 Mighen Pasersan
APnans
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Formula Name(s) Formula
ammaonium NH.," iodate 104
acetate CH3COO" nitrate NOs5
CaH307

nitrite NO<o
bromate BrOq

oxalate C.04"
carbonate COs~

perchlorate ClOy4
chlorate ClOs

periodate 104
chlorite ClOs

permanganate MnOys
chromate Cros~

peroxide 05~
cyanide CN

phosphate PO
dichromate Cra07~

phosphite PO
hydrogen carbonate
bicarbonate HCOs silicate Si0.*
hydrogen sulfate sulfate SO
bisulfate HSOy4

sulfite S04~
hydrogen phosphate
biphosphate HPO4* thiocyanate SCN-
hydroxide OH- thiosulfate S-05%
hypochlorite ClOr




~—  Otherlons

copper (I)
copper (II)

iron (|
iron (|
lead (
lead (

)
)
)

V)

mercury (1)
mercury (ll)

tin (11)

tin (V)

PR T Y]

cuprous
cupric
ferrous
ferric
plumbous
plumbic
Mercurous
mercuric
stannous
stannic
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Symbols and Names of Some Common Polyatomic Ions and One Molecule

NH,~ AMMonium 101 OH- hydroxide 1on CN- cvanide 1on
50, - sulfate 1on 0, - peroxide ion CNO- cyanate ion
HSO," hydrogen sulfate ion C,H;0, acetate 1on SCN- thiocvanate 1o0n
S0, 2- sulfite ion Clo, perchlorate ion CO;? carbonate 1on
NO; nitrate 100 Cl0; chlorate 1on HCO;" hydrogen carbonate
NO, nitrite 1on Cl05" chlorite ion C,0, 2- oxalate ion
PO 43— phosphate 1on Clo- hypochlorite ion $,0, 2- thiosulfate 1on
HPO 42 hydrogen phosphate CrO, 2- chromate ion He,> mercury(l) on
H,PO, dihydrogen phosphate Cr,0- dichromate 1on H,0" hydronium ion
PO, 3- phosphite 1on MnO, permanganate 101 NH; ammonia
Formulas and Names for Some Common Acids (all names should have acid added)
H,50, sulfuric H;POy phosphoric HNO; nitric
HC,H;0, acetic HCl1 hydrochloric HBr hydrobromic

HCI104 chloric HCIO, chlorous HB1O; bromic




Table of Polyatomic Ions

Wer of ions that are not individual atoms but are composed of multiple

atoms that are covalently bonded together. However, this group of atoms is most stable
when it has either lost of gained an electron and thus existed as a charged ion. These
polyatomic ions are extremely common in chemistry and thus it is important to be able to
both recognize and name them. While there are many such ions in the world, you are

responsible for knowing the ions listed in the following tables.

Name Formula Name Formula Name Formula
ammenium NH4* phosphite PO5™ acetate CH3COO~
acetate CoHz 05~
nitrite NO5™ phosphate P04
carbonate CO4%"
nitrate N5~ hydrogen phosphate HPO 42~
hydrogen carbonate HCO5~
sulfite 5032_ dihydrogen phosphate HoPOy (aka: bicarbonate)
sulfate S04 perchlorate ClOy~ chromate Cr0,42-
hydrogen sulfate HS0,4 chlorate ClO5~ dichromate Cra042"
(aka: bisulfate)
chlorite ClOz~ permanganate MNO4~
thiosulfate S,05%"
hypochlorite ollon peroxide 052"
oxalate o042
bromate BrO4~ cyanide CN™
hydroxide OH-
iodate (o] cyanate OCN~
thiocyanate SCN™



Some Metallic Cations

Some Metallic Cations

IUPAC Name older name Formula h . .
ttpS ./ /1upac.org
copper(l) cuprous Cu*
5 m AR - g__t'CCh N ":"& nm 1@ W Contact | Login Join | IYPT 2019 Q
copper(ll) cupric Cu<* ' e
WHO WE ARE WHAT WE DO EVENTS PROJECTS NEWS
iron(I1) ferrous FeZ+
iron(ll) ferric Fe* |Transforming
lead(Il} plumbous PbZ* Education
CONNECT CHEMISTRY TO
4 SUSTAINABILITY
Iead { | v} p“"l m ch PD That's one major goal of the IUPAC Project on Systems
Thinking in Chemistry for Sustainability: Toward 2030
74 and Beyond (STCS2030+). Among other outcomes the
IUPAC project will help to feature the role of chemist
m Ercu Wl{ |} FﬂE FCLI rﬂ LIS ng and chepmijslry educaliZn in meeting goals of the ’
International Year of Basic Sciences for Sustainable
mercury(ll) mercuric Hg?*
tin(ll) stannous Sn2*
tin(Iv) stannic Sn

International Union of Pure and Applied Chemistry
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Alkyl Xanthate

ﬁ R Value
N Ne C2—C8

Application

Mostly for Cu, Zn, Cu—Mo, Au, PGM, Ni,
and oxidized minerals

The platinum group metals (PGMs) comprise 6 elements, which
are platinum, palladium, rhodium, ruthenium, iridium, and

osmium.



(Xanthate) ot 3
Xanthates are a group of chemicals typically used in

sulphide flotation in mining applications.
Common xanthate products are sodium ethyl xanthate (SEX),

sodium isopropyl xanthate (SIPX), sodium isobutyl xanthate
(SIBX) and potassium amyl xanthate (PAX).

molecule, also known as SEX.

Carbon, C: black Hydrogen, H: white Oxygen, O:red Sodium, Na: lilac Sulfur, S:
yellow


https://en.wikipedia.org/wiki/Sodium_ethyl_xanthate

Sodium isopropyl xanthate (SIPX)
[




Sodium isopropyl xanthate (SIPX)

—— S T

https://www.3dchem.com/3dmolecule.asp?ID=318




sodium isobutyl xanthate (SIBX)

/ -

Xanthate | Geometric structures HOMO LUMO

Butyl
xanthate

Isobutyl
xanthate




potassium amyl xanthate (PAX)

e ——




potassium amyl xanthate (PAX)
/ T




Ethyl, Butyl, Propyl, Amyl, Isobutyl, Isopropyl

__——

The key difference between tert
butyl and isobutyl Is that the tert
butyl group contains a double
branched carbon chain whereas
the isobutyl contains a single
branched carbon chain.

J=9,» ~CH,CH,CH,4 tert-butyl group

n-butyl group

1sobutyl group

sec-butyl group


https://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86
https://fa.wikipedia.org/wiki/%D9%87%DB%8C%D8%AF%D8%B1%D9%88%DA%98%D9%86
https://fa.wikipedia.org/wiki/%DA%A9%D8%B1%D8%A8%D9%86
https://fa.wikipedia.org/wiki/%D9%87%DB%8C%D8%AF%D8%B1%D9%88%DA%98%D9%86

Dialkyl Dithiophosphate

e —

R‘_O\P/S R Value
e s C2—C6
Application

Widely used with xanthates for PGM, Fe, Cu,
Pb, Cu—Mo, Cu, Au, and complex sulfides



Dialkyl Dithiocarbamate

Ry > R Val
\_ 7/ R
7\ C2—C6

R, S

Application

PGM ores, Cu, Pb



Dialkyl Dithiophosphinate

Rl\ Y R Value
v \ C2—C4

Application

Widely used, especially for complex sulfides,
e.g., Pd complexes with S and Se



Dialkyl Thlonocarbamate
)J\ R Value
N ~ C2—C4

Application

Widely used for Cu, Cu—Mo
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Fatty acids and their salts

% R Value
/ .
R—C
\ C8—C22
0O-
Application

Widely used for P, ZnO, CuO, Ni, Nb, Ti,
Cu—Co, Sn, W



Primary amines

| R Value
H—N—R —
| C12-24
H
Application

Widely used, e.g., quartz, ZnO, Ti, Sn



Amine ether

g

% 0O | R Value
R Ny TN

Co6—C13

Application

Quartz, Al silicates
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Petroleum sulfonates

‘i R Value
R—S——O e
| C14—C17
O
Application

Widely used, e.g., Ti, W, Fe



Hydroxamates

2 07 "R Value
\_/ R
C——N
\ C5—C14
R H
Application

Rare earths; Sn, W, Mn,
Al silicates, quartz
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Ethyl xanthate Diethyl dithiophosphate

°Carbon ( JHydrogen ) Oxygen
@Sulphur °Phosphorus

FIGURE 12.7 Structure of (a) ethyl xanthate, and (b) diethyl
dithiophosphate.
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TABLE 123 Example Collector Types and Dosape Based on Metal Tons from Canadian Practice
(Damjanovic and Goode, 2000)

Operation Metals Collector Dosage (kgt ' metal)
Etrathcona Mill Mi—Cu PIRX 2B (Mi+ Cu)
Clarahelle Mill Mi—Cu BAX 2.1 i+ Cu)
Thamsaon Mi—Cu SAX 1.3 (Ni+ Cu)
Louvicourt Mine Cu—Zn—Au—Ag Aeraphine 341 8A 1.6 {Cul
PAX 51 05 Cu)
Flex 41 0.5 {Zn)
Les Mine Selhaie Cu—Zn—Au-Ag SIPY 1.1 {Cu)
SP129 0.6 En)
Myra Falls Cu—Zn—Au-Ag PAX: Aerafloat 208 0.7 Cu+Zn)
{7327 blend added to both drouits) 1.5 {Cu + Zn}
Mine Bouchard-Hebert Cu—Zn—Au-Ag 3418A (o Cu circuit) 35 Cu)
3148A (Io Zn circuif) 0.7 {Zn)
Aerofloat 208 2.1 {Cu)
Mine Langlois Cu—Zn—Au—-Ag 208 {to Cu circuit) 313 Cul
3418 (to Cu circuif) 5.4 {Cu)
3418 (ta £n circuit) 06 Fn)
Matagami Mine Cu—Zn—Au—Ag Agro 3477 (to Cu drcuit) 4.6 {Cul
Aero 34 18A o Cu circuit) 04 Cu)
Aero 34184 fto Zn drowit) 0.5 {Zn)
Brumswick kMine Pb—Zn—Cu {Ag) B3 SIPEPAY 1.8 Ph+Zn+ Cu)
Aern 241 0.1 {Pb +Cu)
Aerophine 5100 0.1 {Cu)
Heath Stesle Pb—Zn—Cu (Ag SIPY 1.0 {Pb +Zn + Cu)
Ao 241 0.3{Pb +Zn + Cu)
Aerophine 5100 0.2 {Pb +Zn + Cu)

Key {Eamily type for rade name magentsk PIEX, potassiom sobutyl xanthate; 54X, sodivm amy | xanthater 5P129, blend of
dithinghosphake: and mercaptobeneothianok: plus damine modifien; Aenophine 34184, dithiopphesphinae: PAX, potassiom amy|
varthaier Flea: 41, xanthaie; SIBX, sxiun sobutyl xanthaie; Asrofloat 208, dithiophosphate; Aeno 3477, dithiophosphate; Ao 241,
dithi sphospha e Asrophine 5100, allyl sobutyl thionooashamae.
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FIGURE 12.8 Reaction (adsorption) of fatty acid with fluorite (CakF>).
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FIGURE 12.9 (a) Flotation response of goethite (FeOOH) to two collectors, anionic sulfate and cationic amine, as a function of pH (Note: the rapid
decrease in flotation with amine at ca. 12 is discussed in Section 12.7), and (b) surface charge of goethite (reported as zeta potential) as function of
pH (Note: reference to 10 * M NaCl is as background electrolyte is to keep a constant ionic strength which would otherwise alter zeta potential)
(Adapted from Iwasalki et al. (1960)).
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0 FIGURE 12.9 (a) Flotation response of goethite (FeOOH) to two

collectors, anionic sulfate and cationic amine, as a function of pH

(Note: the rapid decrease in flotation with amine at ca. 12 is

discussed in Section 12.7), and (b) surface charge of goethite

(reported as zeta potential) as function of pH (Note: reference to

1024 M Na(l is as background electrolyte is to keep a constant

ionic strength which would otherwise alter zeta potential).
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FIGURE 12.10 Origin of charge on goethite: (a) depiction of hydrated Fe and O sites, (b) reaction at low pH with H™ and at high pH with OH™,
and (c) the resulting positive and negative charged surface sites.
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TABLE 3 Reagents used for flotation in the United States (in metric tons)

Reagent Amount

1925 1926 1980

Ore Treated 41,259,000 41,616,000 440,361,000
Frothers 2,195 2,935 12,489
Collectors

Oils 8,818 2,665 115,218

Chemicals 1,875 1,896 108,883
Modifiers

Acids 18,157 2,061 35,169

Alkalis 1,695 75,701 413,055

Other NA* NA 28,735
Activators 3,210 4 962 3,925
Depressants 754 1,104 33,389
Flocculants NA NA 18,069

*NA = Not available.
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FIGURE 3 Flotation of 100 X 600 mesh galena with alkyl xanthates of different alkyl chain
lengths with reagent additions expressed in mol/t (mol wt of KEX is 160)
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FIGURE 6 Critical pH curves for the flotation of pyrite, galena, and chalcopyrite with sodium
diethyl dithiophosphate as collector
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Note: Shown are the surface potential, the Stern layer potential, the zeta potential at the
slipping or shear plane, and the potential decrease to zero-out into the bulk solution. The
distance 1/k is the center of gravity of the diffuse layer of counterions.

FIGURE 12 Simple schematic of the electrical double layer showing the surface charge on the

solid and the counterions adsorbed in the diffuse layer, with their closest distance of approach
being the Stern plane



Zeta ({) potential

Wal Is the electrical potential a ippi e. This plane is the

interface which separates mobile fluid from fluid that remains attached to the surface.

d In the literature, it is usually denoted using the Greek letter
, hence {-potential.

O The usual units are (V) or, more commonly, millivolts (mV).

O From a theoretical viewpoint, the zeta potential is the in the
interfacial (DL) at the location of the relative to a point in
the bulk fluid away from the interface.

O In other words, zeta potential is the between the

and the stationary layer of fluid attached to the
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Double layer
‘0 Adoublefayer (DL, also called an electrical double layer. EDL) s a structure that

appears on the surface of an object when it is exposed to a fluid.

O The object might be a solid particle, a gas bubble, a liquid , Or a
The DL refers to two parallel layers of charge surrounding the object.

O The first layer, the (either positive or negative), consists of
lons onto the object due to chemical interactions.

0 The second layer is composed of ions attracted to the surface charge via
the , electrically the first layer.

O This second layer is loosely associated with the object. It is made of free ions that
move in the fluid under the influence of and rather

than being firmly anchored. It is thus called the "diffuse layer".
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Schematic of the electrical double layer (EDL) in agueous solution at the interface with a
negatively-charged surface of a mineral solid. Blue + sphere: cations; red — spheres:
anions. The number of cations is larger in the EDL close to the negatively-charged
surface in order to neutralize these negative charges and to maintain electroneutrality.
The drawing does not explicitly show the negative charges of the surface.
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Stern layer

/
/ Parts of double layer
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Guoy diffuse layer

Stern layer M. Hubbe

O The Stern Layer is the first (internal) layer of the , which forms at
a charged surface in an ionic solution.

U The Stern Layer is immobile relative to the surface and is comprised of a layer of ions
charged oppositely to the surface which attach to the surface.

U The potential difference between the out boundary of the Stern layer and the bulk
solution is referred to as the Stern potential.
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Interaction Energy Calculation Fluorite Apatite Calcite
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Adapted from Pugh and Stenius 1985; Pradip and Rai 2002, 2003.

FIGURE 28 Flotation recovery of fluorite, apatite, and calcite as a function of the
concentration of sodium oleate at pH 10 as a floating agent for minerals
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TABLE 2 Heats of immersion and contact angles of some materials in water*
Solid —AH; 0 ergs/cm? Contact Angle, degrees
Teflon 6 108
Graphon 26 82
Quartz 260-370 0
SnO, (cassiterite) 400-570 0
TiOs (rutile) 550 0
Fe,O5 (hematite) 530 0
Al,O4 (alumina) 650-900 0

*The oxides were activated at 200°C.
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FIGURE 5 Schematic representation of the electrical double layer and the potential drop
across the double layer at a solid—water interface



point of zero charge (PZC)
erro charge (PZC) defines the conditions of the solution (in

particular, the pH value) for which the surface density of positive charges
(contribution of cations) equals that of negative charges (anions).

Q It is often regarded as a characteristic parameter for a given surface in a given
aqueous solution.
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mero charge, or PZC

TABLE 3 PZC for some ionic solids

Material PZC
Barite, BaSO, pBa 6.7
Calcite, CaCOq pH 9.5"
Fluorapatite, Ca;(PO,)5(F,OH) pH 6~
Fluorite, CaF, pCa 3
Hydroxyapatite, Cas(PO,)3(OH) pH 7"
Scheelite, CaWO, pCa 4.8
Silver chloride, AgCl pAg 4
Silver iodide, Agl pAg 5.6
Silver sulfide Ag,S pAg 10.2

Source: Fuerstenau 1971.
*The activities of the other potential-determining ions can be calculated from the hydrolysis equilibria and solubility data.

pBa = -log [Ba*'] pAg = -log [Ag*]

pH = -log [H]

potential of hydrogen

pCa = -log [Ca**]
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TABLE 4 PZC of some oxides*

O g U 043

Material PZC, pH
SiO,, silica gel 1-2
SiO,, a-quartz 2—3
SnO,, cassiterite 4.5
ZrO,, zirconia =
TiO,, rutile 58-6.7
Fe,O4, hematite (natural) 4.8-6.7
Fe,05, hematite (synthetic) 8.6
FeOOH, goethite 6.8
Al,O4, corundum 9.1
AIOOH, boehmite 7.8-8.8
MgO, magnesia 12

Source: Fuerstenau 1970.

*These are typical results. The sources of oxide—its trace impurities, method of pretreatment, etc. —cause variations in
observed values.
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FIGURE 9 Temperature dependence of the surface charge on Agl particles, showing the
decrease in surface charge with increasing temperature. All curves are normalized to the PZC
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FIGURE 14 Zeta potential of quartz as a function of dodecylammonium acetate concentration
at different temperatures
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FIGURE 18 Effect of temperature on the adsorption density of potassium octylhydroxamate
on hematite



/ I ——— S

- ple-dul> S s Lad H

Gas Liquid

A
¥

Y3| Ysg
Solid

FIGURE 1 Solid-liquid—gas interface depicting contact angle and surface tension forces
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FIGURE 13 Zeta potential of pyrite as a function of pH in the absence and presence of ethyl
xanthate in the presence of air
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FIGURE 14 Adsorption of calcium species on quartz as a function of pH from solutions 100 ppm

in calcium
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What is—quartz? Silicon dioxide, also known as silica, is an oxide of silicon with the
chemical formula SiO,, commonly found in nature as quartz.
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Oleate is a C18, long straight-chain monounsaturated fatty acid anion; and the conjugate base of
oleic acid, arising from deprotonation of the carboxylic acid group.
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FIGURE 16 Flotation recovery of pyrolusite as a function of pH with 1 x 10 M oleate
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FIGURE 17 Flotation recovery of chrysocolla as a function of pH with various concentrations
of octyl hydroxamate
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Sylvite, or sylvine, is potassium chloride (KCI) in natural mineral form.
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FIGURE 22 Flotation recovery of sylvite with various amines
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FIGURE 8.1 Schematic of the equilibrium contact between an air bubble and a solid immersed
in a liquid

Contact angle is related to interfacial tension, y, between the gas (G), solid (S), and liquid (L) by

the Young-Dupre equation:
Yso¢ = Ysz T Ysg COS © (Eq. 8.1)
cos 0 = Vo1 — Vs (Eq. 8.2)

Free energy change on particle-bubble contact results from creation of a solid—gas interface and
destruction of an equivalent area of solid-liquid and liquid-gas interfaces. The relationship can be

written as
AGyq = Ys6—VsL — V16 (Eq. 8.3)
Combining Eqs. 8.2 and 8.3 yields
AG,4 = Yiglcos ©—-1) (Eq. 8.4)
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FIGURE 8.4 Schematlc of surface charge development on quartz
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TABLE 8.1 PZC for selected oxide minerals

Mineral pH
Quartz, SiO7 2
Rutile, TiO7
Hematite, Fe»03 7
Corundum, AloO3 9
Magnesia, MgO 12
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FIGURE 8.5 Schematic of electrical double layer
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TABLE 8.3 Formulas for cationic collectors

Amine Formula
n-amyl amine CsH11NH2
n-dodecylamine C12H25NH>
Di-n-amylamine (CsH11)2NH
Tri-n-amylamine (CsH14)3N
Tetramethylammonium chloride [(CH3)aN]*CIm

Tallow amine acetate RNH3Ac (96% C1g)
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TABLE 8.4 Structural formulas of sodium salts of various anionic collectors

Collector

Structural Formula

Carboxylate

Sulfonate

Alkyl sulfate

Hydroxamate

o
C/
*R—
A
0
0
|
R—S—0
|
Q
0
1 —
R=—0=— S —0
[l
C
|
R— C—N
Il 1
O O

*R represents the hydrocarbon chain.
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TABLE 8.5 Structure and solubility of selected fatty acids

omm"
Solubility of Undissociated
Fatty Acid Formula Molecule (mol/L), 20°C
Capric CH3(CH2)gCOOH 3.0x 104
Lauric CH3(CH2)10COOH 1.2 x 107
Myristic CH3(CH2)12COOH 1.0 x 1076
Palmitic CH3(CH2)14COO0OH 6.0 x 1077
Stearic CH3(CH2)16CO0OH 3.0x 1077
Oleic CH3(CH2)7CH = CH(CH2)7COOH
Linoleic CH3(CH2)4CH = CHCH2CH = CH(CH5)7COOH
Linolenic CH3CH2CH = CHCH2CH = CHCH2CH = CH(CH2)7COOH
Abieti
ietic H H cH.
CH. |— COOH
\
CH H»
/
CH;

H. H: CH: H, H;

Source: Schubert 1967.
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TABLE 8.6 Various anionic sulfhydryl collectors

Xanthate *FR—(—C—S Na+
iTs
S
Thiophosphate R—O S
\ 7 .
P N Na
7N
R—0O S
Thiocarbamate R
N\ +
N—C—S ... Na
7 Il
R
Mercaptan R—S~ Na®
Thiourea R
N .
N—C—S ... Na
/ I
R N
I
H
Mercaptobenzothiazole
N
| .. Na"
/C\ _
S S

*R represents the hydrocarbon chain.
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FIGURE 8.7 Schematic of a micelle



(Micelle) fuuo

T
d m (/mar'sel/) or micella (/mar'selo/) (plural micelles or micellae,

respectively) is an aggregate (or supramolecular assembly) of surfactant
amphipathic lipid molecules dispersed in a liquid, forming a colloidal
suspension (also known as associated colloidal system).

O A typical micelle in water forms an aggregate with the hydrophilic "head"
regions in contact with surrounding solvent, sequestering the

regions in the micelle center.
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Cross-section view of the structures
that can be formed by phospholipids
In agqueous solutions (unlike this
illustration, micelles are usually
formed by single-chain lipids, since it
Is difficult to fit two chains into this
shape).
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TABLE 8.8 Critical micelle concentrations of various amines (mol/L)

Decylamine 3.2 x 1072
Dodecylamine 1.3 x 1072
Tetradecylamine 4.1 x 103
Hexadecylamine 8.3x 104
Octadecylamine 4.0 x 104

Source: Aplan and Fuerstenau 1962.

TABLE 8.9 Critical micelle concentrations of various carboxylates, sulfonates, and alkyl sulfates

CMC, mol/L
Chain Length Carboxylate Sulfonate Alkyl Sulfate
C1o 2.6 x1072 9.8 x 1073 8.2 x1073
C1s 6.9 x 1073 2.5x 1073 2.0x 1073
C16 2.1x1073 7.0x10™ 2.1x10™
Cig* 1.8 x 1073 7.5 x 107 3.0 x 104

*Temperature, 50°C; other determinations at room temperature.
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TABLE 8.10 Solubility products of various metal carboxylates

Ag* Pb2* Cu2* zZn2* cCd2* Fe2* Ni2* Mn2* Ca2* Ba2* Mg2* AR* Fe3*
Palmitate 12.2 229 216 20.7/ 202 1/.8 183 184 180 176 165 31.2 34.3
Stearate 13.1 244 23.0 22.2 — 196 194 19.7 196 191 17.7 33.6 —

Oleate 109 198 194 18414 17.3 154 157 153 154 149 13.8 30.0 34.2

Source: Du Reitz 1975.

Palmitic acid: C16H3202

Stearic acid: C18H3602

Oleic acid: C18H3402
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TABLE 8.11 Solubility products of various metal xanthates

Ag* Pb2* Cu2* Ni2* Co2* Fe2* Zn2+ Mn2+
Ethyl 18.6 16.7 24.2 12.5 — — 8.2 —
Isopropyl 18.6 17.8 24.7 13.4 — — — _
Butyl 19.5 18.0 26.2 — — — — _
i-Butyl 19.2 17.3 26.3 — — — — —
Amyl (i) 19.7 17.6 27.0 14.5 — — — —
Hexyl (n-) 20.8 20.3 29.0 16.5 14.3 — — —
Octyl (i) 20.4 21.3 — 17.7 — — —_ —
n-Nonyl 22.6 24.0 30.0 22.3 21.3 11.0 16.2 9.9

Source: Du Reitz 1975.
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TABLE 8.12 Common frothers

Frother Constituent
OH
Cresylic acid Xylenol CHj CHsz
CHz=—CH — CHp— CH — CH:

MIBC Methyl isobutyl carbinol | |

CHs OH
Polyglycols Polypropylene CH3— (0 — C3Hg)n CH

CH3

Pine oil Terpineol /@— (|3 — CHg
OH

CHs




Cresylic acid (Xylenol)

W is formulated with the combinafion of cresols and xylenols with alkylphenols.

o O O oo O

Cresols (also hydroxytoluene or cresylic acid) are a group of

They are widely-occurring (sometimes called phenolics) which may be either natural or
manufactured.

They are also categorized as

Cresols commonly occur as either solids or Iqu|ds because their are generally
close to room temperature.

Like other types of phenols, they are slowly by exposure to air, and the resulting
impurities often give the samples a yellow to brownish red tint,

Cresols have an characteristic to that of other simple phenols, reminiscent to some of a
' " smell.

The name "cresol" is an adduct of phenol and their traditional source,
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https://en.wikipedia.org/wiki/Aromatic
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Phenols
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Phenol
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Air
https://en.wikipedia.org/wiki/Odor
https://en.wikipedia.org/wiki/Coal_tar
https://en.wikipedia.org/wiki/Creosote

Cresylic acid (Xylenol)

m organic compounds with the formula (CH;),CgH;OH.
U They are volatile colorless solids or oily liquids.
U They are derivatives of phenol with two methyl groups at various positions relative to
the hydroxyl group.
O Six isomers exist, of which 2,6-xylenol with both methyl groups in an ortho position
with respect to the hydroxyl group is the most important.

O The name xylenol is a portmanteau of the words xylene and phenol.
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Cresylic acid (C7H80)
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Ortho-cresol-3D-balls Meta-cresol-3D-balls Para-cresol-3D-balls




MIBC (Methyl isobutyl carbinol)

N —— ,
4- yl-2-pentanol ( name: 4-methylpentan-2-ol) or methyl isobutyl
carbinol (MIBC)

CH, OH



https://en.wikipedia.org/wiki/IUPAC

Polyglycols (Polypropylene)
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Source: Somasundaran and Cleverdon 1985.

FIGURE 8.9 (A) Schematlc of the catlonlc polymer PAMA and dodecylamine co-adsorptlon on
quartz particles resulting In thelr flotatlon depresslon, (B) schematic representatlon of quartz/
dodecyl sulfonate system, (C) schematic representatlon of the catlonlc polymer PAMA and
dodecyl sulfonate co-adsorption on quartz particles resulting In thelr flotatlon actlvation
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TABLE 8.13 Naturally hydrophobic minerals and their respective contact angles

Mineral Composition Surface Plane Contact Angle, degree

Graphite C 0001 86

Coal Complex HC 20-60

Sulfur S 85
Molybdenite MoS» 0001 75

Stibnite Sh2S3 010

Pyrophyllite Al2(Sig010)(OH)2 001

Talc Mg3(Sig010)(OH)2 001 88

lodyrite Agl 20

Source: Gaudin, Miaw, and Spedden 1957; Derjaguin and Shukakidse 1960-1961; Arbiter et al. 1975;
Chander, Wie, and Fuerstenau 1975.
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FIGURE 8.10 Zeta potentials of various samples of molybdenite and molybdic oxide as a function
of pH
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FIGURE 8.11 Adsorption isotherm of dextrin on various naturally hydrophobic minerals
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TABLE 8.14 Rest potentials and products of interaction of sulfide minerals with 6.25 x 1074
mol/L ethyl xanthate at pH 7

Mineral Rest Potential, v* Product
Pyrite 0.22 Dixanthogen
Arsenopyrite 0.22 Dixanthogen
Pyrrhotite 0.21 Dixanthogen
Chalcopyrite 0.14 Dixanthogen
Bornite 0.06 Metal xanthate
Galena 0.06 Metal xanthate

Source: Allison et al. 1972.

*Reference, S.C.E., standard calomel electrode.
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Source: Fuerstenau, Miller, and Kuhn 1985.

FIGURE 8.12 Flotation recovery of galena as a function of pH with 1 x 10~° mol/L ethyl xanthate
in the presence of air
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FIGURE 8.13 Flotation recovery of chalcocite as a function of pH with various additions of ethyl
Xanthate, diethyl dithiophosphate, and diethyl dithiophosphatogen
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FIGURE 8.14 Flotation recovery of chalcopyrite as a function of pH with two additions of ethyl
xanthate
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FIGURE 8.15 Flotation recovery of sphalerite as a function of xanthate concentration and
hydrocarbon chain length at pH 3.5
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FIGURE 8.16 Zeta potential of pyrite as a function of pH in the absence and presence of ethyl
xanthate in the presence of air
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FIGURE 8.17 Flotation recovery of pyrite as a function of pH with various additions of ethyl
xanthate
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FIGURE 8.18 Bubble contact curves for several sulfide minerals as a function of diethyl dithiophos-
phate concentration and pH
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FIGURE 8.20 Bubble contact curves for several sulfide minerals
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FIGURE 8.21 Flotation recovery of pyrite as a function of pH with 5 x 10~* mol/L ethyl xanthate in

the absence and presence of cyanide
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FIGURE 8.23 Flotation recovery of goethite as a function of pH with 1 x 10~3 mol/L additions of
cationic and anionic collectors
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FIGURE 8.24 The effect of hydrocarbon chain length on relative flotation response of quartz in
the presence of various ammonium acetates at neutral pH
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FIGURE 8.25 Schematic representation of the electrical double layer in the presence of surface-
active organic compounds: (A) adsorption as single ions at low collector concentration,

(B) hemimicelle formation at higher concentration, and (C) co-adsorption of collector ions

and neutral molecules
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FIGURE 8.26 Adsorptlon denslty and zeta potentlal of alumina as a functlon of dodecyl sulfonate
concentratlon at pH 7.2 and 2 x 10~3 mol/L lonlc strength
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FIGURE 8.29 Zeta potential of talc and precipitated Cr(OH)3 as a function of pH
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FIGURE 8.30 Adsorption of calcium species on quartz as a function of pH from solutions containing
100 ppm in Ca2*
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FIGURE 8.31 Flotation recovery of pyrolusite as a function of pH with 1 x 10~% mol/L oleate
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FIGURE 8.33 Zeta potential of rhodonite as a function of pH in the absence and presence of Mn2*
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FIGURE 8.34 Flotation recovery of chromite as a function of pH and oleate concentration
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FIGURE 8.36 Minimum flotation edges of quartz—Conditions: 1 x 10~ mol/L sulfonate, 1 x 10~*
mol/L metal ion
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FIGURE 8.37 Flotation recovery of quartz as a function of pH—Conditions: 1 x 10~% mol/L
sulfonate, 1 x 10~% mol/L metal ion
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FIGURE 8.38 Flotation recovery of quartz as a function of lauric acid and calcium chloride

additions at pH 11.5
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FIGURE 8.42 Flotatlon recovery and grade of fluorlte from ore with 2.5 Ib/ton olelc acld, 1.5 Ib/
ton quebracko, and 10 Ib/ton soda ash
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FIGURE 8.43 Flotation recovery of calcite as a function of pH with 5 x 10™% mol/L oleate and
5 x 1074 mol/L sodium silicate (Type N)
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FIGURE 8.44 Flotation recovery of fluorite as a function of pH with 1 x 10~* mol/L oleate in the
absence and presence of sodium silicate (Type N)
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FIGURE 8.45 Flotation recovery of barite, calcite and fluorite as a function of starch concentration
with 7 x 10~° mol/L oleic acid at pH 8
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TABLE 8.15 Sign of surface charge for selected alkali halides

Negative Gaseous lon Hydration

Free Energies, kcal/mol Sign of Surface Charge
Chlorides Cation Anion AG* Predictedt Experimental¥
LiCl 112.0 82.5 29.5 - —
NaCl 88.4 82.5 5.9 - -
KCI /1.1 82.5 11.4 + -
RbCl 65.9 82.5 16.6 + +
CsCl 58.2 82.5 24.3 + +

Source: Yalamanchili 1993.

*Difference in cation and anion gaseous hydration free energies.
TSimplified lattice ion hydration theory.

FElectrophoretic mobility measurements by laser-Doppler electrophoresis.
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FIGURE 8.46 Flotation recovery of sylvite as a function of amine addition
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FIGURE 8.47 Flotation recovery of KCl and NaCl as a function of caprylic acid
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FIGURE 8.48 Flotation recovery of K,S0,4 with dodecylamine
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FIGURE 8.49 Flotation recovery with anhydrous as a function of dodecylamine addition and
temperature
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FIGURE 8.50 Flotation recovery of anhydrous and hydrated Na,S04 as a function of dodecylamine
addition
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FIGURE 8.51 Flotation tank profiles of open-flow machines
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FIGURE 8.52 Flotation cell impeller mechanisms
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FIGURE 8.53 Schematlc of a conventlonal column flotatlon cell
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FIGURE 8.54 Schematic of a Hallimond flotation cell
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Feed— 1 2 3

Concentrate

5 [ Tailing

When the rougher concentrate requires cleaning, the following circuits may be involved:

!

Feed—» 1 2 3 4 5

—® Rougher Tailing (RT)

Rougher Concentrate (RC)

4 | Cleaner Tailing (CT} —

Cleaner Concentrate (CC)

The following flowsheet shows the presence of middlings in the circuit. Regrinding of cleaner tailing {(CT)

and scavenger concentrate (5C) is needed.

9 3 4 5 Final Tailing \ >

Regrind

Feedih1 2|3 4a]s > 1
RT
RC SC
1 2 3 4 T g
cc
N
Recleaner Tailing
—»| 1 2 3

Final Concentrate

Source: Gaudin 1939.

FIGURE 8.55 Typlcal flotatlon flowsheets
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