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Abstract: The flotation of complex solid-liquid multiphase systems involve interactions among multiple components, the core problem
facing flotation theory. Meanwhile, the combined use of multicomponent flotation reagents to improve mineral flotation has become an
important issue in studies on the efficient use of refractory mineral resources. However, studying the flotation of complex solid-liquid
systems is extremely difficult, and no systematic theory has been developed to date. In addition, the physical mechanism associated with
combining reagents to improve the flotation effect has not been unified, which limits the development of flotation theory and the progress
of flotation technology. In this study, we applied theoretical thermodynamics to a solid-liquid flotation system and used changes in the
entropy and Gibbs free energy of the reagents adsorbed on the mineral surface to establish thermodynamic equilibrium equations that de-
scribe interactions among various material components while also introducing adsorption equilibrium constants for the flotation reagents
adsorbed on the mineral surface. The homogenization effect on the mineral surface in pulp solution was determined using the chemical
potentials of the material components of the various mineral surfaces required to maintain balance. The flotation effect can be improved
through synergy among multicomponent flotation reagents; its physical essence is the thermodynamic law that as the number of compon-
ents of flotation reagents on the mineral surface increases, the surface adsorption entropy change increases, and the Gibbs free energy
change of adsorption decreases. According to the results obtained using flotation thermodynamics theory, we established high-entropy
flotation theory and a technical method in which increasing the types of flotation reagents adsorbed on the mineral surface, increasing the
adsorption entropy change of the flotation reagents, decreasing the Gibbs free energy change, and improving the adsorption efficiency and
stability of the flotation reagents improves refractory mineral flotation.

Keywords: multicomponent flotation reagent; adsorption entropy change; equations of thermodynamic equilibrium; adsorption equilibri-
um constant; high-entropy flotation

1. Introduction flotation processes and reagent systems provided, which is an
important reason why theoretical research in the flotation
field has been highly valued, domestically and internation-

ally, in recent decades. Solubility product theory relies on the

More than 100 years of development have led to consider-
able mineral flotation success. Mineral resources recovered

through flotation have contributed substantially to the eco-
nomic development of human society. The recovery of target
minerals through flotation has achieved good technical and
economic indicators for some highly floatable ores with
simple mineral compositions. In addition, extensive experi-
mental research using appropriate reagent systems and pro-
cess flows has delivered good results for some poorly float-
able ores with complex compositions. However, despite ex-
tensive experimental research, effective recycling has not yet
been achieved for poorly floatable ores with similar target
and gangue mineral floatabilities and complex mineral com-
positions. Indeed, mineral flotation technology has remained
ahead of basic theory for over 100 years. Moreover, de-
veloped theories are mostly limited to qualitatively explain-
ing process technology, with minimal theoretical guidance on
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concentration product of the constituent ions in an equilib-
rated solution system and is based on solution chemistry, in
which flotation reagents more easily form precipitates when
interacting with ions in the pulp solution when the solubility
product is low, with flotation reagents with stronger adsorp-
tion capacities for the mineral surface leading to higher-sta-
bility adsorbates. However, the ions on mineral surfaces are
constrained by other components, and their properties differ
considerably from those in solution. The solubility product, a
criterion for the adsorption capacity of a flotation agent on a
mineral surface, can lead to considerable and sometimes
severe errors.

The presence of numerous minerals, potentially dozens or
hundreds, highly complicates flotation systems associated
with actual ores. This complexity stems from the dissolution
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of the surface minerals, resulting in numerous substances in
the pulp solution. In addition, the potential for numerous
chemical reactions among these components makes the sys-
tem more complicated and exceedingly challenging to navig-
ate. Through flotation theory research, drawing precise con-
clusions for specific minerals and certain flotation reagents of
such multifaceted systems is challenging and often leads to
inadequate theoretical guidance or, at best, a constrained dir-
ection. Developing an understanding of the multiple interac-
tions that occur between flotation reagents and minerals
found in actual ores is arduous. Even when studied in depth,
the equilibrium of a system formed by numerous minerals in
a pulp solution differs markedly from that of a single-miner-
al system. Consequently, insight from theoretical research in-
adequately reflects the actual mineral flotation system. For
recalcitrant ores, multiple flotation reagents are often added
to enhance flotation effects. Such intricate flotation reagents
further complicate the pulp solution and mineral surface, and
contemporary theory fails to reflect the physical and chemic-
al behavior of such intricate systems. Without systematic the-
oretical guidance, pragmatic flotation often relies on extens-
ive experimental studies that are important for identifying
suitable flotation reagent systems and process parameters.
Consequently, mineral flotation is largely considered a tech-
nical practice that heavily depends on experimentation.
Rational reagent formulation is crucial for maximizing
mineral flotation efficiency. Mineral flotation systems differ
in appropriate reagent formulations for reference and adop-
tion, which benefit from abundant production practice exper-
ience and extensive theoretical research. For example, de-
pressants must be added to the chalcopyrite—-molybdenite
flotation separation system to reduce the floatability of chal-
copyrite. Chalcopyrite depressants can be divided into sulfur-
and cyanide-containing depressants based on differences in
composition; the former mainly includes Na,S as well as
phosphorus (P,Ss + NaOH) and arsenic (As,O; + Na,S) Noke
reagents, sodium thioglycolate, dithiocarbonate, and trith-
iocarbonate, while the latter mainly includes NaCN and KCN
[1-8]. Although some reagents separate chalcopyrite and
molybdenite well, they also have disadvantages, including
high toxicities, dosages, and costs, as well as poor solubilit-
ies. Multicomponent depressants strongly inhibit chalcopyr-
ite [9]. Combining organic depressants with inorganic de-
pressants, inorganic depressants with inorganic depressants,
or organic depressants with organic depressants has been
shown to improve inhibitory performance. Yin et al. [10]
studied the combination of disodium trithiocarbonate (DT),
disodium carboxymethyl trithiocarbonate (DCMT), and the
phosphorus Nokes reagent (PN), finding that the PN + DT +
DCMT combination exhibited a better inhibitory effect than
other depressant systems. In addition, according to Yin ef al.,
the combination of PN, sodium trithiocarbonate, and modi-
fied cyclodextrin effectively inhibits chalcopyrite to afford a
molybdenum concentrate with high recovery [11]. Therefore,
multicomponent depressants can exploit the complementary
advantages of different depressants, which is an important
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developmental direction.

Galena is a typical lead sulfide mineral that is mainly as-
sociated with copper sulfide minerals (mainly chalcopyrite);
hence, these two minerals are difficult to separate [12]. Giv-
en the superior floatability of chalcopyrite over galena, ga-
lena depressants are often added in production practices to
separate the two minerals. Galena depressants are mainly di-
vided into two categories: inorganic and organic depressants
[13]. Commonly used inorganic depressants include dichro-
mate, sulfite, phosphate, silicate, sodium cyanide, and sodi-
um sulfide; these agents are widely available, inexpensive,
and exhibit good inhibitory effects toward galena under suit-
able reaction conditions [14]. Agents such as dichromate and
sodium cyanide are highly selective and widely applicable,
but their high toxicity limits their industrial application [15].
Organic depressants have many advantages, including ver-
satility, ease of control, and environmental friendliness; they
are divided into large- and small-molecule organic depress-
ants according to molecular weight. Common large-mo-
lecule organic depressants include carboxymethylcellulose,
starch, dextrin, humate, lignin, and various plant gums [16].
Representative small-molecule organic depressants mainly
include polyhydroxythiophosphates and polyhydroxyx-
anthates, composed of nitrogen- and phosphorus-containing
prosoluble groups and hydrophilic groups. These com-
pounds are considerably inhibitory toward galena at low
doses [14]. Production practices and theoretical studies have
shown that, in most cases, combined galena depressants are
substantially more inhibitory than a single depressant while
also reducing chemical consumption and providing certain
economic benefits. Researchers studied the inhibitory effects
of combinations of dichromate, dichromate + sodium sulfide,
dichromate + water glass, and dichromate + carboxymethyl-
cellulose on lead sulfide minerals and reported that a com-
bination of galena depressants was more effective than di-
chromate alone [17—-18]. Yu et al. [19] used sulfite + sodium
sulfide + starch as a combination galena depressant to separ-
ate a mixed copper—lead concentrate from Lincang, Yunnan
Province, China, and reported 20.41% copper in the copper
concentrate with a copper recovery of 77.09% and 48.68%
lead in the lead concentrate with a lead recovery of 97.73%,
which are good separation indicators. Zhang ef al. [20] stud-
ied the flotation behavior and electrochemical mechanism of
galena and chalcopyrite under the single and combined uses
of sodium silicate and sodium sulfite through microflotation
testing and electrochemical measurements, and reported that
the combined use of sodium silicate and sodium sulfite was
more effective in inhibiting galena than the use of sodium
silicate or sodium sulfite alone, with the chalcopyrite main-
taining good hydrophobicity. Electrochemical measurements
showed that more hydrophilic substances were produced on
the surface of galena through simultaneous interactions with
sodium silicate and sodium sulfite, which greatly weakened
collector adsorption on this surface, thereby effectively in-
hibiting galena flotation and delivering copper—lead se-
paration.
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The combined use of different flotation collectors during
zinc oxide ore flotation has attracted increasing research in-
terest [21-23]. Wu et al. [24] reported the effective recovery
and use of ZnO ore using amyl xanthate and dithiophosphate
as a combined collector and sodium sulfide and copper
sulfate as a sulfidizing agent and activator, respectively.
Wang et al. [25] discovered that sodium oleate and dodecyl-
amine are co-adsorbed on a smithsonite surface. By mixing
benzohydroxamic acid (BHA) with sodium oleate (NaOL),
Wang et al. [26] prepared BHOA, a new composite collector,
and used it to flotation separate smithsonite and dolomite.
Good flotation separation results were obtained at BHA/Na-
OL molar ratio of 2:1. Mehdilo et al. [27] examined the ef-
fects of combining Armac C and Armac T with pentyl-
xanthate, finding that the Armac-T/pentyl-xanthate combina-
tion exhibited higher selectivity, whereas the Armac-
C/pentyl-xanthate combination exhibited better collection
performance. Hosseini and Forssberg [28] investigated the
isoamyl xanthate/dodecylamine combination collector sys-
tem and found that the electrostatic attraction between the
xanthate and dodecylamine enhances the propensity for hy-
drophobic clustering of both molecules.

Common multicomponent flotation reagents for scheelite
flotation include mixed anionic collectors, anionic—cationic
collector combinations, and anionic—nonionic collector com-
binations [29-33]. However, scheelite activation often uses a
single ion, with lead ions improving flotation recovery by ad-
sorbing collectors such as hydroxamic acid and sodium
oleate onto the scheelite surface [34—35]. The combination of
lead ions and the BHA chelate enhances the flotation recov-
ery of scheelite more than the separate use of these two re-
agents [36]. Adding a trace amount of NaOL as a promoter to
the lead-ion/benzohydroxamic acid system produces
Pb—BHA—NaOL, which improves the scheelite flotation in-
dex [37]. BHA/sodium dodecyl sulfate (SDS) coordination to
lead ions considerably improves the collection capacity of
lead BHA, reducing the amount of lead ions and BHA re-
quired by 30% [38]. Moreover, iron ions and the BHA che-
late improve scheelite floatability [39], while Mn ions in-
crease the adsorption capacity of BHA on the scheelite sur-
face and enhance its floatability [40].

Salicylhydroxamic acid, BHA, styrene phosphoric acid,
benzylarsonic acid, and sodium oleate were mainly used as
collectors to float fine-grained cassiterite [41-42]. However,
metal-ion activation is often required to improve surface ac-
tivity when these collectors are used alone [43]. The addition
of metal ions has shortcomings, such as the consumption of
numerous mineral processing agents and excessive heavy
metals in the water returned following mineral processing
[44]. Many researchers have recently reported collector com-
bination methods for optimizing mineral separation [45-47].
Currently, mechanisms that exploit mixed collector synergy
mainly include co-adsorption, functional complementation,
and charge compensation [48—49]. Co-adsorption is a com-
monly used mechanism. Miao et al. [50] found that NaOL
and SHA co-adsorb on the surface of cassiterite, increasing

the adsorption density of the collector on this surface.

The rational combined use of multicomponent flotation
reagents can improve the flotation effect, with current theor-
etical research attributing this improvement to synergy and
co-adsorption. However, these attributes do not reflect their
physical or chemical nature. Therefore, the mechanism that
underpins synergy between multicomponent flotation re-
agents must be further explored and studied.

During actual flotation, the surfaces of various mineral
particles are oxidized and dissolved in an aqueous solution
through the action of water molecules, with the fluid inclu-
sion components in the mineral crystals released to the
aqueous solution and flotation reagents added. Numerous
material components are present in the slurry solution, and
various chemical interactions between them establish a
chemical equilibrium based on thermodynamic laws. An
aqueous system has the lowest free energy and thermody-
namic stability when in chemical equilibrium. At the same
time, the surfaces of the various mineral particles in a pulp
solution interact with the material components and various
flotation reagents. Moreover, physical and chemical pro-
cesses, such as the adsorption and desorption of material
components or flotation reagents on the mineral surface,
change the chemical composition and material structure of
this surface. Although such changes cannot be fundament-
ally explained by flotation theories, such as solubility product
theory, electric double-layer theory, and adsorption theory,
the laws of physics nevertheless govern these changes.
Therefore, we rely on the second law of thermodynamics, in
which spontaneous processes in isolated systems always in-
crease entropy and decrease Gibbs free energy. Accordingly,
we conducted an in-depth thermodynamic study of complex
systems composed of single and multiple minerals. Con-
structing a preliminary theoretical thermodynamic frame-
work that reveals the thermodynamic laws that drive com-
plex flotation systems is important for understanding and
guiding the flotation of actual ores.

2. Thermodynamic basis of mineral flotation

From a thermodynamics perspective, an entire actual min-
eral flotation system includes gas, solid, and liquid phases.
Gas bubbles are often omitted from studies that examine in-
teractions between agents and mineral surfaces; therefore, we
mainly considered the solid—liquid pulp solution system, in
which water and aqueous-phase substances constitute a ho-
mogeneous liquid phase in addition to the different types of
solid mineral particles. We consider this aqueous solution a
single-phase multicomponent system (i.c., a subsystem of the
solid—liquid flotation system). Different minerals have differ-
ent physicochemical properties; however, the internal re-
gions of mineral particles do not participate physicochemic-
ally during flotation. The surfaces of mineral particles are the
relevant regions that we consider when studying flotation be-
havior; therefore, the surface region of a mineral particle can
be treated as a flotation subsystem. Different mineral particle
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surface regions contribute differently to flotation subsystems.
Thus, a solid-liquid mineral flotation system comprises an
aqueous solution subsystem and multiple mineral surface
subsystems. A graduated component concentration always
arises at the solid-liquid interface during flotation; that is, the
solid-liquid interface region is a nonuniform system but very
small compared to the entire solid-liquid system. Hence, the
research process can be simplified by ignoring this nonuni-
formity and treating the pulp—solution subsystem and vari-
ous mineral surface subsystems as homogeneous.

2.1. Thermodynamic functions of solid—liquid flotation
systems

Flotation is a physicochemical process that occurs at the
solid-liquid interface. The amounts of material that dissolves
from the solid mineral surface into the pulp solution, as well
as the amounts of material that are artificially added as flota-
tion agents, are minuscule compared to the content of the
pulp solution. Therefore, the amount of heat produced by a
solid-liquid system is usually small. Heat exchange between
the exterior environment and the system can be ignored when
the exterior temperature change is subtle; consequently, sol-
id-liquid flotation systems can be considered isolated sys-
tems after flotation agents are added.

Thermodynamic state functions are physical quantities
that depend only on the state of the system and not on the
process that changes it; they include the enthalpy (), intern-
al energy (U), Helmholtz free energy (4), Gibbs free energy
(G), entropy (S), temperature (7), pressure (p), and volume
(V) for a solid-liquid flotation system, while heat (Q), work
(W), and the amount of substance (r) in the system are pro-
cess parameters. We often treat internal energy, enthalpy,
Gibbs free energy, and entropy as important thermodynamic
state functions and consider temperature, pressure, volume,
and the amount of substance as system variables. The follow-
ing four basic thermodynamic equations define the primary
thermodynamic functions:

U=U(T,p,n)=Q+W (1)

H=U+pV )
_Q

S=7 3)

G=U-TS +pV “)

The state of the solid-liquid flotation system after adding
flotation agents but before these agents interact with the min-
eral surface is referred to as “initial state 1.” The state of the
system in which flotation agents interact with various miner-
al surfaces and reach equilibrium is referred to as “final state
2” (or the “thermodynamic equilibrium state”). Flotation
thermodynamics neglects interactions between components,
such as flotation agents; rather, it only considers initial state 1
and final state 2.

In initial state 1, the thermodynamic state functions of the
system are expressed as

U, =UTy,pi,n) ©)
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H =U+pV, (6)
0
—=! 7
$i=7 )
G =U-TS +pV (8)
while in final state 2, these functions are expressed as
U, = Uy(Ty, p2,1) 9)
Hy,=U,+p,V, (10)
&)
S, == 11
=7 (1
G, =U,—T1S»,+ p,Vs (12)

The changes in the thermodynamic state functions for the
actions of equal flotation chemical material components are
subsequently written as

AU =U,-U, (13)
AH =H,-H, (14)
AS =5,-5, (15)
AG =G,-G, (16)

Because the heat and work exchanged between the sys-
tem and the environment can be neglected and the temperat-
ure, pressure, and volume of the system are constant, the
amount of matter in the system is constant, indicationg the
system is isolated with constant temperature, pressure, and
volume. Therefore, the changes in temperature, pressure, and
volume of the system are zero; that is:

AU =38Q (17)

AH =3Q (18)
_%Q

AS = == (19)

AG = AH-TAS (20)

where 0Q is the heat effect associated with the action of the
flotation agent, which is the heat change associated with the
physicochemical flotation action.

Egs. (17) and (20) are mathematical expressions of the
first and second laws of thermodynamics for mineral flota-
tion, respectively. Flotation agents are spontaneously ad-
sorbed on the mineral surface in a solid-liquid flotation sys-
tem. According to Eq. (20), a spontaneous process exhibits a
negative Gibbs free energy change and a positive entropy
change. Therefore, AG <0 and AS > 0 for a solid-liquid flot-
ation system in which flotation agents are spontancously ad-
sorbed on the mineral surface.

2.2. Partial molar quantities of thermodynamic functions

The thermodynamic functions of the material components
also change with the material components of a system. Many
types of material components are found in mineral flotation
systems and belong to a typical complex multicomponent
system. Because a multicomponent system contains more
than one type of substance, the amount of each substance #; is
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also a variable that determines the state of the system. The
aqueous solution and various mineral surfaces constitute dif-
ferent subsystems in a solid—liquid mineral flotation system.
Each subsystem can be treated as an open system when ma-
terial components are exchanged between the pulp solution
and various mineral surfaces, that is, when adsorption/de-
sorption behavior occurs on a mineral surface. The thermo-
dynamic functions of a multicomponent system with a vari-
able number of internal components should also include n;.

In thermodynamics, properties that remain constant as the
amount of matter is changed are referred to as “intensive
properties,” which include temperature, density, and pres-
sure. Properties that depend on the amount of matter are re-
ferred to as “extensive properties,” which include internal en-
ergy, enthalpy, entropy, free energy, and volume. The partial
molar quantity of a thermodynamic function is an intensive
property and an important concept of a multicomponent sys-
tem.

The value of a thermodynamic property of a homogen-
eous multicomponent slurry—solution system is not the sum
of the values of that property for each pure component. For
example, the volume of a two-component mixture may not
equal the sum of the volumes of the pure substances. Con-
sider a homogeneous system composed of components 1, 2,
3, ..., k; accordingly, any extensive property Z of the system
(V, G, S, U, H) depends on not only temperature and pressure
but also the amount of each component in the system; that is,
the number of moles n,, n,, n;, ..., n,, which can be ex-
pressed in functional form as

Z=Z(T,p,n,ny,ns,...,n;) (21)

If the temperature, pressure, and composition of the sys-
tem change slightly, then the value of a certain extensive sys-
tem property Z changes accordingly:

az =% ar+( ¥ dp
oT P23 e ap Tt e
7 VA
o Bt B
an] P anZ T.p.ayns,....ni
B -
6nk T,p12,13 ek

At constant temperature and pressure, Eq. (22) can be
written as

Y4
iz = Z(a—n

We define Z, as the partial molar quantity of component i
for extensive property Z. Accordingly:

) dn, (23)
T,p,nc(C#i)

VA
Z = (8_) (24)
on T,punc(Ci)
Substituting Eq. (24) into Eq. (23) leads to
k
dz = ZH Zdn, (25)

The partial molar quantity Z; of a thermodynamic function
has the following meaning: the change in the extensive ther-
modynamic property Z of the system caused by adding 1 mol
of component i at constant temperature and pressure in a

large system with the amounts of other components remain-
ing constant (i.e., n¢ is constant, where C # 7). Alternatively,
the thermodynamic extensive property of a finite system
changes by dZ when dr; is added, where dZ/dn; = Z,. Com-
mon partial molar quantities include partial molar volume 7,
partial molar internal energy U, partial molar enthalpy H,,
partial molar entropy S;, partial molar Gibbs free energy G,
and partial molar Helmholtz free energy A;; their correspond-
ing definitions are provided in Eq. (26):

ov
)
on; T, punc(C#i)
oU
oo{2)
ani T.p.nc(C#i)
(2
on; T.panc(C#i) 26)
(&)
S,‘ =\
ani T,p.nc(C#i)
()
8”!’ T,p.nc(C#i)
0G
o-{2)
ani T.p.nc(C#i)

Any change in environmental temperature can be ignored
in a solid-liquid flotation system while the pressure remains
basically unchanged. Therefore, the partial molar quantity of
a thermodynamic function of the system depends primarily
on the types and amounts of substances in the system.
Among the expressions in Eq. (26), S; and G; are more com-
monly used to study the chemical and phase equilibria of sys-
tems. Therefore, in a solid-liquid flotation system, S; and G;
are thermodynamic quantities that need to be emphatically
studied.

The partial molar quantity of a thermodynamic function is
an intensive property independent of the amount of matter in
the system. However, some thermodynamic functions exhib-
it extensive additive properties. Consequently, the thermody-
namic function Z of the system can be obtained by integrat-
ing Eq. (25) when components n,, n,, ns, ..., n;, such as flota-
tion agents, are added to the flotation system, or the mineral
surface is dissolved by the solution, leading to:

n s k
Z = leo dnl +-- +ij0 dnk = nlzl +--- +nka = Zi:l niZi
27)

Eq. (28) holds true for thermodynamic functions because
Z represents any extensive property of the system:

k
H= ) niHi
= (28)
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Eq. (28) reveals that the partial molar quantities of the
state functions of a thermodynamic system are not independ-
ent and must satisfy their additivity requirements.

2.3. Chemical potential of each component in a solid-li-
quid flotation system

A solid-liquid flotation system is a typical complex sys-
tem whose components tend to change in amount through the
adsorption/desorption of the solid mineral surfaces from/into
the solution, the dissolution of the mineral surfaces, and oth-
er processes. The chemical potential, a physical quantity in-
troduced by Gibbs and Lewis, can be used to study the ther-
modynamic relationships in open systems.

The system is no longer a standard homogeneous system
after substances are adsorbed onto the surfaces of minerals.
However, the system can roughly be treated as homogen-
eous, with the results obtained providing considerable guid-
ance for mineral flotation. Any property of a mineral surface
is a function of the amount of each substance and any two in-
dependent thermodynamic function variables, such as p, V, T,
and U. The variable #; should also be added to the basic ther-
modynamic equations.

(1) Thermodynamic energy.

Thermodynamic energy U is a property of capacity. If the
system contains substances 1, 2, 3, ..., k, with amounts n,, n,,
ns, ..., N, respectively, then:

U=U(S,V,n;,ny,ns,...,n), and its differential form is:

oU oU k (0U
dU=|—1| d — d — dn;, (2
U (8S )m S+(av)s’n’ V+Zil(ani)s’vﬂ( n; (29)

ou
where ( 8n-) is defined as the chemical potential of sub-
i/ Vine

stance 7 and is represented by the symbol ;. Accordingly:

ou
Hi= (8_) (30)
i /s vne

; has the following physical meaning: dU is the change in
the thermodynamic energy of the system if component i with
dn; is added to a system in which the entropy, volume, and
the amounts of other components (nc) remain unchanged;
dU/dn; = ;.

According to the four basic thermodynamic equations, the
following formula holds true for a system with constant com-
position:

ou
- =T
(35),. .
sy (1)
aV S.n; - p
Therefore, Eq. (29) can be written as
k
dU = TdS - pdV + Zizl pidn, (32)
(2) Gibbs free energy.

From the mathematical expression of the second law of
thermodynamics (Eq. (4)), which affords Eq. (33) through
substitution with Eq. (32):

k
dG =-SdT +Vdp+ ) pdn, (33)
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If T, p, ny, ny, n, ..., n; are independent variables, G = G
(T, p, ny, ny, n, ..., ) can be fully differentiated to:

0G 0G S (0G
dG=|—| dT+|(—]| d — dn; =
G ( aT)p,)l, +( ap )T,n, P * Z ( 8ni )T.p»”c "

i=1

S (0G
—-SdT +Vdp+ E — dn;,
i=1 on; T.pnc

which leads to the following equation by comparison with
Eq. (33):
0G
(a—) = (34)
l’l,' T,p.nc

Another expression for chemical potential can be ob-
tained using the same method:

0G oU 0H 0A
Hi= (a_ni)T,]),n(- - (a_’,li)S,\/,nC - (a_n‘.)svlknc - (a_n")TyV-"c (35)

Eq. (35) shows that the partial derivatives of the four ther-
modynamic functions are chemical potentials, which broadly
defines the chemical potential. Consequently, the four funda-
mental thermodynamic equations can be written as follows
when the system components change:

k
dU = TdS - pdV + Z wdn,

i=1

k
dH =TdS + Vdp + Z widn,

- (36)
dA = —SdT - pdV + Zy,«dni

i=1

k
dG = -SdT + Vdp + Z pidn,
i=1

Physical or chemical processes occur under isothermal
and isobaric conditions during actual mineral flotation pro-
duction and laboratory testing. Therefore, using the chemical
potential expressed in terms of partial molar Gibbs free ener-
gies is generally appropriate for studying solid—liquid flota-
tion; that is w; = (g—f) . The Gibbs free energy of 1 mol
of matter is the physicalrvgggence of the chemical potential un-
der isothermal and isobaric conditions; this energy reflects
the ability of the matter to perform physical and chemical ac-
tions. The chemical potential reflects the ability of a sub-
stance, such as a mineral surface component or flotation
agent, to exert physical and chemical effects.

According to physicochemical theory, the chemical po-
tential of substance i in a dilute solution is expressed as
w;i = (T,p)+RTInx; 37
where R is the gas constant, x; is the mole fraction of sub-
stance 1 in solution, and u? (T, p) is the standard chemical po-
tential of substance i, determined by the standard chemical
potential of pure substance i and the properties of the system.

The mineral surface subsystem in a solid-liquid flotation
system is not a dilute solution system; however, the chemical
potential of substance i on a mineral surface can still be ap-
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proximated by Eq. (37). At this time, standard chemical po-
tential u? (T, p) of adsorbed substance i depends on the min-
eral surface; () (T, p) is determined by the standard chemical
potential of pure substance i and the adsorption properties of
substance 7 on the mineral surface. On the surface of a given
mineral, ! (T, p) is equal to the extrapolated value as x; ap-
proaches unity.

2.4. Thermodynamic functions of mineral surface system

A solid-liquid flotation system can be divided into two
subsystems: mineral solid surface and aqueous solution.
Many mineral types are involved in the flotation process,
with each mineral exhibiting unique reagent adsorption char-
acteristics. Therefore, each solid mineral surface is a differ-
ent subsystem. For simplicity, we consider only the target
mineral on which the flotation reagent acts. In this case, the
surface of the target mineral and the aqueous solution form
two subsystems, with the surface of the mineral considered a
subsystem of the flotation process.

In a solid-liquid system in which the flotation of only one
type of mineral is considered, the amount of substance in-
creases or decreases as the flotation reagent and other sub-
stance components are adsorbed on the mineral surface. Sim-
ilarly, an increase or decrease is also observed in the aqueous
solution. Consequently, the mineral surface becomes an open
system relative to the aqueous solution and vice versa. The
flotation reagent establishes an equilibrium between the min-
eral surface system and the aqueous solution system.

The adsorption of a flotation agent on the surface of the
mineral will change the Gibbs free energy of the mineral sur-
face in the case of an isothermal or isobaric process with oth-
er chemical components unchanged; this property is referred
to as the “partial molar Gibbs free energy,” that is, the chem-
ical potential of the adsorbed substance, as expressed by u;:

0Gys
= (a_y) (38)
ni T.pnc

According to the definition of Gibbs free energy,

LI .
G=H-TS.s0 3T = =9 ; consequently 0T )0 -

psnhisnc
wlon) ), a5, ] e
— = =|—= =|—(-S) =-S
[aT ani T.pncdpnne ani aT pinc AT pone ani Tpne g
ie.,
Opi

S, =—|-= 39

( aT )pﬁ,,llc ( )

According to the thermodynamic theory of chemical reac-
tions, the chemical potential of the adsorption reaction of the
flotation agent is given by Eq. (38). According to Eqgs.
(37)+39), the partial molar entropy change S; resulting from
the adsorption of flotation agent i is given by Eq. (40). The
mineral surface entropy resulting from adsorption can be ex-
pressed as Eq. (41) when flotation agent i is adsorbed on the
mineral surface with molar fraction x;:

S;=-Rlnx; (40)

AS = —RxInx; (41)

Various flotation agents, if used, will adsorb on the sur-
face of the mineral, with the mineral surface entropy change
(AS,.¢) expressed by Eq. (42) when adsorption equilibrium is
reached:

k
ASur=-RY xinx, (42)

where x; denotes the molar fraction of the ith reagent on the
mineral surface.

The x; values of various agents can be calculated by
measuring the adsorption capacities of various flotation
agents on the mineral surface, with the entropy change asso-
ciated with the adsorption of flotation agents on the mineral
surface calculated using Eq. (42).

We used numerical simulations to investigate the adsorp-
tion of binary, ternary, quaternary, and quintuple flotation re-
agents on mineral surfaces to gain a deep understanding of
how changes in x; and the number of reagent components af-
fect the AS of a mineral surface. The results are shown in
Fig. 1, where the horizontal axes represent the mole fraction
of the first reagent on the mineral surface, and the vertical
axes represent the corresponding entropy change. For a bin-
ary reagent system, the mole fraction of the second reagent
on the mineral surface is x,= 1 — x;, where x, is the mole
fraction for the first reagent on the mineral surface. However,
multiple values of x; (i > 2) are possible when three or more
reagent components are present and a value for x, is given.
Therefore, different AS values may correspond to the same
x;in the simulation data. The highest AS value is achieved
when all x; values are equal.

2.5. Changes in the thermodynamic function values of a
solid-liquid flotation system

The concentration of the flotation reagent added to the
aqueous solution is very low; hence, the value of n; in the
aqueous solution system is minuscule before and after re-
agent adsorption. However, the value of ny,o is enormous;
consequently, the entropy change associated with the
aqueous solution is almost zero and can be ignored. The en-
tropy change associated with the solid—liquid flotation sys-
tem after adsorbing the flotation agent on the mineral surface
(AS,,s) is equal to the entropy change for the adsorption of the
flotation agent on the mineral surface:

k
ASq =R xlnx, (43)

If the thermal effect 6Q for the adsorption of the flotation
agent is measured using microthermometry or other methods,
and the temperature 7 of the pulp solution is also measured,
then the changes in the thermodynamic energy, enthalpy, and
Gibbs free energy of the flotation solid-liquid system (AU,
AS,, and AG) can be calculated using Eqs. (44)—(46):

AUg, =8Q (44)
AH,y, =8Q (45)
AG,.=8Q+RT Y xinx (46)

According to the second law of thermodynamics, the ad-
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Fig. 1. Simulated entropy changes associated with the adsorption of flotation reagents with different numbers of components on a
mineral surface: (a) binary reagents; (b) ternary reagents; (c) quaternary reagents; (d) quintuple reagents.

sorption characteristics of a flotation agent can be determ-
ined by measuring changes in the entropy and Gibbs free en-
ergy of the mineral surface system associated with the action
of the flotation agent, from which flotation agent adsorption
on the mineral surface can be regulated. Eq. (43) and Fig. 1
reveal that using multicomponent flotation reagents can in-
crease the entropy change associated with the adsorption of
reagents on the mineral surface, thereby improving the flota-
tion effect. Combining reagents that act in synergy improves
the physical nature of flotation.

The entropy change of the collector, inhibitor, and activat-
or on the mineral surface associated with adsorption can be
expressed by Egs. (47)—(49), respectively:

k

AS® = —RZ__I Inxs (47)
k

AS® = —RZ__1 X x? (48)
k

AS*=-R Z _ xlnx (49)

where “c” represents the collector, “d” represents the inhibit-
or, and “a” respresents the activator.

Egs. (47)~(49) show not only that the combined use of
multiple collectors increases the adsorption entropy of the
collector on the mineral surface, improves the adsorption ef-
ficiency of the collector, and improves the flotation effect but
also that the combination of multiple inhibitors or activators
can play a synergistic role in improving the change in ad-
sorption entropy of the inhibitor or activator on the mineral
surface, thereby improving mineral inhibition or activation; it
also reflects the physical nature of inhibitor/activator syn-
ergy. Therefore, flotation is referred to as “high-entropy flot-
ation” when a combination of multicomponent flotation
agents is used to improve the flotation effect, with Egs.
(47)~49) providing thermodynamic expressions for high-en-
tropy flotation.

According to Eq. (46), the change in Gibbs free energy as-
sociated with the adsorption of the collector, inhibitor, and
activator on the mineral surface can be obtained using Egs.
(50)(52), respectively.

k

AG*=8Q +RT ) xInx; (50)
k

AG'=3Q'+RT ) x'inx! (51)
k

AG*=8Q'+RT ) xinx! (52)

The change in entropy can be used to describe the adsorp-
tion behavior of flotation agents on mineral surfaces without
measuring the adsorption heat of the flotation agents.

3. Thermodynamic equilibrium of a complex
solid—liquid flotation system

In a solid-liquid mineral flotation system, the oxidation
and dissolution of minerals, as well as the addition of flota-
tion agents, result in numerous material components in the
slurry solution that interact physically and chemically, as
well as with the mineral surface, thereby establishing a bal-
ance between the material components and phases. These
equilibria are controlled by the thermodynamic properties of
each material component in the system and the surface prop-
erties of the minerals. A thermodynamic state function satis-
fies certain conditions after equilibrium is reached. Studying
the thermodynamic equilibrium of solid-liquid flotation sys-
tems can reveal and explain the physical and chemical beha-
vior of the material components and mineral surfaces,
thereby providing actual ore flotation guidance.

3.1. Chemical reaction equations for flotation
systems

Many chemical reactions occur in an actual solid—liquid
flotation system, including the aqueous solution. The chem-
ical reaction for reactants A, and A, and products A; and Ay
can be expressed as follows:

V]A] + V2A2 = V3A3 + V4A4,
where v; is the coefficient of substance component A;, which

is negative when A; is a reactant and positive when A; is a
product, and A; is the number of moles of substance com-
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ponent 7 that changes in a chemical reaction.
Moving the reactants to the left leads to:

V3A3 + V4A4 — V]Al — V2A2 =0.
This equation can be expressed in the following way at
equilibrium:

ZiviA,- =0 (53)

For example, the reaction between zinc carbonate dis-
solved in smithsonite and sodium sulfide can be expressed as
follows:

ZnCO; + Na,S = ZnS + Na,CO;,
which can be represented by the equilibrium reaction Eq.
(53) as

Z,v,.A,. = 7nS + Na,CO; — ZnCO; — Na,$ = 0.

A chemical reaction that occurs between different phases
is considered heterogeneous. The adsorption of the compon-
ents in a mineral slurry solution by the mineral surface is a
heterogeneous reaction and can be expressed as

B AB oA O BAB GAC _
ViAL + Vi AL —VIAT VAT =0,

or by Eq. (54):
- AC AP =
Do vl Y vpAl =0 (54)

where a represents the liquid phase, and [ represents the sol-
id surface term.

For example, the chemical reaction equilibrium equation
for the sulfurization of the smithsonite surface becomes:

Zm VAL + Zm vpAP = ZnSP + Na,COI-
ZnCO% —Na,S" = 0.

A chemical reaction that occurs at the solid—liquid inter-
face during mineral flotation can be considered to involve the
transfer of material components between the solid and liquid
phases. For example, the sulfurization reaction on the smith-
sonite surface can be considered to involve the transfer of
zinc carbonate to the aqueous solution phase, with the zinc
sulfide generated in the aqueous solution phase transferred to
the mineral surface. Eq. (55) for phase transfer or phase
transition holds when the reaction reaches equilibrium:

Af = A (55)

3.2. Chemical potential at chemical reaction equilibrium
in a solidliquid flotation system

The Gibbs free energy of a system changes as a chemical
reaction proceeds, as described by Eq. (56):

k
dG = -SdT+Vdp+ ) pdn, (56)

where dn; = vig, and ¢ is a small quantity. Thus, Eq. (56) can
be expressed as

k
dG., = —SdT + Vdp+ (Z g v,.y,.)g (57)

The material components in the system reach equilibrium
when the chemical reaction reaches equilibrium, and the
Gibbs free energy can be expressed as

dG,,, = —SdT + Vdp (58)

The types and quantities of substances in the solid—liquid
flotation system that correspond to Eq. (53) do not change
when equilibrium is reached; consequently, Eq. (59) holds
true based on Egs. (57)—(58):

k
D Vit =0 (59)
Eq. (59) describes the equilibrium condition for chemical
reactions in aqueous solutions during mineral flotation. In
contrast, Eq. (60) holds true for a chemical reaction at the sol-
id-liquid interface, according to Egs. (55) and (59):

o= (60)

Eq. (60) indicates that the chemical potentials of a given
substance in the aqueous solution and on the mineral surface
are equal when the chemical reaction at the solid—liquid in-
terface reaches equilibrium during flotation. The aqueous
solution can be regarded as homogeneous phase a in actual
mineral flotation, with various mineral surface phases ex-
pressed as B, v.... Flotation systems are complex multiphase
systems because of the wide variety of minerals (usually in
the tens) present. When material component i reaches equi-
librium, its chemical potential must satisfy Eq. (61) accord-
ing to the balance relationships: yf = /1? s W=l

pi=p == (61)

Eq. (61) reveals that adding a certain flotation agent, such
as the xanthate—sulfide ore collector, to the solid-liquid flota-
tion system results in the adsorption of the collector compon-
ents on the various mineral surfaces in the system. The ad-
sorption trend is determined by the chemical potentials of the
flotation agent on the various mineral surfaces.

3.3. Partial molar thermodynamic equilibria in the flota-
tion slurry solution

The reagent concentrations change when flotation re-
agents n,, n, ..., n; are added in batches to a flotation pulp
solution, with partial molar quantities Z,, Z,, ..., Z;, respect-
ively, of the thermodynamic capacity properties of the sys-
tem also changing. Under isothermal and isobaric conditions,
Eq. (27) can be fully differentiated to give Eq. (62):
dZ =ndZ, + - -+mdZ,+ Z,dnk + - -- + Z;dn; =

k k
Zn,.dz,- + ZZ,«dni (62)
i=1 i=1

with Eq. (63) obtained by comparison with Eq. (25):
k
Z;I ndzZ, =0 (63)

Eq. (63) is divided by the total number of moles of the
chemical components in the slurry solution to give Eq. (64):

;
> xdZ,=0 (64)

Egs. (63)—(64) are referred to as Gibbs—Duhem formulas
and show that the partial molar amounts of the thermody-
namic functions associated with the flotation slurry solution
are related in a specific way that manifests as a profit-and-
loss relationship. In other words, increasing the partial molar
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amount of one component decreases the partial molar
amounts of the other components.

Eq. (64) becomes Eq. (65) because the partial molar Gibbs
free energy is the chemical potential:

> =0 (65)

2

Eq. (65) is referred to as the “Duhem—Margules formula
and indicates that the chemical potentials of the components
in a slurry solution are interrelated. For example, an ammo-
nia component is required to promote the surface sulfuriza-
tion of copper oxide minerals when ammonium sulfate or
ammonium carbonate is added to a copper oxide ore flota-
tion slurry solution. The same results should be obtained
when the same number of moles of ammonia are added.
However, these two ammonium salts exert different effects,
possibly because of the different chemical potentials of the
sulfate and carbonate components that change the differenti-
ation potentials of the other components in the system, as
well as differences in the chemical potentials of the ammonia
components, resulting in different sulfurization effectiveness.

3.4. Thermodynamic equilibrium equations for complex
solid-liquid flotation systems

High-entropy flotation is a method for improving mineral
flotation efficiency by increasing the number of flotation re-
agent components, using them in combination, and exploit-
ing reagent synergy to increase the adsorption entropy of the
flotation reagents and reduce the Gibbs free energy of the
solid-liquid flotation system. From Eq. (43) (ASgs=
—~R Y\, xInx;), we infer that the entropy changes more dur-
ing the adsorption process when more types of mineral flota-
tion reagents are adsorbed. A greater variety of collectors
leads to a larger entropy change during collector adsorption
on the mineral surface when the flotation reagents are col-
lectors, resulting in more stable adsorption. Similarly, more
activator types lead to a larger entropy change during activat-
or adsorption on the mineral surface, resulting in more stable
adsorption, while a greater variety of inhibitors leads to a lar-
ger entropy change for inhibitor adsorption on the mineral
surface, leading to more stable adsorption.

Eq. (43) provides a maximum value when the molar frac-
tions x; of the various flotation reagents adsorbed on the min-
eral surface are equal, leading to

AS o = —RlInk (66)

Flotation reagent adsorption on the mineral surface can-
not be artificially controlled on the basis of dosage in a min-
eral flotation system; such adsorption is controlled by the
chemical potentials of the reagents on the mineral surface and
in the aqueous solution (i.e., it must satisfy the condition
u = ,u?, as shown in Eq. (60)). The chemical potential of
flotation reagent 7 in the aqueous solution is equal to that on
the mineral surface when adsorption equilibrium is reached.

Various types of mineral and flotation reagents are ad-
sorbed to different extents on surfaces in an actual mineral
flotation process. The condition u® =’ =u! =---, which
represents chemical equilibrium (as shown in Eq. (61)), is
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satisfied after reaching adsorption equilibrium. u{ of flotation
reagent 7 in the pulp solution can be controlled by adjusting
the quantity of the reagent in the pulp solution. However,
when added to the pulp solution, flotation reagent i chemic-
ally reacts with certain components in the solution. The con-
centration of reagent i in the solution is only represented as
x¢ when these reactions reach equilibrium (i.e., Eq. (59);
S, v, = 0). At this point, the chemical potential of flota-
tion reagent i in the pulp solution is determined by
= u® (T, p)+ RTInx!. However, the standard chemical
potential u® (T, p) of the flotation reagent depends on not
only the pure flotation reagent but also the properties of the
mineral surfaces; this information is currently difficult to ob-
tain, which complicates using Eq. (61) to calculate the i of
flotation reagent i adsorbed on the target mineral surface.
Therefore, the amount of flotation reagent adsorbed on the
mineral surface in the pulp solution can only be obtained us-
ing actual measurements.

Chemical reactions that occur between the various re-
agent components must be considered when multicompon-
ent flotation reagents are used in an actual flotation process.
If some of the added flotation reagents chemically react in a
manner detrimental to flotation, they must be added in separ-
ate batches to avoid undesirable interactions. Once a flota-
tion reagent is adsorbed onto a mineral surface, the addition
of another flotation reagent disrupts the original adsorption
equilibrium, and a new equilibrium is established on the basis
of the balance condition expressed in Eq. (65) (ie.,
>*  xdu; = 0). This new equilibrium may result in the pre-
viously adsorbed reagent undergoing partial desorption or
further adsorption, as indicated by Eq. (65).

Flotation reagent adsorption on a mineral surface is con-
trolled by Egs. (60), (61), and (65); hence, accurately con-
trolling the adsorption of a specific flotation reagent on a
mineral surface by simply adjusting the concentration of the
reagent in the pulp solution is difficult. When multiple com-
ponent flotation reagents reach adsorption equilibrium, the
maximum change in the adsorption entropy of these reagents
is not given by Eq. (66) but rather by the maximum value un-
der the dosage conditions of the selected flotation reagents.
Achieving an equal molar fraction of adsorbed flotation re-
agents on mineral surfaces is unnecessary and difficult. The
adsorption process must simultaneously satisfy the thermo-
dynamic equilibrium relationships represented by Eq. (67):

w;i = (T,p)+RTnx; (67a)
W=y == (67b)
S vi=0 (67¢)
Zkl xidp; =0 (67d)

On the basis of this theoretical analysis provided, we con-
clude that high-entropy flotation using multicomponent flot-
ation reagents increases the entropy change during flotation
reagent adsorption on mineral surfaces, enhances the stabil-
ity of the adsorbed reagent, and improves mineral flotation
performance according to the entropy increase rule associ-
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ated with the second law of thermodynamics. However, be-
cause of the complexity of a flotation system, flotation re-
agent adsorption is controlled by the thermodynamic equilib-
rium relationships represented by Eq. (67) in practical applic-
ations. Unfortunately, pure theoretical calculations are not
feasible, a combination of theory and experiments is neces-
sary, and experimental data on flotation reagent adsorption
on mineral surfaces must be obtained, followed by determin-
ing thermodynamic functions, such as changes in the entropy
and Gibbs free energy associated with the adsorption process.
These data can provide guidelines for the development of
practical mineral flotation processes.

3.5. Effect of mineral surface homogenization and its
regulation

Flotation is a process that uses flotation reagents to modi-
fy the physical and chemical properties of mineral surfaces to
separate and concentrate minerals using bubbles as the medi-
um. Processes such as mineral surface oxidation, dissolution,
and the release of ore—fluid components from fluid inclu-
sions within minerals during comminution and the flotation
water source can affect the composition of the pulp before
adding any flotation reagent. The equilibrium represented by
Eq. (67a) (u*=u(T,p)+RTInx?) and Eq. (67b) (1=
,u? = ! =---) will be reestablished following a slight change
in the quantity of a certain substance i in the mineral pulp
(i.e., a variation in x} in Eq. (67a)). This process is known as
the “surface homogenization effect” in minerals, and its
physical meaning can be expressed as follows: The dissolu-
tion of component 7 from the surface of a mineral in the min-
eral pulp increases the molar fraction x; of component i in
the pulp and subsequently changes the chemical potential uf
of component 7 in the pulp. According to the equilibrium re-
lationship given by Eq. (67b), the chemical potentials of
component i on the surfaces of other minerals also change.
The original equilibrium is disrupted and a new equilibrium
is established on the basis of the thermodynamic equilibrium
equations. Consequently, component i on the surface of one
mineral is transferred to other mineral surfaces. Generally,
the surface components of all minerals tend to dissolve to
varying degrees in the mineral pulp, ultimately leading to
various minerals with similar surface components and prop-
erties according to the thermodynamic equilibrium relation-
ships described by Eq. (67).

The addition of flotation reagent component i also alters
the chemical potential of component 7 in the mineral pulp;
component i is adsorbed onto the surfaces of various miner-
als according to the equilibrium relationship described by Eq.
(67b). The amount of flotation reagent component i adsorbed
depends on the standardized chemical potentials of this com-
ponent on the surfaces of the various minerals. Greater dif-
ferences in the surface properties of these minerals lead to
greater differences in the standardized chemical potentials of
component i adsorbed on the mineral surfaces. In addition,
the adsorption of flotation reagent component i onto various
mineral surfaces leads to mineral surface homogenization.

Mineral surface homogenization commonly occurs in

complex solid-liquid flotation systems. For example, the
copper, lead, and zinc components dissolve from their re-
spective mineral surfaces into the aqueous solution and sub-
sequently adsorb onto the surfaces of other minerals in cop-
per—lead—zinc sulfide ore flotation systems, thereby reaching
chemical equilibrium, as described by Eq. (61). The copper
mineral surface contains lead and zinc components in this
equilibrium state; the lead mineral surface, copper and zinc
components; and the zinc mineral surface, copper and lead
components. This homogenization effect is an inevitable res-
ult of the chemical equilibrium conditions described by Eq.
(61). The quantities of various components on mineral sur-
faces are determined using Eq. (61). Similarly, the dissolu-
tion and dissociation of mineral surface components result in
fluoride, carbonate, and tungstate ions in the mineral pulp
solution in fluorite, calcite, and scheelite flotation systems;
these ions are adsorbed onto different mineral surfaces ac-
cording to Eq. (61), leading to carbonate and tungstate ions
on the fluorite surface, fluoride and carbonate ions on the
scheelite surface, and fluoride and tungstate ions on the cal-
cite surface. This process contributes to the mineral surface
homogenization trend.

Flotation is used to separate and enrich minerals; in gener-
al, surface homogenization, which is determined by thermo-
dynamic equilibrium conditions, is unfavorable for separat-
ing minerals by flotation. Therefore, flotation reagents are se-
lected, and various mineral surface properties are controlled
to minimize mineral surface homogenization during flota-
tion.

According to its physical nature, the surface homogeniza-
tion effect is pronounced for ore flotation systems in which
minerals have strong surface solubilities, which results in
poor flotation selectivities. Adding chemical agents can con-
trol mineral surface dissolution and eliminate inevitable ions
in solution before adding flotation reagents, such as collect-
ors, activators, and depressants, which helps reduce surface
homogenization involving target and gangue minerals,
thereby facilitating subsequent flotation separation.

4. High-entropy flotation

4.1. Adsorption equilibrium constants and flotation re-
agent selection

High-entropy flotation involves using multicomponent re-
agents; consequently, the selection of appropriate flotation
reagents is a prerequisite for high-entropy flotation. Accord-
ing to previous theoretical analyses, different types, amounts,
and addition sequences of flotation reagents result in differ-
ent adsorption entropies on the mineral surface. However, a
larger change in adsorption entropy indicates that the mul-
ticomponent flotation reagent is more stable under the selec-
ted reagent conditions, although this attribute is insufficient
for good mineral flotation performance. Flotation reagent
type, dosage, and sequence must be studied to achieve good
flotation results.

(1) Selecting the flotation reagent.

Flotation agents are mainly selected on the basis of pro-
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duction practice experience and previous research results in
flotation experiments involving actual ores, with solubility
product theory, double-layer theory, and adsorption theory
mainly relied on for guidance. Solubility product theory is
most commonly used; it states that the adsorption capacity of
a flotation agent on a mineral surface correlates positively
with its solubility product constant in aqueous solution; in
other words, flotation agents and metal ions with lower solu-
bility product constants exhibit stronger flotation agent/min-
eral surface adsorption capacities.

Flotation reagent A with ion A~ forms precipitate MeA
when it reacts with metal-ion Me" in aqueous solution, with
solubility product constant K, given by Eq. (68) at reaction
equilibrium:

Ky, =[Me"][A7] (68)

The Gibbs free energy change for this chemical reaction is
given by:

AG = RTnK,, (69)

Commonly used flotation reagents that react with metal
ions generally have negligible K, values but enormous and
negative AG values for the reaction, which indicates that the
flotation reagents react to completion with these metal ions at
very high rates. However, the amounts of reagent adsorbed
on mineral surfaces in actual flotation systems are far from
those expected on the basis of solubility product theory. In-
deed, the amount of reagent adsorbed on the mineral surface
is limited, and its adsorption rate is relatively low because the
adsorption of flotation reagents on mineral surfaces does not
obey Egs. (68)(69); rather, they are controlled by the ther-
modynamic equilibrium relationships shown in Eq. (67).
However, in the absence of specific data suitable for Eq. (67),
flotation agents can be selected on the basis of Eq. (68), in-
dustrial production experience, and previous research results.
Using four-component flotation reagents numbered accord-
ing to their effectiveness as examples, the best-performing
flotation reagent was determined to be 1, followed by 2, and
so on, resulting in flotation reagents ordered as follows: 1, 2,
3, and 4. In the flotation practice of low-grade refractory ox-
idized copper ore, a multicomponent collector is usually
formed by mixing collectors such as amyl xanthate, butyl
xanthate, ammonium dibutyl dithiophosphate, and hydrox-
amic acid to enhance the recovery of oxidized copper ore.
Among these collectors, amyl xanthate has the best collec-
tion performance and is determined as collector 1. Butyl
xanthate, ammonium dibutyl dithiophosphate, and hydrox-
amic acid are determined as collectors 2, 3, and 4, respect-
ively.

(2) Adsorption equilibrium constants for flotation re-
agents on mineral surfaces.

As discussed above, using solubility product theory to de-
termine the adsorption capacity of flotation reagents on min-
eral surfaces can lead to considerable errors, inaccuracies,
and sometimes contradictory results, which are mainly
ascribable to the components on the mineral surface con-
strained by the mineral surface, with a very large difference
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in chemical potentials between the free components in solu-
tion and the components that can react with the flotation re-
agents in the solution. The reactivities of the free compon-
ents on the mineral surface are very low to the extent that
they should not chemically react according to solubility
product theory. Therefore, providing practical guidance for
actual mineral flotation systems by studying the adsorption
equilibrium constants of flotation reagents on mineral sur-
faces is important.

According to Eq. (67a), the chemical potential of a flota-
tion reagent in a slurry solution is given by
u¢ = p (T, p)+RTInx{. Similarly, the chemical potential of
a flotation reagent on a mineral surface is
,u? =1°(T, p) +RT1an.Formula (70) is valid according to
the phase equilibrium condition of Eq. (67b) (u® = 1£):

(T, p)+RTInx® = 1 (T, p) + RTIn x* (70)
Eq. (71) is obtained by rearranging the terms in Eq. (70):
X (ui—“’ (T,p) =" (T, p)

— =exp

RT (71)

where x? is the mole fraction of flotation reagent i adsorbed
on the mineral surface, which is equivalent to the amount ad-
sorbed. x{ is the mole fraction of flotation reagent i in the
slurry solution at adsorption equilibrium, which is equivalent
to the residual reagent concentration in the slurry solution.
u®(T,p)- pfO(T, p) is the difference between the standard
chemical potentials of the flotation reagent in the slurry solu-
tion and on the mineral surface or the difference between the
standard partial molar Gibbs free energies; it represents the
adsorption ability of flotation reagent i on the mineral sur-
face, which depends on the properties of flotation reagent i
and the mineral surface.

In practical mineral flotation, the standard chemical po-
tential that reflects the properties of a flotation reagent can be
obtained from relevant chemical manuals. However, the
standard chemical potentials associated with mineral surface
properties and the standard chemical potentials of flotation
reagents when adsorbed on mineral surfaces under saturation
conditions are not yet available, and theoretically calculating
the adsorption capacities of flotation reagents on mineral sur-
faces using Eq. (71) cannot be fully achieved. However, the
amounts of flotation reagent adsorbed on mineral surfaces
can now be accurately determined, allowing for theoretical
data on the adsorption capacity of a certain flotation reagent
on a certain mineral surface to be obtained from adsorption
measurements.

The amounts of flotation reagent adsorbed on mineral sur-
faces can be determined in various ways. ICP-MS provides
relatively accurate data for metal ions, while ultraviolet spec-
trophotometry is used to determine the concentrations of or-
ganic flotation agents in aqueous solutions, and liquid chro-
matography and other methods obtain the concentrations of
flotation agent components. Consequently, the residual con-
centration method can be used to determine the amount of
flotation reagent adsorbed on a mineral surface.

Generally, mineral surfaces adsorb different amounts de-

i
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pending on the concentrations of flotation reagents in a pulp
solution. A higher concentration of flotation reagent added to
the pulp solution results in a greater amount adsorbed on the
mineral surface; conversely, a lower concentration in the pulp
solution leads to a lower amount adsorbed on the mineral sur-
face. The adsorption equilibrium constant of the mineral sur-
face for a flotation reagent (K,4), defined as the ratio of the
number of moles of flotation reagent adsorbed onto the min-
eral surface to the number of moles of residual flotation re-
agent in the solution at a given pulp concentration, is given as

ryre. kx* 0 (T py— (T,
K= Dl B[ p)RT”fg( p)) (72)

where £ is a scale factor, which, for a single mineral, is the
adsorption amount measured by gradually increasing the
flotation reagent concentration in the slurry solution. The
amount of flotation reagent is small, and the adsorption capa-
city of the mineral surface is very low at a fixed temperature.

T, p)—(T.p) - . .
Eq. (72) reveals that ’W is a constant; i.e., K, is a

determined constant. The adsorption equilibrium constant
changes with the concentration of the flotation reagent in
solution when the amount adsorbed is large; that is, the
amount adsorbed and the flotation reagent concentration are
no longer linearly related, which is ascribable to changes in
the properties of the mineral surface as flotation reagents are
adsorbed; hence, they are no longer self-properties of the
mineral surface, and the standard chemical potential
,u?o (T, p) is no longer a constant of the flotation reagent. The
same flotation reagent has various saturated adsorption equi-
librium constants that are mineral surface-dependent. A lar-
ger K4 value corresponds to stronger flotation reagent ad-
sorbability on the mineral surface. Because the adsorption
equilibrium constant is a comprehensive manifestation of
various flotation theories, such as solubility product theory,
double-layer theory, and adsorption theory, it originates from
the thermodynamic equilibrium equations of the solid-liquid
system and is fundamental for mineral flotation thermody-
namics. The adsorption capacities and selectivities of flota-
tion reagents on different mineral surfaces can be determined
using the saturated adsorption equilibrium constant.

Using the above method, saturation adsorption equilibri-
um constants of flotation reagents on a mineral surface can be
obtained, and then, using these equilibrium constants, the ad-
sorption capacities and selectivities of these flotation agents
on this mineral surface can be determined. Therefore, the
equilibrium constants for the saturated adsorption of flota-
tion reagents on mineral surfaces can be used as an important
basis for selecting flotation reagents. Several inhibitors of
chalcopyrite used in copper—molybdenum separation, sever-
al inhibitors of galena in copper—lead separation, several col-
lectors used in zinc sulfide flotation systems, several metal-
ion activators in scheelite flotation, and several commonly
used collectors in tin flotation were examined as examples.
The adsorption equilibrium constant of each flotation agent
on the surface of the corresponding mineral was determined
and is shown in Table 1 and Figs. 2—6.

Table 1. Adsorption equilibrium constants of several miner-
als for flotation reagents

. . K,
Minerals Flotation reagents ) 0‘; /
Sodium sulfide (Na,S) 7.27
. Sodium thioglycolate (STG) 3.55
Chalcopyrite .
L-cysteine (L-cys) 2.35
Sodium dithiocarbonate (NaDTC) 6.35
Pyrogallic acid (PA) 1.12
Polymaleic acid (PMA) 0.819
Galena . . .
Sodium silicate (Na,SiO;) 0.194
Sodium thiophosphate (Na;SPO;) 0.13
Dodecylamine (DDA) 6.94
. . Isoamyl potassium xanthate (KAX) 2.79
Smithsonite .
Octyl hydroxamic acid (OHA) 3.34
Sodium diethyl dithiocarbamate (DDTC)  4.00
Mn*" (Mn(NO3),) 31.1
Scheelit Hg*" (Hg(NO5),) 0.194
cheelite .
Pb*" (Pb(NO;),) 16.3
Benzohydroxamic acid (BHA) 0.18
Styrene phosphonic acid (SPA) 2.15
Salicylhydroxamic acid (SHA) 2.61
Cassiterite  Octy] hydroxamic acid (OHA) 7.54
Isopropanolamine dodecylbenzenesul- 12.6
fonat (DBIA) ’

The solubility product constants of flotation agents and
substances in aqueous solutions also need to be determined
experimentally but have considerable errors and are unreli-
able. Therefore, selecting the flotation reagents for practical
mineral flotation according to the experimentally determined
saturation adsorption equilibrium constants of flotation re-
agents on mineral surfaces is highly reliable and feasible.

(3) Determining changes in adsorption entropy and Gibbs
free energy for multicomponent flotation reagents on miner-
al surfaces.

Eqgs. (47)—(49) show that the change in adsorption entropy
associated with multicomponent flotation reagents on a min-
eral surface can be calculated by measuring the mole fraction
of the adsorbed flotation reagent on the mineral surface,
which, in turn, is obtained by determining the amount ad-
sorbed. The adsorption capacity of each flotation reagent is
measured individually or simultaneously in the absence of
considerable interactions among the flotation reagent com-
ponents. The amounts of various flotation agents adsorbed
are determined individually. Initially, the flotation agent with
the best flotation effect is selected and allowed to react with
the mineral surface at a predetermined concentration. The re-
sidual concentration in the slurry solution is measured when
adsorption equilibrium is reached, and the amount of flota-
tion agent adsorbed on the mineral surface is determined. The
second flotation reagent is then added and its residual con-
centration in the solution is measured to determine its amount
adsorbed. Hence, the amounts of multicomponent flotation
reagents adsorbed on the mineral surface are obtained.
However, the thermodynamic equilibrium relationships
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Fig. 3. Adsorption equilibrium constants for several galena inhibitors.

shown in Eq. (67) must be used to break the original equilib-
rium and establish a new equilibrium on the mineral surface
and in the slurry solution whenever a new flotation reagent is
added during the adsorption measurement process, which
leads to the desorption of the flotation reagent originally ad-
sorbed on the mineral surface, as well as further adsorption.

Accurate measurements must consider this variation, and the
amount of the previous flotation reagent or reagents ad-
sorbed must be sequentially corrected to obtain the correct
amount adsorbed on the mineral surface. Simultaneous de-
termination is another method for obtaining the amounts of
multicomponent flotation reagents adsorbed, which involves



S.M. Wen, Thermodynamic theory of flotation for a complex multiphase solid-liquid system and high-entropy flotation 1191

=~ 8
ib (@)-e Smithsonite + Na,S + DDA (Experimental value)
g 7+ — Smithsonite + Na,S + DDA (Fitting line of
s 6l adsorption capacity) A -*
S st
< 5t
Z 47 Ce
=}
g 3y ,
S e
g 20 W
'% R i N N N
< 0
0 10 20 30 40 50 60
Initial concentration (C,) of DDA/ (10~ mol-L™")
4.0
i‘) (C) - Smithsonite + Na,S + OHA (Experimental value)
g 35¢ Smithsonite + Na,S + OHA (Fitting line of
s 30l adsorption capacity) e
o O .
Z - s o
T o5l K,=3.34x10 ‘
r\'.. ‘ C(t»
é‘ 20 A._""
§ L5¢ P 2
S
§ 10 A
2 rd
g 051~
¢ '
0 10 20 30 40 50

Initial concentration (C,) of OHA / (10~ mol-L™")

TPD 3.0 (b) e Smithsonite + Na,S + NaIX (Experimental value)
S — Smithsonite + Na,S + NalX (Fitting line of
?E 25} adsorption capacity) o
S = 5 =
< 20f K,,=2.79 %10 AC
~ P
= P
s
2 10f
=]
2
a 05t
:
<
0 n n n
< 0 10 20 30 40

Initial concentration (C,) of NaIX / (10~ mol-L™")

E (d) -~ Smithsonite + Na,S + DDT  (Experimental value)
ks 57 _ Smithsonite + Na,S + DDTC (Fitting line of
OE adsorption capacity) I -
S 4 - 5 =
= K,,=4.00x10 o
Ay o
~ g Cs
E . '
s A g
< 2L o
g‘ ‘,/‘./
s

£ =
= o’
5 -
3 o«
< 0 ' ' '

0 10 20 30 40

Initial concentration (C,) of DDTC / (10~ mol-L™")

Fig. 4. Adsorption equilibrium constants for several smithsonite flotation collectors.

(a) -« Scheelite + Mn(NO,), (Experimental value)
— Scheelite + Mn(NO), (Fitting line of adsorption
capacity)
K, =3.11x10°

[\
T
.

—_

5 10 15 20
Initial concentration (C,) of Mn(NO;), / (10~ mol-L™")

Adsorption quantity, 7"/ (10° mol-g™)

o
=4 \

~'t_:o () * Scheelite + Pb(NO;), (Experimental value)

S Scheelite + Pb(NO,), (Fitting line of adsorption

E 12+ capacity) - -
% K,,=1.63 x 10° B

~ v a7

~ st e

z

s

< ,,

g 4l o

=

= e

& |

< 0 10 20 30 40 50 60

Initial concentration (C,) of Pb(NO;), / (10~ mol-L™")

Fig. 5. Adsorption equilibrium constants of the Mn*', Hg*, an

scheelite flotation system.

adding all flotation reagents to the slurry solution and meas-
uring the residual concentration of each flotation reagent in
the slurry solution after reaching equilibrium, from which the
amount of each flotation reagent adsorbed onto the mineral
surface can be calculated. This method yields an adsorption
amount near the actual situation because the solid—liquid flot-
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d Pb* activators and the benzohydroxamic acid collector in the

ation system (Eq. (67)) is fully equilibrated at this time.
However, this method is limited in its ability to detect the re-
sidual concentration of each flotation reagent in the pulp
solution. For example, accurately determining the residual
concentrations of multicomponent collectors whose ultravi-
olet absorption peaks overlap is difficult.
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Fig. 6. Adsorption equilibrium constants of several cassiterite flotation collectors.

The mole fraction of each flotation agent adsorbed on the
mineral surface is calculated after measuring the amount of
each multicomponent flotation agent adsorbed. In the case of
a four-component collector flotation system, the mole frac-
tion of an adsorbed collector is the adsorption amount of this
collector on the mineral surface divided by the sum of the ad-
sorption amounts of all four collectors. The adsorption effect
is not represented by the change in the adsorption entropy
during the adsorption of a single-component collector but
rather by the saturated adsorption equilibrium constant,
which characterizes the adsorption performance of the col-
lector. The change in the adsorption entropy of a collector on
the mineral surface is calculated according to Eq. (47) using
the adsorption mole fraction of the multicomponent collector
for a multicomponent collector. The change in the Gibbs free
energy during multicomponent collector adsorption is calcu-
lated using Eq. (50) when microcalorimetry is used to de-
termine the thermal effects of various collector adsorption
processes.

Similarly, changes in the adsorption and activation entrop-
ies associated with multicomponent inhibitors and multicom-
ponent activators on mineral surfaces can be calculated by
measuring the amounts of inhibitor and activator absorbed on
the mineral surfaces and then applying Egs. (48)~(49). In ad-
dition, microcalorimetry and Egs. (51)—(52) can be used to
determine changes in the Gibbs free energy of inhibition and
activation during the adsorption of multicomponent inhibit-
ors and multicomponent activators.

Some flotation agents regulate mineral flotation not by ad-
sorbing their components on the mineral surface but by pro-
ducing new species through reactions involving the mineral

surface or changing the type of original species or its quant-
ity on the mineral surface. If the differences in the numbers
and types of species on the mineral surface before and after
the addition of the flotation reagents are determined, the
abovementioned entropy change formula can be used to cal-
culate entropy and Gibbs free energy changes for surface
chemical reactions involving such flotation reagents, after
which the effect of the flotation reagent can be determined.

4.2. High-entropy flotation methods for actual ore

A simple flotation reagent system can achieve good flota-
tion results according to production practice experience and
previous experimental research results for practical ores with
simple mineral compositions and good target mineral float-
abilities. However, simple reagent systems often fail to
achieve satisfactory flotation results for complex ores with
complex mineral compositions, poor target mineral floatabil-
ities, and target/gangue mineral separation difficulties. The
development and use of simple ores cannot meet the de-
mands of the continuing industrialization of human society,
and required minerals are mostly associated with low-grade
and difficult-to-handle complex ores. Multicomponent flota-
tion agents are inevitably used to process such difficult and
complex ores. The adsorption of multicomponent flotation
agents in a solid-liquid complex flotation system follows the
thermodynamic equilibrium relationships in Eq. (67) when
ores are treated with multicomponent collectors, multicom-
ponent depressants, and multicomponent activators.

(1) High-entropy flotation.

Multiple component collectors can be used to synergistic-
ally improve the floatabilities of minerals and achieve effi-
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cient flotation recoveries for oxidized ores, such as zinc ox-
ide, copper oxide, stannite, and titanium—iron ore, which
have relatively poor floatability. The recovery purpose and
the types and contents of recoverable and gangue minerals
should be determined through mineralogical research for
such ores. The type of multicomponent collector should be
selected according to the mineral recovery purpose.

The collector type is selected on the basis of the saturation
adsorption equilibrium constants of various collectors on
mineral surfaces, production practice experience, and previ-
ous experimental research results. The collectors are
numbered according to their collection performance, with the
collector with the best collecting performance numbered 1,
that with the second-best performance numbered 2, and so
on, to afford collector numbers 1, 2, 3, and 4. The collector
with the best performance in collector dosage experiments is
selected as the main collector, while the others are auxiliary
collectors. The collector with the second-best performance
under the optimal dosage conditions of the main collector is
selected as the second component collector, and its dosage is
optimized. The dosages of the third and fourth component
collectors are similarly determined after determining the op-
timal dosage of the second component collector, leading to
the multicomponent collector system.

The dosage range is selected near the determined dosage
to perform multifactor orthogonal experiments using the
multicomponent collector based on the data acquired through
single-factor experiments involving each component collect-
or. The high-entropy multicomponent collector-based flota-
tion method is then confirmed through verification experi-
ments.

Taking the flotation of low-grade refractory oxidized lead
zinc ore in Lanping as an example, we adopted a separation
process of lead first and then zinc. We tested the effect of in-
creasing the number of collector components in a multicom-
ponent collector system (DDA, KAX, ADD, and OHA) on
zinc flotation indexes. The flotation flowchart is shown in
Fig. 7, and the results are shown in Table 2. According to the
analysis of the data results in Table 2, the zinc recovery in
zinc roughing operation is only 74.08% when only DDA is
used as the collector. By applying the high-entropy flotation

theory under the DDA-KAX-ADD-OHA quaternary col-
lector system, the zinc recovery in zinc roughing operation
was considerably improved to 86.09%. The flotation test res-
ults further validate the high-entropy flotation theory.

The abovementioned procedure is the best method be-
cause the solid-liquid flotation system adheres to the thermo-
dynamic equilibrium conditions expressed by Eq. (67). This
method, when used with Eq. (47) to calculate the entropy
change associated with monomineral adsorption by a mul-
ticomponent collector to determine surface adsorption
amounts, will yield entropy changes that are greater than that
of a single- or binary-component collector.

The best-performing collector for an actual flotation pro-
cess may be expensive and include hydroxyacid-chelating
collectors or arsenic acid types, which are toxic and restric-
ted for industrial use. In these cases, high-entropy flotation
can considerably reduce the dosages of these collectors,
while other collector components can be used to increase
changes in entropy on mineral surfaces to compensate for the
negative impact of lower dosages of the main collectors.

Raw ore

() Grind fineness: —74 mm 85%
3 minX Na,CO,: 1000 g-t
3 minX Na,S: 2000 g-t!
3 min)X KAX: 200 gt
1 minX Pine oil: 60 g-t™!
Pb|roughing

4min 3 min} KAX: 50 g-t!
Pb|scavenging

3min 5 minX Na,S: 10000 g+t

3 minX KG-248: 400 g-t'';
Sodium silicate: 750 g-t™!
3 minXX DDA: 200 g-t"!

3 min )X KAX/ADD/OHA: variable
Zn|roughing

5 min

Pb concentrate Zn concentrate Tailings
Fig. 7. Flowchart of the open-circuit flotation process on Lan-

ping zinc oxide ores.

Table 2. Flotation test results of different collector systems

Collector component Product Yield / % Zn grade / % Zn recovery / %
Pb Concentrate 7.90 5.11 5.85
y Zn Concentrate 20.39 25.06 74.08
200g:t" DDA Tailing 71.72 1.93 20.07
Feed 100.00 6.90 100.00
Pb Concentrate 7.29 5.31 5.67
» » Zn Concentrate 22.39 24.84 81.45
200 gt DDA; 400 gt KAX Tailing 70.33 1.25 12.88
Feed 100.00 6.83 100.00
Pb Concentrate 8.02 5.02 5.71
200 gt DDA; 400 gt KAX; 200 g't ' ADD; Zn Concentrate 30.37 20.00 86.09
100 g't ' OHA Tailing 61.61 0.94 8.21
Feed 100.00 7.06 100.00
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(2) High-entropy depression flotation.

Separating and recovering minerals with similar floatabil-
ities, such as copper—molybdenum, copper—lead, copper—
zing, tungsten—tin, and calcium-containing minerals, is often
necessary when flotation processing complex ores. Separat-
ing minerals with similar floatabilities has always been diffi-
cult in the mineral processing field. High-entropy depression
flotation considerably improves the separation of such min-
erals. According to Eq. (48), the entropy change associated
with inhibition using a multicomponent depressant, in theory,
considerably increases the entropy change associated with
the adsorption of the depressant on the mineral surface,
thereby promoting depressant adsorption stability on the
mineral surface, which improves the depressant effect.

The saturation adsorption equilibrium constants for de-
pressants on the surfaces of minerals that must be separated
by flotation can be determined from previous experimental
research results and production practice experience and used
to select the depressant type. The depressive performance of
depressants is verified through flotation experiments to de-
termine the main and auxiliary depressants. Sequential ex-
periments are conducted to determine multicomponent de-
pressant systems under the optimal dosage conditions of the
main depressants. Dosage ranges are selected for multifactor
orthogonal experiments based on the determined multicom-
ponent depressant dosages to determine the optimal mul-
ticomponent depressant dosages. Verification experiments
are conducted to confirm the final multicomponent depress-
ant systems.

The main depressants are sometimes toxic substances,
such as cyanide or permanganate salts, and are restricted for
industrial use in a similar manner to how collectors are selec-
ted. In these cases, dosages can be considerably reduced by
replacing them with multicomponent depressants. Although
auxiliary depressants may not perform as well as the main
depressant, the use of multicomponent depressants consider-
ably increases the entropy change for depressant adsorption
on mineral surfaces and improves depression effectiveness
by increasing adsorption stability.

Taking the copper—molybdenum bulk concentrate from a
mine in Yunnan as a case study and referring to the experi-
mental flowchart in Fig. 8, we compared the flotation test in-
dices obtained from single-use Na,S conditions and high-en-
tropy depression conditions composed of Na,S, L-cys, STG,
and NaDTC through one roughing flotation. The experi-
mental results are presented in Table 3, where Ind. and Cum.
denote individual and cumulative, respectively. When using
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6000 g/t Na,S alone, the yield of Mo concentrate was
10.54%, the Mo grade in the Mo concentrate was 5.94%, and
the Mo recovery was 84.33%. When using a quaternary de-
pressant composed of 1500 g/t Na,S, 260 g/t L-cys, 180 g/t
STG, and 300 g/t NaDTC under identical remaining test con-
ditions, the yield of Mo concentrate decreased to 8.98%, the
Mo grade in the Mo concentrate increased to 7.22%, and the
Mo recovery increased to 87.69%. Comparing the two data-
sets shows that although the dosage of single Na,S is approx-
imately 2.7 times the total dosage (2240 g/t) of the quatern-
ary depressant, the Mo grade in the concentrate and the Mo
recovery are higher when using the quaternary depressant.
According to the calculation of entropy change in Section
2.4, the quaternary depressant obviously has a higher en-
tropy change during the interaction process on the depressed
copper mineral surface. This finding confirms that multicom-
ponent depressants have the advantages of low dosage,
strong selectivity, and high separation efficiency.

(3) High-entropy activation—flotation.

Activating agents are often used to improve the collection
ability and flotation effects of poorly floatable minerals that
are difficult to float well using simple collectors alone. Ex-
amples include activating zinc sulfide with copper ions in
pyrite, lead ions in scheelite, and quartz with calcium ions.

In practical ore activation—flotation, initially, the target
mineral requiring activation is identified, with the activating
agents selected on the basis of the performance of the sub-
sequent collector, industrial production experience, and pre-
vious experimental research results. Then, flotation experi-

Cu-Mo
Bulk concentrate
Scrub-grinding
3 min Depressant

2 min Kerosene 200 g-t™!

Roughing flotation

Mo Cu
concentrate concentrate

Fig. 8. Flowchart of flotation separation of copper—molyb-
denum bulk concentrate.

Table 3. Experimental indicators for flotation separation of copper—-molybdenum bulk concentrate

Mo grade Mo recove
Depressants Doia:ges/ Product Yield / % £ hhatd
(gt) Ind. / % Cum. / % Ind. / % Cum. / %

Mo concentrate 10.54 5.94 5.94 84.33 84.33
Na,S 6000

Cu concentrate 89.46 0.13 0.74 15.67 100.00
NaS 1300 Mo concentrate 8.98 722 7.22 87.69 87.69
L-cys 260
STG 180 Cu concentrate 91.46 0.10 0.74 12.31 100.00

NaDTC 300
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ments are conducted on the selected activating agent to de-
termine its performance, and the type and dosage of the main
activating agent are determined. Under the conditions of the
main activating agent, the dosage of the auxiliary activating
agent is successively examined to determine the agent sys-
tem of the multicomponent activating agent. The dosage of
each activating agent is selected near the determined dosage,
and then multifactorial orthogonal experiments are conduc-
ted. The optimal system for the activating agent is obtained
following verification experiments.

According to the calculational adsorption entropy results
for the multicomponent activating agent obtained using Eq.
(69), increasing the number of activating agent components
considerably increases the adsorption entropy, which im-
proves the stability of the adsorbed activating agent, en-
hances the adsorption performance of the subsequent collect-
or, and consequently improves the activation—flotation effect
for the mineral.

For some heavy metal-ion activating agents, such as Pb*",
Hg*', and Cd*, the dosage cannot exceed the maximum
amount allowable environmentally, which may affect miner-
al activation. Some metal-ion activating agents, such as
CuSO0,, are expensive and require large dosages, resulting in
high flotation costs and adverse effects. In such cases, redu-
cing the dosage of the main activating agent and using mul-
ticomponent activating agents can increase the adsorption en-
tropy for the activating agent on the mineral surface, thereby
enhancing the adsorption capacity and stability of the activat-
ing agent and improving the activation—flotation effect for the
mineral.

5. Conclusions

On the basis of thermodynamic theory, we systematically
and thoroughly studied a complex solid-liquid mineral flota-
tion system, revealing the thermodynamic mechanism asso-
ciated with the adsorption of flotation reagent components on
mineral surfaces and leading to a high-entropy flotation the-
ory and method. The following conclusions are drawn:

(1) The solid-liquid flotation system is thermodynamic-
ally isolated, with flotation reagents spontancously adsorbed
on mineral surfaces. The entropy change associated with this
process is positive, while the Gibbs free energy change is
negative. Multicomponent flotation agents can deliver great-
er changes in adsorption entropy and smaller changes in ad-
sorption Gibbs free energy than single-component flotation
agents, which is the physical essence that underpins the use
of multicomponent flotation agents and their synergy to im-
prove flotation efficiency.

(2) We constructed a set of thermodynamic equilibrium
equations for a complex solid-liquid mineral flotation sys-
tem based on the material component, chemical, and phase
equilibrium conditions in a solid-liquid flotation system. A
change in any component of the pulp solution changes the
same component on the mineral surfaces present. The dissol-
ution of a mineral surface component in a pulp solution com-

plicates the pulp solution components while homogenizing
various mineral surface components and properties.

(3) The adsorption capacities of the flotation reagents to-
ward the mineral surface increase with flotation reagent con-
centration in the pulp solution; these reagents are adsorbed on
the mineral surface before reaching saturation. The ratio of
the adsorption capacity of the mineral surface to the critical
adsorption capacity and molar fraction of the residual re-
agent in the slurry solution is the adsorption equilibrium con-
stant of the flotation reagent. The adsorption equilibrium
constant reflects the adsorption abilities and characteristics of
the flotation reagents on the mineral surface; it is a basic ther-
modynamic mineral flotation constant and can be used as an
important basis for selecting flotation reagents.

(4) Various collectors, inhibitors, or activators can be
combined to improve mineral surface adsorption entropy
changes based on a theoretical understanding of the satura-
tion adsorption equilibrium constant for a flotation reagent
and the change in the adsorption entropy associated with
multicomponent flotation reagents, thereby improving the
collection, inhibition, or activation effects of minerals and
realizing the efficient flotation recovery of refractory miner-
als through high-entropy flotation.
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