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Abstract: In this paper, a scheme of flotation frothers classification is presented. The scheme first
indicates the physical system in which a frother is present and four of them i.e., pure state, aqueous
solution, aqueous solution/gas system and aqueous solution/gas/solid system are distinguished.
As a result, there are numerous classifications of flotation frothers. The classifications can be organized
into a scheme described in detail in this paper. The frother can be present in one of four physical
systems, that is pure state, aqueous solution, aqueous solution/gas and aqueous solution/gas/solid
system. It results from the paper that a meaningful classification of frothers relies on choosing the
physical system and next feature, trend, parameter or parameters according to which the classification
is performed. The proposed classification can play a useful role in characterizing and evaluation of
flotation frothers.
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1. Introduction

Frothers are very important reagents playing a multiple role in flotation of particulate matter.
The frothers facilitate formation of either foam or froth and favourably modify the structure of films
between bubbles as well as solid particles and bubbles [1-7]. Frothers also interact with collectors
resulting in a stronger and faster particle-bubble attachment [8].

Although flotation of naturally hydrophobic materials, with a water contact angle greater than
zero [9,10], is possible without any reagent [11], some hydrophobic and slightly hydrophobic materials
do not float in pure water. A good example is molybdenite and different carbonaceous materials,
including metals- and carbon-bearing shales [12]. Their flotation can be induced by application of
frothers in the form of either organic compounds or inorganic electrolytes [13,14].

Properties of frothers depend on many parameters, including structure, concentration and ability
to interact with water, solids, collectors and modifiers. As a result, there are numerous classifications
of frothers. For instance, Khoshdast and Sam [15] classified frothers taking into account their (i)
pH-sensitivity; (ii) solubility; (iii) frothing/collecting properties; and (iv) selectivity/frothing power.
The classifications considering pH-sensitivity and solubility are obvious. In the third category frothers
can also play the role of a collector. The fourth classification takes into account ability of frothers to
float particles according to their size, e.g., selective frothers effectively recover the fine particles, while
powerful frothers float well the coarser ones [16].

Literature survey on frothers, their properties and grouping shows that the issue of frothers
classification is much more complex than that offered in the literature. Therefore, in this work a scheme
for frothers classification is proposed. The scheme first indicates the physical system in which the
frother is present and four groups: (i) pure state; (ii) aqueous solution; (iii) aqueous solution/gas
system; and (iv) aqueous solution/gas/solid system are distinguished (Table 1). Next, within each
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physical system, the frothers are classified into five categories, mostly based on the number of numerical
values need for the classification.

Table 1. Frothers classification system based on four physical systems and number of numerical values
used for classification.

System Classification Details
(a) organic, inorganic (elemental composition) Table 2
(b) alcohol, non-alcohol (chemical structure) Table 3
Pure state (c) solid, liquid, gas (state of pure frother)
(d) hydrophilic-lipophilic balance (HLB) *! Table 4
(e) HLB vs. molecular weight (MW) *2 Figure 1
(a) acidic, neutral, alkaline (pH sensitivity) Table 5
Aqueous solutions (b) solubility *! Table 6
(c) cloud point *1 Table 7
(@) surface.active, surfactant (surface tension vs. Table 8, Figure 2
concentration)
(b) surface tension slope *1 Tables 9 and 10, Figures 3 and 4
Aqueous solution/gas system (c) critical coalescence concentration CCC *! Table 11, Figure 5
(d) gas hold-up GH *! Table 11, Figure 7
(e) dynamic frothability index DFI *! Table 11, Figure 8
(f) DFI vs. CCC *? Figure 9

(a) effective, neutral, harmful, overdosed (yield or recovery
vs. frother concentration)

(b) effective, neutral, harmful, overdosed (recovery or
yield vs. surface tension)

(c) strength or effectiveness (recovery or yield vs.
concentration) *!

Figure 11, Table 12
Figure 12 (for inorganic electrolytes)

Aqueous solution/gas/solid
system

Table 13, Figure 13

(d) ksg (kinesis) *! Table 14, Figure 14
(e) power (based on recovery-recovery plot) *! Table 15, Figure 15
(f) selectivity (based on recovery-recovery plot) *! Table 15, Figure 15
(g) yield or recovery vs. kinetic const. *? Figure 16
(h) powerful and selective (DFI vs. CCC, HLB vs. MW *3) Figure 17
(i) Cartesian x-y or Gibbs triangle plots * Figure 18

*1 One-, *2 two-, * trend-correlative type of classification; ** three-numerical value type of classification.

To emphasize that the classification deals with reagents, which are used for separation by flotation
of solid particles from water with gas bubbles, in this work these reagents will be referred to as frothers,
regardless the fact that sometimes the properties used for the classification involves foam, which is a
two-phase system without solid particles.

2. Frothers in Pure State

2.1. Feature-Type (no-Numerical Value) Classification

The simplest classification of frothers in the pure state is based on their elemental composition and
divides frothers into organic and inorganic [17] (Table 2). Another classification takes into account the
chemical structure and divides frothers into alcohols and non-alcohols (Table 3). The alcoholic frothers
can be further divided into classes depending on the alcohol structure [18] (Table 3). The non-alcoholic
frothers can also be divided into organic and inorganic. The non-alcoholic organic frothers, instead
of —OH, contain bonded oxygen in their structure. The frother, in its native state, can be solid,
as a-terpineol with melting point of 40 °C [19] and inorganic salts, liquid (most organic frothers
including polyglycol ethers) and gas (ammonia).

Table 2. Classification of frothers into organic and inorganic.

Frother Class Example Example

. entanol, oleic acid, amines
organic compounds (alcohols, acetals, p ’ ’ ’

Organic acids, bases etc.) polyglycols, polyglycol
ethers
Inorganic inorganic compounds (electrolytes: NaCl, HCl, NaOH

salts, acids and bases)
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Table 3. Classification of organic frothers into alcohols and non-alcohols ([18], with modifications).

Group Example
Alcohol
1. Aliphatic Alcohols
(a) linear from amy]l to decanol
iso-amyl

CHa
C)\/\OH

2-ethyl hexanol

(b) branched /\/\[\

methyl 1sobuty1 carbinol ( MIBC)

diacetone

CH; O
(c) with additional group M
HO CH
CHjy

2. Cyclic Alcohols

Cyclohexanol

(a) linear O/ OH

«-terpineol

CHs
(b) branched S?
cHy” | cHg
OH

cresols

OH OH

CH; ﬁ

ortho-cresol meta-cresol

2-methylphenol 3-methylphenol CH;

para-cresol
3. Aromatic 4-methylphenel

xylenols

T

(2,5-xylenol)

R(X),OH
R =H or C,Hy,41 or any hydrocarbon
X = EO (ethylene oxide), PO (propylene oxide), BO
(butylene oxide)

4. Polyglycols and hydrocarbon polyglycol ethers
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Table 3. Cont.

Group Example

Organic Non-Alcohols

L

O
1. Alkoxy-hydrocarbons )\)\
y-hy /\O O/\

(1,1,3-triethoxybutane)

R? OR?
2. Acetals H ~ \OR3

Rl =H, alkyl, aryl
R, R® = alkyl (usually R? = R%)

3. Frother/collectors (long chain carboxylic acids,
amines, sulfonates, sulphates etc.)

All these feature-type classifications are descriptive and no numerical value is assigned to
the frother.

2.2. One-Numerical Value Classification

There is also a group of classifications of frothers based on one numerical value of a selected
property of frother in the pure state. One of them takes into account the so-called hydrophilic-lipophilic
balance (HLB) proposed by Davies [20]. The formula for calculation of HLB is: HLB =7 + 1.3:(O) +
1.9-(OH) — 0.475-(CxHy), where O and OH stand for numbers of hydrophilic oxygen and hydroxyl
functional groups, respectively and CxHy for number of lipophilic (or hydrophobic) -CH, -CH-,
CHj3—, =CH- groups. The HLB for frothers is between 4 and 10 [21]. The scale of HLB is given in
Table 4. The HLB values for organic frothers can be found in many papers (e.g., [22]).

Table 4. Classification of organic reagents, including frothers, based on numerical value of HLB
(after [21], with modifications).

HLB Properties

1.5-3 Antifoaming reagents

3.5-6 Emulsification reagents

3.5-6 Frothers with emulsification properties
7-10 Frothers with wetting properties
7-9 Wetting reagents

8-18 Emulsification reagents (oil in water)

13-15 Detergents

15-18 Solubilisation reagents

The frothers can also be classified according to their number of carbon in the alkyl chain (n) as
well as molecular mass, historically called molecular weight (MW). The values of MW can be found
for instance in [19].

2.3. Two-Numerical Value Classification

The third type of classification of frothers in the pure state system is based on two numerical
values characterizing the frother. A good example is HLB and MW. These values can be either tabulated
or presented graphically as is shown in Figure 1. The frothers can be grouped into classes, for instance
low MW /high HLB or high MW /low HLB etc.
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Figure 1. Two-numerical value classification of frothers in pure state according to hydrophobic-lipophilic
balance (HLB) and molecular weight (MW) (based on [16]).

3. Frother in Aqueous Solutions

3.1. Feature-Type (no Numerical Value) Classification

Frothers are used together with water, unless flotation is performed in non-aqueous solutions.
Therefore, there is a classification of frothers based on their ability to dissociate in aqueous solutions.
Their dissociation depends on pH and therefore the frothers are classified into acidic, neutral and basic,
that is cationic, anionic and non-ionic [15,23] (Table 5). This is a no-numerical value classification type.
Assigning numerical values to the frothers, for instance of the dissociation constants, would turn it
into a one-numerical value classification.

Table 5. Classification of frothers according to their pH-sensitivity [15,23].

Frother Type Example
Phenols
OH
Acidic Alkylsulfonates
o

R'—S—O0—R?

I
o

Primary and cyclic alcohols R-OH

CHg

CHy” | “CHy
OH

(x-terpineol)
Natural oils
HaC
O _cH,
CH,

Neutral (eucalyptol)
Alkoxy paraffins

H3C /—CH3
o0
HC— O__CHs

(1,1,3-triethoxybutane)
Polyglycol ethers

ch[ov\}ocH3
n

(poly(ethylene glycol) dimethyl ether)
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Table 5. Cont.

Frother Type Example
Pyridine base
. X
Basic |
~
N

Solubility of frothers influences the flotation performance [24]. Crozier [25] divided frothers into
completely miscible and slightly soluble. Such reagents as aliphatic alcohols, cresylic acids, alkoxy
paraffins and non-ionic polypropylene glycol ethers belong to the slightly soluble group of frothers,
while completely soluble are polyglycols and polyglycol ethers [15].

3.2. One-Numerical Value Classification

Different properties of frothers present in aqueous solutions can be used for their one-numerical
value classification. One of them is solubility. The solubility of selected organic frothers is given
in Table 6. Another is the cloud point below which the frother molecules can be dissolved in
water. At higher temperature molecules start to associate and solution becomes cloudy as a
result of phase separation and surface activity loses. The cloud point is observed for frothers
containing polyoxyethylene groups in their structure. Table 7 presents the cloud point for selected
polyoxyethylene-type non-ionic frothers in 0.1 weight fraction aqueous solutions.

Table 6. Solubility in water of selected organic frothers (based on [26-29]).

e 3 - 3 e %
Alkyl Alcohol S°1“b;thg 3?/ dm M‘K‘l‘f:;gle“e s"l“:t‘lz‘gs‘ﬂgl dm Carboxylic Acids Sﬁ‘;&ﬁ;
n-butanol 7.400 x 10* x-pinene 2.45 C¢HsNH, 383
n-pentanol 2.200 x 10* plinol 1482 C4HyCOOH 333
n-hexanol 5.875 x 10° linalool 853 CgH5COOH 24
n-heptanol 1.740 x 103 «-terpineol 709 0-CH3C¢H5COOH 9
MIBC 1.6 x 10* (20 °C) arbanol 577 m-CH3C¢H5COOH 7

* Presumably at room temperate.

Table 7. Cloud point of selected frothers in 0.1 weight fraction aqueous solutions present in the
polyoxyethylene-type non-ionic frother /water sub-system of frother aqueous solutions system (based on [30]).

Frother Cloud Point, °C Frother Cloud Point, °C Frother Cloud Point, °C
CyoEs 46 Cy2Eq 55 Cy4Eg 49
CyoEs 63 CypE7 69 C14E7 63

The cloud point can be assigned only to the polyoxyethylenic non-ionic frothers in the aqueous
solution sub-system and therefore for other frothers it is equal to zero.

4. Frother in Aqueous Solutions/Gas System

4.1. Feature and Trend-Type (no Numerical Value) Classification

Lekki and Laskowski [31] classified frothers according to their ability to modify the surface tension
of water at concentrations applied in flotation. In their classification frothers can be either surface
active, that is changing the static surface tension of water, or surface inactive (Table 8).
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Table 8. Classification of frothers according to their surface activity in water at concentrations applied

in flotation (after [31]).

Frother Class

Property of Aqueous
Solution

Liquid-Gas Interactions

Froth/Foam

Form colloidal solutions

(fatty acids, amines,
sulfonates, sulphates)

Surface active

Strongly reduce aqueous
solution surface tension

Form true solutions
(alcohols)

Change aqueous surface
tension

Form two (foam) and three (froth)
phase systems

Organic compounds
forming true solutions
(ethyl acetal, ethyl
diacetone) Inorganic

Surface inactive

Do not change aqueous
surface tension
Increase surface tension
of water *

electrolytes

Form only three phase systems
(froth)
Form weak foam and strong froth
with hydrophobic particles

* Some electrolytes decrease surface tension of water (see Figure 3).

The classification offered in Table 8 is not precise because establishing the limit of surface tension
change for frothers to be called surface inactive is difficult. A better approach is to divide frothers into

surface active and surfactant (Figure 2) based on the trend of surface tension change with increasing
frother concentration. The surface active frothers are those which cause either low or moderate,
positive or negative, surface tension change (A0 = 0golution — Twater) With increasing concentration of

frother in water, while for surfactants the Ac parameter is significant and negative (Figure 2).

surface tension, g, mN/m
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-| QA\ e(.A
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~
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\
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Figure 2. Classification of frothers, based on their ability to change surface tension of water, into

surface active with characteristic slope (¢“) and surfactants which significantly lower surface tension

of aqueous solutions.

4.2. One-Numerical Value Classification

4.2.1. Surface Tension versus Frother Concentration, % or cgs)

The surface tension change of surface active reagents and surfactants (Figure 2) can be utilized

for the classification of frothers based on numerical values. Since the surface active reagents change
their static surface tension with the concentration almost linearly, their classification can be based
on the approximated slope of Ao (or 0) versus frother concentration c plot (Figure 3). Theoretically,
there should exist surface inactive reagents but so far, no reagent with Ac = 0 in a wide range of

concentrations was reported. In such considerations, the change of surface tension due to mixing of
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frother and water, having different pure state surface tension, is neglected. The slopes of Ac, denoted

as (TZ

, can be either negative or positive for both inorganic frothers (salts, Figure 3a; acids, Figure 3b;

bases, Figure 3c) and organic reagents (Figure 3d). The slopes ¢ of the plots of Ac versus the frother

concentration for selected frothers are given in Table 9.
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(d)
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Figure 3. Slope of surface tension of aqueous solution of selected organic and inorganic reagents,

(a) inorganic salts [32]; (b) inorganic acids [19]; (¢) inorganic bases [19]; (d) organic reagents ([19,33],

assumed solution density 1 g/cm?).

Table 9. ¢ values for selected surface active (non-surfactant) frothers.

Example Surface Tension Slope o4
(mN/m)/(mol/dm3)

AlCl; 6.0 [34]
MgCl, 4.0[32]
Na2504 29 [32]
KCl 1.8 [32]
sucrose 1.7 [19]
NH,4Cl 1.6 [32]
H,S0, 0.4 [32]
methylammonium chloride 0.4 [35]
NaClOy4 0.2 [32]
ethylammonium chloride —1.3[35]
HCIO,4 —2.2[32]
KPF¢ —2.5[36]
propylamonnium chloride —4.3 [35]

In the case of surfactants, the plot of the surface tension versus concentration is not linear
(Figure 4a), although plotting using a logarithmic scale for concentration (Figure 4b) usually provides
a linear part, before it levels off for values characteristic for micellar or pure reagent surface tension.
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80

80
surfactants surfactants (semilog plot)

§ 70 e ™ E CeHy3NH,Cl, 25 °C
g 2
= %0 acetal C,H,CH[O(C,H,0),CH,], (20 °C) [
=/ > 60
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S b R — 5
- f =
e 2 5 -
& 40 acetal C,H,CH[O(C,H,0),CH;], (20 °C) 8
= 8
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. 3 .
surfactant concentration, mmol/dm surfactant concentration, mol/dm?
(a) (b)

Figure 4. Surface tension of aqueous solution of selected surfactants and c,59 determination.
(a) surfactants (acetals [37]; methyl isobutyl carbinol (MIBC) [38]; dodecyl trimethylammonium
bromide (DTAB): [39]; (b) surfactants (semilog scale) (hexyl ammonium chloride: [35]; Na n-dodecyl
sulphate: [40]; diethylene oxide n-decyl ether: [41]).

The classification of surfactants according to their surface tension can be based on the characteristic
concentration at which the surface tension of aqueous solution drops to an arbitrarily chosen value,
for instance 50 mN/m. This property will be denoted as c50. Any other value can be used. Table 10
presents the cy50 values for selected surfactant frothers.

Table 10. ¢,50 values of selected surfactant frothers.

Example ¢o50 (mmol/dm?3)

diethylene oxide n-decyl ether (CyoE;) 0.35
sodium n-dodecyl sulphate (SDDS) 45
dodecyl trimethyl ammonium bromide (DTAB) 7
methyl isobutyl carbinol (MIBC) 10

acetal C3H7CH[O(C2H40)2CH3]2 22

acetal C,H5sCH[O(C,H40),CH;3]» 155

hexyl ammonium chloride (CqH;5NH;3Cl) 500

4.2.2. Bubble Size versus Frother Concentration, CCC

Many other properties of frothers in aqueous solutions in the presence of the gas phase can be
used for their classification. One of them, resulting from the bubble size versus concentration plot
(Figure 5), is the critical coalescence concentration (CCC) [2]. CCC is a parameter which indicates
the frother concentration needed to prevent bubbles coalescence in an aqueous solution. The value
of CCC can be either read-off from the bubble size-concentration curve or evaluated using HLB and
MW [2,22,42]. Since the change of the bubble size in the vicinity of CCC is not sharp, usually CCCos,
that is the frother concentration at which the average bubble size drops 95% is used. The third method
of CCC determination is based on normalization of the bubble size vs. concentration plot using a
mathematical equation approximating the whole curve (CCCy) [43]. The selected values of CCC are
presented in Table 11. The Sauter mean diameter of bubble size is usually used on the y axis. However,
other mean values can also be used.
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Figure 5. Determination of CCC, CCCg5 and CCC; from the relation between average bubble size and
frother concentration.

Table 11. Classification of frothers according to their values of CCC, DFI and GHj ;. Source of data:
a—[44]; b—[45]; c—[22]; d—I2]; e—[46]; f—[47]; g—I[48]; (* denotes CCCys).

Example CCC GHy > Gas-Holdup, % DFI
mmol/dm?3 at 0.2 mmol/dm? of Frother s-dm3/mmol
2-butanol 1.041 * - 1@
1-pentanol 0.284 <* 6.88 6?
1-hexanol 0.108 &* 958 344
1-heptanol 0.069 &* 1228 412
1-octanol 0.062 <* 13.08 794
MIBC 0.114 958 372
a-terpineol 0.054 ¢ - 1382
DF250 0.038 13.88 208 P
DF200 0.084 f 10.4 8 196 b
DF1024 0.015f - 2670

CCCoys is related to the ratio of HLB and MW by a simple equation shown in Figure 6 [42]. It means
that the two-numerical value classification of frothers based on HLB and MW (Figure 1) can be replaced
by a one-numerical value classification using either HLB/MW or CCCys. The values of CCC can be
also predicted basing on the number of carbon in the alkyl group of the reagent [49].

50 |
Aliphatic alcohols
Polypropylene glycol alkyl ethers
Polypropylene glycols
4.0 | .
Commercial
E
e 3.0 |
§ = 209.71(HLB/MW)
95 —
8 20} 105.14 — 800(HLB/MW)
o
o
o
1.0 |
0.0
0.000 0.020 0.040 0.060 0.080 0.100 0.120

HLB/MW

Figure 6. Relation between CCC and HLB/MW [42].
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4.2.3. Gas Hold-up versus Frother Concentration, GHj ,

The classification of frothers can be also based on the gas hold-up influenced by the frother
concentration [48] (Figure 7). It can be done by vertical cross-section of the plot and determination, for
instance the gas hold-up at 0.2 mmol/dm? of frother or shortly GHy,. The selected numerical values
of GHy, are given in Table 11.

16

1-octanol
1-heptanol

Dowfroth 200

MIBC, 1-hexanol

1-pentanol, 3-methyl-1-butanol

gas hold-up, GH, %
[+

6 1
1
4 1GH,,
1
|
2 r |
1
0 1 I L . N N L
0 0.2 0.4 0.6 0.8

frother concentration, mmol/dm?3

Figure 7. Gas hold-up as a function frother concentration (based on [48]).

4.2.4. Retention Time versus Frother Concentration, DFI

Another parameter which can be used for classification of frothers is the dynamic foamability
index (DFI) [1,50,51]. DFI represents the limiting slope of the gas retention time versus frother
concentration for concentration approaching zero, where the retention time is the slope of the linear
part of the dependence of the total gas volume contained in the system (solution + foam) on the gas
flow rate (Figure 8). The values of DFI for selected frothers were given in Table 11.

30

05 | DFl, ,,.,;=1.6-10% s:dm3/mol  C4H,OH
0 20 | DFI=(drt/dc)
t’ 1 rtmax
GE; 1
s 57 rt-rt,= rt,.., [1-exp(-kc)]
=
L k=0.693/c
g 10} /<12
3 DFI=rt,_ -k

5 rt= linear upper part of total

rt gas volume vs gas flow rate
0
o L L L 1 L
0 20 40 60 80 100 120

frother concentration, ¢, mmol/dm?3

Figure 8. Determination of DFI (based on [50]).
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4.2.5. Other Parameters Used for Frother Classification

There are many other parameters which could be used for frothers classification resulting from
properties of the frother-in-water/gas system. They are concentration at half of the maximum foam
height (CMH) [52] determined from the foam height—concentration curve; foam time of life [17];
concentration at minimum bubble velocity (CMV) [43,53] based on the bubble velocity-concentration
curve, dynamic stability factor (DSF) [54], Bikerman’s foaminess unit >(reference) and Sun’s frothability
index [50].

4.3. Two-Numerical Value Classification

If two classification parameters form a map-type relation as DFI and CCC (Figure 9) a
two-parameter classification is possible. The description of the frother class requires two words.
The classes shown in Figure 9 are: high DFI/low CCC, low DFI/low CCC and low DFI/high CCC.

300000 ——
© DEMPH
| O DF10712
) ':l high DFI/low CCC
° DF250 PF200
£200000 K757 0
- - I
£ | “~MPDEX
o low DFI/low CCC
100000 | & 7 o0 N
o /7 DEH 1 low DFI/high CCC
| ‘I Y
(HEX o J(PO)2 -7~
'O QL ="« (PO)T
0 |\\ Ilvugg,l |\\‘~ L J.‘O-./

0 01 02 03 04 05 06
CCC, mmol/dm?3

Figure 9. Map-type relation between DFI and CCC and two-numerical value classification of frothers
in the frother/aqueous solutions/gas system (data of [16]).

5. Three-Phase (Liquid/Gas/Solid) System

The already mentioned classifications of frothers are based on either the structure or ability to
form bubbles and foams in the two-phase (gas/water) systems. However, flotation is a phenomenon
involving also solids. The main parameters (Figure 10), which are monitored in solids flotation, are
yield 7 and recovery e when two or more solids are evaluated, flotation time and frother dose. Since
the frother concentration influences other parameters such as surface tension of solution and the
maximum yield (or recovery) after a certain or long time of flotation, these properties can also be used
for classification.
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Figure 10. Yield (or recovery) of flotation as a function of time at a given frother concentration provides
various data including yield (or recovery) trend, maximum flotation yield (or recovery) (ymax), flotation
kinetics (v, k), which can be used for frothers classification in the water/gas/solid system. The case of

first order process rate.

5.1. Trend-Type Classification

5.1.1. Flotation Yield (Recovery) vs. Frother Concentration. Effective, Neutral, Harmful and
Overdosed Frothers

The effectiveness of frothers, that is their ability to provide either a desired or the maximum
yield (recovery) in the solid/water/gas flotation system, depends on the particle hydrophobicity,
frother type (inorganic or organic), surface tension change and many other parameters. Therefore, it is
useful to divide the solid /water/gas flotation systems into sub-systems, because of similar properties
observed within these groups. Such classification is based on (i) particle hydrophobicity 6, which can
be high, medium and low; (ii) frother type, which can be inorganic or organic; and (iii) surface tension
change, which can be increasing (Ac+), decreasing (Ac-), constant (Ac0), or significantly decreasing in
the case of surfactant (Acs). Basing on the yield or recovery change with the frother concentration,
the frothers can be divided into effective, neutral, harmful and overdosed (Figure 11). This type of
classification is presented in Table 12.
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Figure 11. Classification of frothers into effective, neutral, harmful and overdosed (a). Examples:
(b) medium hydrophobicity material (coal)/different surfactants (yield and effectiveness increase with
frother concentration) (data after [50], flotation time 2.5 min); (¢) medium hydrophobicity material
(carbonaceous shale)/different inorganic salts (based on data of [55]); (d) differently hydrophobic
materials/surfactant (based on data of [56,57]).

Figure 11a illustrates the classification of frothers into effective (Ay+), neutral (Ay0), harmful
(Av-) and overdosed (Avy-) due to the maximum yield change with the frother concentration for
different systems. In the medium hydrophobic solid/surfactants/water/gas system (Figure 11b) the
yield increases with the frother concentration, indicating that frothers are always effective. However,
it should be kept in mind that too much surfactant eventually reduces the flotation yield due to a
significant surface tension drop leading to a hydrophilization of the solid known as the Zisman plot [58].
In some systems, especial with inorganic frothers, low concentration diminishes flotation due to the
Jones-Ray effect, caused by electrical double layer changes [59,60]. The most desire range of flotation
system response due to application of the frother is called in this work the Lyster effect because he
introduced first frothers to flotation [61].

In the case of medium hydrophobic solid /inorganic salts/water/gas sub-systems (Figure 11c) the
maximum yield increases also when the surface tension increases, no change of yield occurs when the
salt does not change the surface tension and the yield increases when the surface tension increases.
For medium hydrophobic solids yield increases and the frothers are effective and no yield change is
observed for very weakly hydrophobic and hydrophilic solids (neutral frothers). In other systems, for
instance differently hydrophobic solid /surfactant/water/gas (Figure 11d), for highly hydrophobic
materials surfactants can be easily overdosed and too high concentration diminished the flotation
performance. Flotation of highly hydrophobic solids in the presence of inorganic salts requires more
investigations to establish the yield response to different frothers.
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Table 12. Classification of frothers into effective, neutral, harmful and overdosed, based on flotation

yield (or maximum yield) change caused by increasing concentration of frother and taking into account

particle hydrophobicity 0, frother type (inorganic or organic) and surface tension change (increase Ao+,

decrease Ao-, constant Ac0, significant decrease by surfactant Ac) (s: solid; w: water; g: gas).

Surface Tension Inorganic
Solid Hydrophobicity 6 Change with (I)/Organic (O) Frother Type Sub-System Symbol Example
Concentration Frother
1 * s(HO, Ac+I)/w/g
Ac+ o * s(HO, Ac+,0)/w/g
High ACO 1 * s(H8, AcO,I)/w/g
s(H8) o l¢) * s(H6, Ac0,0)/w/g
A 1 * S(H6, Ac-T)/w/g
- l¢) * s(H6, Ac-0)/w/g
Aoy O overdosed s(H, Acs,0)/w/g Figure 12
A 1 effective s(M8, Ac+,I)/w/g Figure 12
o+ l¢) * s(M0, Ac+,0)/w/g
Medium AcO 1 neutral s(M6, Ac0,])/w/g Figure 13
S(M6) d 0 * s(M6, Ac0,0)/w/g
A 1 harmful s(M6, Ac-I)/w/g Figure 12
- o) * s(M8, Ac-,0)/w/g
Ao (@] effective s(L8, Acs,0)/w/g Figure 12
A 1 neutral s(LO, Ac+])/w/g
o+ O neutral s(L8, Ac+0)/w/g
Low or hydrophilic AcO 1 neutral s(L8, AcO,])/w/g
s(LO) o O neutral s(LO, Ac0,0)/w/g
A I neutral s(LO, Ac-1)/w/g
- (@] neutral s(L8, Ac-,0)/w/g
Ao (@] neutral s(LO, Acs,0)/w/g Figure 12
* To be established.

5.1.2. Flotation Performance versus Surface Tension. Surface Tension Effective, Neutral and Harmful

Inorganic Frothers

Pugh et al. [32] investigated flotation of graphite, which is a medium hydrophobic material, in the
presence of different inorganic salts. Their data, replotted by Ratajczak and Drzymala [62] (Figure 12)
as the yield after a certain flotation time and the surface tension of aqueous solution caused by the
frother evidently shows, that there are groups of inorganic frother: effective, neutral, and harmful,
resulting from positive (Ao = +), negative (Ac = —) and none (Ac = 0) change of the surface tension
with the inorganic frother concentration, respectively. This type of flotation was confirmed in other

papers [63,64].
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Figure 12. Influence of aqueous solution surface tension of inorganic salts and electrolytes on yield of

graphite flotation (based on [62,65,66]).
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5.2. One Numerical Value Classification

5.2.1. Maximum Flotation Yield versus Frother Concentration. Frother Strength ¢, 75 and Molar
Effectiveness vy

The yield versus concentration plots are able to provide not only general classification of frothers
into effective, neutral, harmful and overdosed but also various numerical values which can be used
for further classifications of frothers. This can be accomplished by performing different cross-sections
of the yield-frother concentration plots. Two of them, which are the most obvious, are presented in
Figure 13. The horizontal cross-section provides a specific parameter which can be called the frother
strength, while vertical cross-section gives molar effectiveness of the frother (Table 13). Since the
yield (and also recovery) depends on the type of solid and flotation device, these parameters are
not universal but rather specific, depending on the solid properties and the type of flotation device.
In addition, the position of the crossing line must be carefully selected. We propose for the horizontal
cross-section the yield of 75% as the most practical and therefore the symbol of frother strength is c,75.
In the case of inorganic frothers the practical vertical cross-section is at 1 mol/dm? and the proposed
symbol is y1p1.

100 100 ;
Hallimond cell |
. 1
80 a0 | shale 0.1-0.2 mm |
_______________ |
e 1
= X 1
S 60 < 60 I
s ] 1 Na,SO,
o =
] £
> a0 L s 40 | I Nacl
£ E !
£ o n-butanol § KPFg 1
F €20 | ~ !
g 20 A n-pentanol So |
NS |
0 n-hexanol S<oL.
0 )
0 0.0 0.4 0.8 1.2 1.6 2.0
0 1 2 3 4 . ;
frother concentration, mmol/dm? frother concentration, mol/dm
(a) (b)

Figure 13. Cross sections of the yield versus frother concentration plot for creation of parameters
useful for specific classification of frothers. (a) horizontal cross-section of Figure 13a providing frother
strength; (b) vertical cross-section of Figure 13b providing molar effectiveness of the frother.

Table 13. Strength and molar effectiveness for selected frothers, given solid and flotation device.

Strength ¢, 75, mmol/ dm? Molar Effectiveness, Y1y
4

Example : . Example (Carbonaceous Shale,
(Coal, Lab. Flotation Machine, [50]) Hallimond Cell, [55])
n-butanol 0.2 KPFq 4%
n-propanol 1 NaCl 44%
n-hexanol 3 NaySOy 46%

5.2.2. Maximum Yield (Recovery) versus Kinetic Constant, ks

More precise characterization and classification of flotation systems and hence frothers, can be
achieved taking into account the maximum yield (or recovery) and kinetics of process already shown
in Figure 10. The horizontal cross-section of the maximum yield versus kinetic constant plot, called the
limits kinetic curves [67] (Figure 14), provides a parameter which is called kinesis of the process [68].
When the cross section is performed at the maximum yield equal to 50%, kinesis is denoted as ksp.
The selected values of ks are given in Table 14. The horizontal cross-sections can be performed at
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other values of k, for instance 75%, providing k5. The data show that flotation of shale in the presence
of hexylamine is much less efficient than that of coal with di(propylene glycol) methyl ether, because
the value of 1st order kinetic constant of the first process is much smaller. Figure 14b shows that when
the data are replotted as the maximum yield vs. k/ksg, all the experimental points form one universal
line indicating the generic properties of the investigated flotation frothers. This procedure is called
normalization. The generic trend means that frothers exhibit similar foaming/frothing behaviour
but at different concentrations expressed as either DFI, CCC, CMH, CMV etc. or any other frother
characterization parameters e.g., ksg.

100 g . ] 100 p—e < — 5
- 1 He [ ] a
bte
a
L hy ;
80 [, , K 80
o 1 / / X
>~ | / Y , OShale/Hexylamine (MHT) %
* 1 /7 7 " s
g 1 ’ / ’ A Coal/Oil+Frother (FLM) £
=60 [0 Q— B QuartzIKNO3+MIBC (MFC) 5 60
% ...,li'_ j_ _/-:. -4 . # Shale/C4E3 (FC) o O experimental data
= q" II A W2 XShale/MIBC (FC) ;‘ )
g L ) @ Shale/Hexylamine (FC) 5 40 ——equation
E l' s, / Kk +Coal/NaCl+CH3COONa (MM) E
% TRARG
/ - -terpi ] R
g |,/ S0 ~Coalterpinel oM £ Frnax=100-xp(-{k/(0.830-ksq)?)
20 '~ =Coal/C1P1 (DM) 20
;l #Teflon/a-terpineol (DM)
OShale/MIBC (MHT)
AShale/Hexylamine (MHT)
0 0
0.0 0.5 1.0 1.5 2.0 2.5 0 2 4 6 8 10
k, min- k/ksy
(a) (b)

Figure 14. (a) Limits kinetic curves; and (b) universal limits kinetic curves after normalization against
kinetic constant for maximum yield of 50% [67].

Table 14. Values ks for different separation systems. Symbols in the parenthesis denote the type of
flotation device: MHT—monobubble Hallimond tube; MM—Mechanobr type laboratory machine;
FC—flotation column; DM—Denver type laboratory machine; LFM—Iaboratory flotation machine;
MEFC—mechanical flotation cell; MIBC—methyl isobutyl carbinol; C4E;—tri(ethylene glycol) butyl
ether, C;P,—di(propylene glycol) methyl ether.

Separation System kso, min~1
Shale/MIBC (MHT) 0.045 [69]
Shale/Hexylamine (MHT) 0.046 [69]
Shale/Hexylamine (MHT) 0.050 [70]
Shale/MIBC (FC) 0.064 [56]
Shale/C4E;3 (FC) 0.076 [56]
Shale /Hexylamine (FC) 0.076 [56]
Coal/NaCl + CH3COONa (MM) 0.100 [71]
PTFE/ a-terpineol (DM) 0.173 [72]
Coal/oil + frother (FLM) 0.278 [73]
Quartz/KNOj3; + MIBC (MFC) 0.278 [74]
Coal/ a-terpineol (DM) 0.597 [75]
Coal/C;P, (DM) 0.770 [75]

5.2.3. Power P and Selectivity F of Frothers Based on Upgrading Curves

In the case when more than one solid is present in the flotation system and their recoveries are
available, additional one-parameter classification of frothers can be performed [76]. It is based on the
Fuerstenau upgrading curve [77,78] used for evaluation of the process efficiency. From the Fuerstenau
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upgrading curve, which relates recovery of the useful component in the concentrate versus the recovery
of the remaining solid components in the tailing, selectivity F and independently power P, are read-off
from the graph as shown in Figure 15. The power of frother P is defined as the dose (expressed either
in mmol/dm3, mg/dm?® or g/Mg) of frother needed to reach a certain degree of separation. The most
convenient is the point when the recovery of the useful component in the concentrate is equal to
the recovery of the remaining components in the tailing. Selectivity F, is determined by the point
at which the upgrading curve crosses the ascending diagonal. Selectivity F can also be determined
mathematically by approximation of the experimental data with suitable equations [79].

100%

7

f/'.
O,
%@rc\/\
N,
, ce'vre )
’ o,

/ 5z
4”9

recovery of remaining components in tailing

7
/

50% . 100%
recovery of useful component in concentrate

Figure 15. Procedure of determination of selectivity F (%) and separately power P (expressed in frother
dose) of flotation frothers using the Fuerstenau upgrading curve [76]. Collector, if used, regulates
hydrophobicity and its concentration is constant.

The values of selectivity F and power P of selected alkyl polypropoxy C,Pr, and alkyl polyetoxy
ChEm frothers used for flotation of a copper ore [76] utilizing the Fuerstenau upgrading curve are
given in Table 15.

Table 15. Selectivity F and power P of alkyl polypropoxy CnPm and polyetoxy CnEp, frothers used for
flotation of copper ore [76].

Frother Formula Selectivity F, % Power P, mg/dm3 Power P’3
mmol/dm
C4E; C4HyO(C,H40)1H 78 £1 38 0.32
C4E; C4HoO(C,H4O)3;H 78+1 65 0.32
C1P3 C1H30(C3HzO)3;H 77+1 65 0.32
C4Er C4HoO(C,H4O),H 77 +2 102 0.63
CeEs C¢H130(C,H4O),H 76 +£2 120 0.63
CoP3 (C3HgO)3H 77 +3 121 0.63
CsP3 C3H;0(C3HgO)3H 75+2 145 0.63
C4P3 C4HoO(C3HzO)3H 74+2 155 0.63

5.3. Two-Numerical Value Classification

5.3.1. Maximum Yield Versus Specific Rate Constant. Slow /Powerful, Fast/Powerful,

Slow /Powerless, Fast/Powerless Frothers

The maximum yield versus specific rate constant relation for many materials provides a
two-numerical values map-type relation which can be used for the classification into slow /powerful,
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fast /powerful, slow/powerless and fast/powerless [67] (Figure 16). This type of classification can
also be used for systems involving two or more solids. In such cases the maximum yield is replaced

with the maximum recovery.
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1st order specific rate, v, %/(%min)
1st order kinetic constant k, min-!, (num v = num k)

Figure 16. A map-type classification for the three-phase (liquid/gas/solid) system according to

achieved maximum yield and n-order kinetic constant k values (based on [67]).

5.3.2. Special Trend-Type Classifications Based on Relationship between Selectivity and

Other Parameters

Special trend-type classifications based on relationship between selectivity and additional
parameters for frothers present in the solids/gas/liquid systems was proposed by Laskowski [16,45].
They are based on the relation between trends in solids flotation and either pure state (MW and HLB)
or liquid/gas system parameters such as DFI and CCC. First, the plot relating MW and HLB (Figure 1)
as well as DFI and CCC (Figure 9) are created and next their numerical values are somehow related to
the selectivity of flotation of either fine or coarse particles. According to Laskowski [16], frothers with
low values of CCC and high DFI produce stable foams and can be used in flotation of coarse particles.
They were named powerful. On the other hand, the frothers with high values of CCC and low DFI
float well fine particles. They were named selective (Figure 17a). The same procedure can be applied

for HLB versus MW plot and fine and coarse particles flotation selectivity data (Figure 17b).
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1000

Figure 17. Classification of a frother into selective and powerful category resulting from a relation
between either (a) DFI/CCC or (b) HLB/MW and a trend in selectivity of fine and coarse particles
flotation, respectively ([45] with modification).
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The trend-type correlative classification of frothers in the liquid/gas/fine, medium and coarse
particles system is presently not precise because the selectivity and power of frothers are not directly
visible from plots and no numerical values are given. Therefore, the classification of frothers into
powerful and selective based DFI versus CCC and HLB versus MW requires further development.

The trend-type correlative classifications of frothers shown in Figure 17 are equivalent because
HLB/MW and CCC (Figure 7) are well related [22,42].

5.4. Three-Numerical Value Classification

Many parameters of the liquid/solids/gas systems allow to use more than two parameters
simultaneously for the classification of frothers. It could be for instance flotation selectivity, froth height
and kinetic constant. When three numerical values are considered for the classification, the graphical
representation of such approach can be made in the form of a Cartesian x-y plot with data points in the
graph amended with numerical values of the third parameter. Another option is the Gibbs triangle [80].
Both are shown schematically in Figure 18.
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Figure 18. Possible three-numerical value classification of frothers. (a) Cartesian x-y plot; (b) the Gibbs
triangle plot.

6. Conclusions

The flotation frothers can be considered as either pure or part of different physical systems
resulting from a combination of solid, liquid and gas phases i.e., pure state, aqueous solution, aqueous
solution/gas system and aqueous solution/gas/solid system. Once the physical system is defined,
the frothers can be classified according to the number of numerical values used for this purpose and
five of them are discussed in the paper. The first classification category does not use any numerical
value and is based on a feature expressed in words or as it changes, which can be either increasing,
constant or decreasing. The second category is based on one numerical value and uses such parameters
as solubility, dissociation constant, critical coalescence concentration (CCC), dynamic foaming index
(DFI) and many others. The third category uses two parameters leading to double terms of frother
class such as low DFI/high CCC or slow (small kinetic constant) /powerful (high maximum yield). In a
graphical form the category is a map type of classification. The fourth type is based on three numerical
values and leads to a 2D map with isolines. The last category is based on two numerical values, which
by means of a relation with another parameter such as flotation of coarse or fine particles, are turned
into a single descriptive term. Each proposed classification can play a useful role in characterizing and
evaluation of flotation frothers.
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