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Flotation reagents are significant for modifying the interfacial characteristics of mineral grains to achieve the
effective separation of minerals. Since the 1960s, when quantum chemistry was first introduced into the study of

flotation reagents, many achievements have been made, although some controversial topics remain.

quantum chemistry density functional theory (DFT) flotation reagents

| 1. Non-Ferrous Metals

In general, non-ferrous metals are metals that do not contain Fe., i.e., all pure metals are non-ferrous. Among

them, quantum chemical studies of flotation reagents have been performed for Cu-, Pb-, and Zn-bearing minerals.

1.1. Non-Ferrous Oxide Minerals
1.1.1. Copper Oxide Minerals

Common copper oxide minerals include malachite, Cu,(CO3)(OH),; azurite, Cu3(CO3),(OH),; chrysocolla,
(Cuy_yAly)H,_SioO5(0OH)4:nH,0; and cuprite, Cu,O. Most quantum chemical studies of copper oxide minerals
have been focused on malachite. Yang et al. Il investigated the reactivity of aliphatic oxime derivatives including
C/H15sCX=NOH (X = H, CHsz, NH, or OH, including octanaldoxime, n-octanohydroxamic acid, n-
hydroxyoctanimidamide, and methyl n-heptyl ketoxime) as copper flotation collectors towards malachite using the
DFT method. The structure—reactivity relations established in this study provided an understanding of the structural
demand for aliphatic oximes to recover copper oxide minerals at the atomic scale. Using the same methodology,
Yang et al. & also studied the chemical reactivity of azolethione derivatives’ (including 1,3,4-oxadiazole-2-thione, 4-
amino-5-heptyl-1,2,4-triazole-3-thione, 5-heptyl-1,2,4-triazole-3-thione, 5-heptyl-1,3,4-thiadiazole-2-thione, and 6-
heptyl-1,2,4,5-tetrazine-3-thione) collectors on malachite surfaces, which provided an atomic-level understanding
of the structure—property relations of azolethione derivatives as chelating reagents for copper mineral flotation. Lu
et al. B designed a series of amide collectors (including Nhydroxy-N-benzyl butyramide (NHNBB), N-hydroxy-N-
benzyl acetamide, N-hydroxy-N-phenyl acetamide and N-hydroxy-Nphenyl butyramide) and used them to achieve
the efficient separation of malachite from calcite and quartz in the absence of a frother and activator. By combining
guantum chemical calculations, solution chemical analyses, X-ray photoelectron spectroscopy (XPS), and Fourier-

transform infrared spectroscopy (FTIR), the results suggested that, in addition to electrostatic attraction, NHNBB
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could interact with malachite through chemisorption to generate a five-membered ring complex on a malachite

surface, thus exhibiting an efficient collection power for malachite.

Furthermore, Chen et al. [ reported the promotional effect of ammonium sulphate ((NH,4),SO,) as a modifier in
malachite sulfidization flotation with butyl xanthate (BX) as a collector. The DFT calculation results indicated that
the adsorption energy of HS™ produced by the ionization of sodium sulfide (Na,S, a sulfidizing reagent) in water
was reduced by the addition of (NH4),SO,4, which demonstrated that (NH4),SO, could improve the adsorption
stability of HS™ on a malachite surface. However, except for malachite, quantum chemistry studies of flotation

reagents for azurite, chrysocolla, and cuprite have been rarely reported.

1.1.2. Lead Oxide Minerals

There are many lead oxide minerals, including cerussite, PbCOg; anglesite, PbSO,; wulfenite, PbMoOy,; vanadinite,
Pb[CI(VO,)s; pyromorphite, Pbs(PO,4);Cl; mimetite, Pbs(AsO,4);Cl; plumbojarosite, PbFeg[(OH)g(SO4),; and so
forth. In particular, quantum chemical studies on the sulfidization mechanisms of cerussite are of paramount
importance. Since lead oxide minerals are more prone to have higher solubility and stronger surface hydration than
lead sulfide minerals, conventional sulfhydryl-based reagents are less effective in their flotation. A sulfidization
treatment is able to enhance the hydrophobicity of oxide minerals, thus enabling them to be better recovered by the
collector. Therefore, the sulfidization—xanthate method is employed as one of the most effective methods for
cerussite flotation in industry, with sodium hydrosulfide (NaSH)/sodium sulfide (Na,S) being added as the

sulfidizing reagents RIS,

It is worth noting that the existing literature on DFT studies of cerussite primarily concentrates on HS™ adsorption.
For instance, Feng et al. 8], employing XPS and DFT, investigated the sulfidization mechanism of cerussite by
adsorbing a main hydrolyzate of sulfidizing reagents, a single HS™, on a cerussite (110) surface (see Figure 1a).
Nevertheless, the experimental results confirmed that a PbS film formed on the cerussite surface, leading to
changes in the coordination structure of the Pb atoms on the surface [RILALLIIZI13] Therefore, to better reflect the
actual surface structure of sulfidized cerussite, Tang et al. 14 employed the density functional based tight binding
(DFTB+) method to study the microscopic mechanism of cerussite flotation using the sulfidization—xanthate
method. As shown in Figure 1b, a sulfidization model of a PbS film covering the PbCO5; (001) surface was
established, resulting in a change in the ligand type of the surface Pb atoms from the O ligand to the S ligand. The
results demonstrated that the adsorption energies of a single water molecule or multiple water molecules adsorbed
on a sulfidized cerussite (sul-PbCO3) surface become less negative, whereas the formation energy of BX and
water co-adsorbed on a sul-PbCOj; surface become more negative. As predicted using the HSAB theory, after
sulfidization, Pb%* changed its behavior from a hard acid in PbCO3 to a soft acid in PbS, facilitating its interaction
with BX (soft base), but weakening its interaction with water (hard base). For the periodic system calculations, the
selection of appropriate crystal planes is a prerequisite for the subsequent calculations of reagent adsorption and

molecular dynamics.
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(a) (b)

Figure 1. Configurations of (a) HS™ adsorbed on cerussite (110) surface (data from &) and (b) sulfidized cerussite
(001) surface (data from [24]).

1.1.3. Zinc Oxide Minerals

The main zinc oxide minerals are smithsonite, ZnCO3; hemimorphite, Zn,(Si>,O7)(OH),-H,0O; zincite, ZnO; willemite,
Zn,Si0y4; and hydrozincite, 3Zn(OH),-2ZnC0O3. Similar to cerussite, quantum chemical studies on smithsonite have
mainly focused on the discussion of its sulfidization mechanism. For example, Chen et al. 13 developed a model of
a smithsonite (101) surface using the DFTB+ method and simulated the adsorption of a monolayer of S2-, HS™,
and OH™ ions on the surface to investigate the influences of the sulfidization effect and hydration effect on the
adsorption on a smithsonite surface. At low concentrations of sodium sulfide, HS™ ions formed a Zn-SH-SH
structure on a smithsonite surface, which prevented dodecylamine (DDA) from interacting with the Zn atoms on the
smithsonite surface. This was consistent with the flotation practice of smithsonite, which required large quantities of
sodium sulfide. However, at high Na,S concentrations, a ZnS film formed on the smithsonite surface, which
facilitated the adsorption of DDA. DFT calculations were also conducted by Zhao et al. 28 to investigate the
adsorption mechanism of HS™ on a smithsonite (101) surface. The results manifested that HS™ ions could
spontaneously interact with the top-, bottom-, and bridge-site Zn atoms on a smithsonite surface, resulting in the
formation of a stable Zn-S structure on the surface. Meanwhile, at the atomic level, a slight oxidation of

smithsonite was also found to have occurred during the sulfidization of smithsonite.

Liu et al. 22 combined theoretical and experimental methods to discuss the influences of six different carboxyl
collectors (including linoleic acid (CH3(CH5)4(CH),CH5(CH),(CH),COOH), oleic acid
(CH3(CH5)7(CH),(CH,)7;COOH), lauric acid (CH3(CH5)1oCOOH), stearic acid (CH3(CH,);6COOH), palmitic acid
(CH3(CH5)14,COO0H), and naphthenic acid (CgH;;COOH)) on smithsonite flotation. The DFT calculations indicated
that unsaturated carboxyl collectors exhibit large electrophilicity, whereas benzenoid and saturated carboxyl
collectors possess small electrophilicity. Only linoleic acid and oleic acid were considered effective collectors
towards smithsonite in the presence of water molecules. It was also found that the adsorption of water molecules
weakened the hybridization of the 3s and 3p orbitals and the electrophilicity of the surface Zn atoms, which was

detrimental to the adsorption of carboxyl collectors with small electrophilicity.
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For hemimorphite (Zn,Si,0-(OH),*H,0), Zhao et al. [18 employed the DFT method and the bond valence model to
evaluate the correlation between complex stability constants and the bonding strength of the polar groups of
flotation collectors (including N-dodecanoylglycine, N-lauroylsarcosine, N-laurylaminoacetic acid, and lauric acid).
Through the results, it was believed that the bonding strengths of the polar groups controlled the collecting power
for hemimorphite flotation. Jia et al. 22 combined a series of experimental methodologies and DFT calculations to
study the adsorption mechanism of a green biosurfactant sodium N-lauroylsarcosinate collector on hemimorphite
and quartz surfaces. The DFT results showed that the two O atoms of the carboxyl group in sodium N-
lauroylsarcosinate were bonded with Zn and H atoms and adsorbed on a hemimorphite surface in a bidentate
bonding structure, indicating that sodium N-lauroylsarcosinate has excellent selectivity for hemimorphite and has a
great potential for industrial application in hemimorphite—quartz flotation separation. Zuo et al. 29, employing the
DFT method, studied the effects of Na,S sulfidization and sodium sulfosalicylate (C;H5NaOgS-2H,0) activation on
hemimorphite flotation. The calculation results confirmed that the Zn atoms on the hemimorphite (110) surface
were separated from the surface O atoms, which resulted in the formation of many vacancies, thereby greatly
reducing the steric hindrance effect during sulfidization. Zn(SSA),?*, formed via the complexation of
C,HsNaOgS2H,0 with Zn?*, dissolved from the hemimorphite surface and participated in sulfidization reactions,

i.e., Zn,Si,07(0OH),-H,0 — Zn?* - Zn(SSA),?* — ZnS, making the sulfidization process simple and efficient.

1.1.4. Other Non-Ferrous Oxide Minerals

In addition to Cu, Pb, and Zn oxide minerals, the quantum chemistry of flotation for Mg- and Na-containing oxide
minerals has been studied in detail. The main magnesium resources utilized globally are magnesite, dolomite,
brucite, carnallite, and olivine. The quantum chemical studies of the interactions of flotation reagents with mineral
surfaces have been focused on magnesite (MgCO3) and dolomite (CaMg(COs3),). The research was conducted in
two main categories: collectors and depressants. Through DFT calculations, Zhong et al. 2 and Tang et al. (22
investigated the adsorption mechanisms of a-chloro-oleate acid and cetyl phosphate, respectively, as collectors on
a magnesite surface. Li et al. 23 compared the effects of dodecylamine and n-octanol as collectors on the removal
of impurities in the reverse flotation of magnesite by combining experimental studies and computational
simulations. It was shown that the dissolved Ca?* ions in dolomite weaken the selectivity of anion flotation, which is
one of the reasons for the difficulty in separating dolomite and magnesite. Whereafter, Liu et al. 24 further
employed sodium fatty alcohol polyoxyethylene ether sulfonate (AESNa) as an ion-tolerance collector to
understand the reason why AESNa reduces or eliminates the adverse effect of Ca?* ions. The results
demonstrated that the EO groups of AESNa were complexed with Ca?* ions via electrostatic interactions, making it
difficult for Ca?* ions to access the polar head groups of the collectors, hence leaving magnesite flotation
unaffected. For depressants, Sun et al. 29 first introduced ethylenediamine tetra (methylene phosphonic acid)
sodium (EDTMPS) as a chelation depressant to improve the separation efficiency of magnesite from quartz with
DDA used as a collector in this system. The DFT calculations revealed that the pre-adsorption of EDTMPS
weakened the DDA-magnesite interaction; this observation was confirmed by the expansion of the distance
between the magnesite surface and the DDA N atoms (from approximately 2.64 A to 8.00 A) in the presence of
EDTMPS.
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Magnesite and dolomite are Mg-bearing minerals with similar crystal structures, which makes their separation a
challenge in production. Reverse flotation reagents for magnesite and dolomite are important subjects of quantum
chemical studies directed at dolomite. Sun et al. 281 adopted dodecane-1,2-diyl bis (dihydrogen phosphate)
(DBDP), and Zhao et al. & introduced dimethylaminopropyl lauramide (DPLA) as dolomite collectors in
magnesite—dolomite reverse flotation. The DFT simulations, micro-flotation tests, contact angle and zeta potential
measurements, and FTIR and atomic force microscopy (AFM) analyses verified their potential for industrial
applications. Yao et al. [28 enhanced the flotation separation of dolomite and magnesite using DDA as a collector
and using sodium dihydrogen phosphate (SDP) as an activator for dolomite. The DFT calculations suggested that
the strength of spontaneous adsorption between dolomite and SDP was much greater than that between
magnesite and SDP, indicating that SDP posed a selective effect on the flotation separation of magnesite and

dolomite.

Moreover, phosphate flotation plants also prefer to separate apatite and dolomite via reverse flotation, with sulfuric
acid (H,SO,) being commonly used as a specific apatite depressor. Nevertheless, this inorganic acid is unable to
prevent the flotation of dolomite with fatty acid collectors, such as oleate anions. The depression mechanism of
H,SO, on apatite flotation is well understood, whereas that on dolomite is unclear. Cao et al. 22 studied the effect
of SO, anions on the adsorption of oleate anions on a dolomite (104) surface and compared the adsorption
behavior of SO, anions onto both perfect and CO5-defect dolomite surfaces using DFT. The results indicated that
only the SO42™ anions are adsorbed on the CO3-defect surface, where they bound to Ca atoms. The rest of the Mg
and Ca atoms at the defect sites will further interact with oleate anions to produce new Mg-O and Ca-O ionic
bonds. SO42~ anions and oleate might coexist on a dolomite surface. This phenomenon helped to illustrate the

flotation process of dolomite treated with H,SOy,.

Feldspar-group minerals (KAISi;Og, NaAlSizOg, and CaAl,Si,Og) are both aluminosilicate ores and major sources
of Na. Oxalic acid, as a pH maodifier, is a commonly used organic substance in feldspar flotation, and it has three
different configurations (C,0,%~, HC,0,~, and H,C,0,) depending on the pH value of the aqueous solutions. Xue
et al. BY employed DFT calculations, classical molecular dynamic (CMD) simulations, and frequency calculations
to understand the adsorption mechanism of oxalic acid at the water—feldspar interface. The results demonstrated
that the adsorption of H,C,0O, on a feldspar surface was a physical outer-sphere adsorption with the formation of
hydrogen bonds, while the adsorption of C,0,2~ and HC,0,~ belonged to inner-sphere adsorption, which preferred
to coordinate with Al active sites on a feldspar surface rather than Si active sites. The order of adsorbed
substances on feldspar surface was C,0,%2~ > HC,0,~ > H,0 > H,C,0,. At a lower pH of 0.00, water instead of
H,C,0, would attack the Al active sites to promote Al dissolution. At higher pH values of 2.76 and 6.00, HC,O4~
and C2042‘, but not water, would attack the Al active sites to facilitate Al dissolution; however, at acidic conditions,

H* would attack Si active sites instead of Al active sites to promote Si dissolution.

1.2. Non-Ferrous Sulfide Minerals

For non-ferrous sulfide minerals, Liu et al. B used DFT calculations to investigate the structure—activity relations

between four chelating collectors (including diisobutyl monothiophosphinate (DIBMTPI), diisobutyl

https://encyclopedia.pub/entry/52415 5/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

monothiophosphate (DIBMTPA), diisobutyl dithiophosphinate (DIBDTPI), and diisobutyl dithiophosphate
(DIBDTPA)) and the Cu-, Au-, Ag-, and Pb-bearing sulfide minerals and provided a potential method for the
molecular design of new reagents for improving metal recovery. Moreover, Cui et al. 32 introduced the principle of
coordination chemistry and the DFT method to study the interactions of methyl xanthate as a collector with galena
and sphalerite under weak acidic and neutral conditions, which contributed to a systematic understanding of the
interaction mechanism of xanthate collectors on the surfaces of non-ferrous sulfide minerals and provided a

theoretical basis for future studies.

1.2.1. Copper Sulfide Minerals

Zhao et al. (23l synthesized two ether thionocarbamates, O-(2-butoxy-1-methylethoxy) isopropyl-N-ethoxycarbonyl
thionocarbamate (BMIPECTC), and O-butoxy isopropyl-N-ethoxycarbonyl thionocarbamate (BIPECTC) and
studied their collection powers using adsorption measurements, ultraviolet spectra (UV) and FTIR analysis,
flotation tests, and DFT calculations. Quantum chemistry calculations revealed that both BIPECTC and BMIPECTC
exhibited greater collection power towards copper minerals in terms of binding model simulation with Cu ions,
molecular hydrophobicity, and frontier molecular orbital analysis compared to O-isobutyl-N-ethoxycarbonyl
thionocarbamate (IBECTC) and O-isopropyl-N-ethyl thionocarbamate (IPETC). Li et al. B4 understood the
mechanism of kerosene influence on chalcopyrite floatability in a Mg2*-bearing solution (which simulated seawater
as flotation medium) by means of DFT calculations and extended the Derjaguin—Landau—Verwey—Overbeek
(EDLVO) theory. The results indicated that kerosene was selectively adsorbed on the Mg(OH), surface and formed
agglomerates, thus hindering the adsorption of Mg(OH), precipitates on the chalcopyrite surface. When additional
kerosene was dosed, hydrophobic agglomerates were also formed due to the adsorption of kerosene on
chalcopyrite, which further improved the floatability of chalcopyrite. Mkhonto et al. 23 employed DFT to investigate
the adsorption energies, electronic properties, and bonding behavior related to the reactivity of five collectors,
including O-butyl- O-butyl-N-butoxycarbonyl-thiocarbamate (BBCTC), N-ethoxycarbonyl-thiocarbamate (BECTC),
O-isobutyl-N-butoxycarbonyl-thiocarbamate (IBBCTC), O-isobutyl-N-isobutoxycarbonyl-thiocarbamate (IBIBCTC),
and O-isobutyl-N-ethoxycarbonyl-thiocarbamate (IBECTC), with a chalcopyrite (112) surface. The results showed
that BECTC and BBCTC are better collectors for the selective flotation of chalcopyrite, indicating that collectors
possessing a straight hydrocarbon chain might be preferable to those possessing a branched hydrocarbon chain.
Moreover, He et al. 38 proposed a model combining quantum chemistry and machine learning to facilitate the
screening of solidophilic reagents for chalcopyrite flotation. A 47-molecule flotation set was built at the level of
B3LYP/def2-TZVP under solvation effects to acquire information about their affinity to potential active sites on a

chalcopyrite surface (e.g., Fe(ll), Cu(l), Cu(ll) sites).

In addition to the research on flotation reagents for chalcopyrite itself, the reagents used to separate chalcopyrite
from pyromorphite, pyrite, and galena have attracted a great deal of attention. Molybdenite and chalcopyrite have
similar floatability under the action of collectors; hence, it is difficult to selectively separate them. Therefore,
depressants are essential to achieve the necessary Cu-Mo separation. Conventional inorganic depressants, such
as lime, cyanide, and sulfides, inevitably cause low selective depression for the flotation separation of various

sulfide minerals. Therefore, organic depressants have become one of the research focuses in recent years
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because of their biodegradability, excellent selectivity, high flexibility, potential modifications, and rich sources. The
adsorption mechanisms of multiple depressants such as L-cysteine B4, rhodanine-3-acetic acid (28, disodium
carboxymethy! trithiocarbonate B, thioglycolic acid #%, 3-amino-5-mercapto-1,2,4-triazole 2 2-((5-mercapto-
1,3,4-thiadiazol-2-yl)thio)acetic acid (421 and 5-amino-1,3,4-thiadiazole-2-thiol 43 on a chalcopyrite surface were
studied using DFT supplemented with micro-flotation and bench-scale flotation experiments and various advanced
characterization technologies, including ultraviolet-visible (UV-vis) spectroscopy, FTIR, contact angle and XPS
analysis, time-of-flight secondary ion mass spectrometry (Tof-SIMS) measurements, adsorption capacity, and zeta
potential measurements, which helped to offer a theoretical basis of the molecular design of organic depressants

with respect to chalcopyrite.

Pyrite (FeS,) often associates with chalcopyrite, which is a common gangue mineral in copper flotation. Therefore,
depressants are often required to restrict the flotation of pyrite to acquire qualified concentrates during
chalcopyrite—pyrite flotation separation. In this case, Wu et al. ¥4 analyzed the sodium butyl xanthate (SBX)
adsorption on Cu- and Fe-deficient chalcopyrite surfaces using DFT calculations and examined the galvanic effect
on flotation behaviors using mixed mineral flotation tests. The DFT calculations revealed that the Cu-/Fe-deficient
surface could not facilitate SBX adsorption. The galvanic interaction of the chalcopyrite—pyrite couple increased
pyrite recovery by means of copper activation but decreased chalcopyrite recovery due to a weaker SBX
adsorption, making their flotation separation more difficult. Mkhonto et al. 43 adopted DFT combined with micro-
flotation tests, electronic property analysis, and XPS to study the interaction mechanisms of three thiocarbamate
collectors, Sallyl-N-diethyl-dithiocarbamate (ADEDTC), O-isopropyl-N-diethyl-thionocarbamate (IPDETC), and
IPETC, on pyrite (100) and reconstructed chalcopyrite (112) surfaces. The results demonstrated that the active
sites on the chalcopyrite surface were Cu atoms rather than Fe atoms. Among the three collectors, the adsorption
of ADEDTC was the strongest, and its adsorption on chalcopyrite was stronger than that on the pyrite surface.
Zhang et al. 481 systematically investigated the chalcopyrite—pyrite separation mechanism at high alkaline
conditions using adsorption studies, DFT calculations, flotation tests, FTIR analysis, and zeta potential
measurements. The flotation tests and various measurements indicated that the flotation separation of chalcopyrite
and pyrite could be realized at highly alkaline conditions. The DFT calculations further confirmed that the
adsorption of SBX on chalcopyrite Cu sites was stronger than on pyrite Fe sites. Since the hydroxyl ion had a
stronger affinity towards pyrite, it could adsorb efficiently on the pyrite surface rather than on the chalcopyrite

surface.

Complex and refractory Cu-Pb polymetallic sulfide minerals such as galena and chalcopyrite have always been
difficult to separate because of their similar surface wettability. Hence, in galena—chalcopyrite flotation separation,
depressants should be added to enlarge the difference in their floatability, which is regarded as the most common
method in their separation. Liu et al. 44 systematically investigated the selectivity of three mercapto acids
(mercaptoacetic acid, 3-mercaptoisobutyric acid, and 3-mercaptopropionic acid) for the separation of galena and
chalcopyrite using flotation experiments combined with first-principles calculations. Both the experimental and
calculation results demonstrated that mercapto acids have a higher affinity towards chalcopyrite, and, among them,
the selectivity of 3-mercaptopropionic and 3-mercaptoisobutyric acids are better than that of mercaptoacetic acid,

which makes them the most selective depressants in the improved flotation separation of chalcopyrite and galena.
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Zhang et al. 48 synthesized a novel depressant, dithiocarbamated poly (acrylamide-allyamine) (DTC-PAA), and
employed it as a depressant for galena in chalcopyrite—galena flotation separation. The DFT calculation results
showed that when using O-isopropyl-N-ethyl thiocarbamate (IPETC) as the collector, DTC-PAA was chemisorbed
onto galena surface Pb sites through the dithiocarbamate groups in DTC-PAA, consequently achieving the
effective flotation separation of galena from chalcopyrite. These studies have enabled the development of reagent
molecules with high selectivity by quantum chemical means, exemplifying the potential for the effective separation

of Cu-Pb polymetallic sulfide minerals.

Quantum chemical studies on flotation reagents for covellite (CuS) have also been reported. Porento and Hirva 42
performed ab initio calculations to study the interaction of three different sulfhydryl surfactants, 1,1,1-butanetrithiol
(BTT), diethyl dithiocarbamate, and ethyl xanthate, with a covellite (001) surface. The results suggested that the
mineral-reagent interaction of BTT was the strongest, making it a potential collector for the covellite flotation. Ma et
al. B9, using single-mineral and mixed-mineral flotation tests, in conjunction with adsorption measurements, an
FTIR analysis, and DFT calculations, studied the collection mechanism of ethyl isobutyl xanthogenic acetate
(EIBXAC) in the flotation of secondary copper sulfide minerals (for instance, covellite and digenite). The results
confirmed that EIBXAC could be chemisorbed on the covellite (001) and digenite (001) surfaces, showing the
possibility of using EIBXAC to collect secondary copper sulfide minerals. Botero et al. B studied the interaction
mechanisms of potassium amyl xanthate (PAX) and O-isopropyl-N-ethyl thionocarbamate (IPETC) as collectors on
a covellite surface. The DFT calculations predicted that PAX bonded to the surface Cu atoms via the C-S and C=S

groups, whereas IPETC bonded to the surface Cu atoms only through the C=S group.

Nevertheless, quantum chemical studies of two other common copper sulfide minerals, chalcocite (Cu,S) and
bornite (CuzFeS3), have been reported only in terms of surface properties and electronic structures 22523l and they
do not report on the interaction mechanisms involving reagent adsorption. As a consequence, their study may

become one of the main directions for future research.

1.2.2. Lead Sulfide Minerals

Galena, PbS, is the most abundant lead mineral in nature, often associated with sphalerite, chalcopyrite, and
pyrite, and thus, the flotation separation reagents for it are the invariable subject of research for many scholars. Ma
et al. B4 Jia et al. B3 and Jia et al. B8 synthesized novel collectors, including S-benzoyl-N,N-
diethyldithiocarbamate (BEDTC), pB-oxo thioamide surfactant 3-(ethylamino)-N-phenyl-3-thioxopropanamide
(EAPhTXPA), and trimethylacetyl thiobenzamide (TTBA), respectively, and investigated their interaction
mechanisms in the flotation separation of galena and sphalerite via flotation tests, adsorption measurements, FTIR
and XPS analyses, and DFT calculations. The results showed that all of these collectors have stronger collection
powers than traditional collectors and have greater selectivity towards galena against sphalerite. The BEDTC acted
as a bidentate ligand, bonding with galena Pb atoms through the carbonyl O and thiol S atoms to form two different
adsorption geometries, one with two distinct Pb atoms to form a bullet-shaped complex, and the other with the
same surface Pb atom to form a six-membered ring complex B4, Whereas EAPhTXPA interactes with PbS by
forming Pb—O, Pb—N, and Pb—S bonds B8, TTBA interacts with PbS via the formation of Pb—O and Pb—S bonds
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(561, |n addition, Zhang et al. B2 developed a reagent scheme consisting of aerofloat collectors as well as Zn?* and
S03%" depressants for the flotation separation of galena from sphalerite-rich sulfide minerals. Ab initio molecular
dynamics (AIMD) simulations and static calculations were used to investigate the mechanism of the employed
reagent scheme on the flotation separation of galena and sphalerite at the atomic level. The results suggested that
Zn?* and SO4%~ have synergistic effects on depressing sphalerite, whereas among them, aerofloat collectors

exhibit greater selectivity towards galena.

Based on the DFT calculation, Zhang et al. 58 designed and synthesized polymaleamide-propy! dithiocarbamate
(PMA-PDTC) as a novel depressant and investigated its depression effect in separating galena from chalcopyrite.
Wei et al. 59 employed three 2-mercaptobenzimidazole derivatives, including 1-benze-2-mercapto-benzimidazole
(BMBI), 1-ethyl-2-mercapto-benzimidazole (EMBI), and 1-propyl-2-mercapto-benzimidazole (PMBI), as chelating
collectors to understand their collection mechanisms in the flotation separation of galena from pyrite via lab-scale
flotation tests and DFT simulations. The results indicated that the floatability of these collectors follows the
increasing order of EMBI < PMBI < BMBI. Later on, Chen et al. 69 adopted computational simulations and the
microcalorimetry method to study the adsorption of xanthate, dithiocarbamate, and dithiophosphate on pyrite and
galena surfaces. The results revealed that pyrite Fe atoms are more active than galena Pb atoms, and the
reagents coordinated mainly to the surfaces through interactions between their S atoms and surface Pb/Fe atoms.
The adsorption of xanthate on the pyrite surface was stronger than that on the galena surface, while those of
dithiocarbamate and dithiophosphate were the opposite, and they showed good selectivity in the separation of
pyrite and galena. Furthermore, Dong et al. [81] used a novel collector S-benzyl-N-ethoxycarbonyl thiocarbamate
(BET) to study its interaction mechanism for selectively separating galena from a polymetallic sulfide ore using
flotation experiments, adsorption tests, and an FTIR spectra analysis in conjunction with DFT. The results
manifested that BET is chemisorbed on the galena surface via the formation of normal covalent bonds between
carbonyl S atoms and surface Pb atoms and back donation covalent bonds between carbonyl O atoms and surface
Pb atoms. BET showed strong collection power and good selectivity for galena and was therefore considered to

have a wide range of industrial application prospects.

Quantum chemical studies of flotation reagents for jamesonite (PbsFeSbgS,4) have also been reported. Cui et al.
[62] adopted the mixed collectors of sodium diethyldithiocarbamate (DDTC) and sodium diisobuty! dithiophosphinate
(3418A) to enhance the flotation of jamesonite, and the adsorption mechanism was studied by means of flotation
experiments; FTIR, scanning electron microscopy, and energy-dispersive X-ray spectroscopy (SEM-EDS)
analyses; and dispersion-corrected density functional theory (DFT-D) calculations. In this study, the dispersion
correction was added to make the calculation results more consistent with the experimental values, as the
dispersion interaction caused by the incorrect long-range behavior of the correlation potential was corrected 62,
The results showed that the DDTC/3418A mixture with a 2:1 molar ratio exhibits excellent selectivity and
significantly enhances the flotation performance of natural refractory Pb-Sb-Zn minerals. Such mixture could
perform synergistic chemisorption on a jamesonite surface, with 3418A rapidly overcoming the binding interactions
of the surrounding molecules from the micelles and then forming effective adsorption on the jamesonite surface,
while DDTC reinforces the hydrophobic layer through the formation of H-N hydrogen bonds. Additionally, Li et al.

[63] ysing flotation tests supplemented with DFT calculations, compared the depression performance of ten kinds of
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organic depressants for the flotation of marmatite, jamesonite, and pyrite. The results showed that jamesonite
could be well depressed via pyrogallic acid and 4-amino-hydroxybenzene, indicating that the presence of a
benzene ring in the molecule could enhance the depression performance. This study also proposed that the
calculations of frontier orbitals could well explain the interactions between sulfide minerals and organic
depressants, and the hydrophilicity of organic depressants should be taken into account when applying frontier

orbitals to investigate their depression effects on sulfide minerals.

1.2.3. Zinc Sulfide Minerals

Sphalerite and wurtzite are two polymorphs of ZnS and represent the most widespread zinc sulfide minerals in
nature. Of these two, the quantum chemistry of sphalerite flotation reagents has been studied since the beginning
of the 21st century, with research topics being mainly focused on non-activated collection, activated collection, and
the development and mechanistic study of collectors and depressants. Regarding the non-activated collection of
sphalerite, Liu et al. 84] tested three thiophenol collectors, including 2-fluoro thiophenol, 2-hydroxy thiophenol, and
2-amino thiophenol, for the flotation of marmatite (Fe-bearing sphalerite) without the addition of an activator, copper
sulfate (CuSQO,). Both the flotation tests and quantum chemical calculations confirmed that 2-amino thiophenol has

the strongest collection power among the three reagents.

For the activated collection, Porento et al. 62 employed ab initio cluster model calculations, and Liu et al. [681671(68]
adopted DFT calculations to investigate the effect of Cu atoms on the adsorption of ethyl xanthate (EX) on
sphalerite (111) and (110) surfaces, respectively. These studies revealed that Cu adsorbed on sphalerite S atoms
[68] and Cu substituted with sphalerite Zn atoms &2l could lead to the activation of sphalerite. The S 3p orbitals of
EX and the Cu 3d orbitals of Cu-activated sphalerite overlapped exactly to the maximum extent near the Fermi
level (Ef), implying stable chemisorption. Moreover, Sarvaramini et al. 63 combined flotation tests and DFT
simulations to study the interactions of the collector DIBDTPI with un-activated and Pb-activated sphalerite. Unlike
copper activation, it was impossible to substitute Zn cations in the lattice with Pb at the surface due to the larger
van der Waals radius of Pb and the pronounced lattice deformations of the sphalerite structure. Dissolved
collectors are attached to the Pb-activated sphalerite surface via adsorbed Pb cations or Pb(OH),. The adsorbed
Pb cations, in return, are able to attach DIBDTPI through forming two bidentate covalent bonds between the
collector S atoms and Pb cations. The interactions of surface Pb(OH), with the collector is realized by the formation
of covalent bonds between the S head of DIBDTPI and the Pb cations of Pb(OH),. Aside from these, Long et al. [68]
performed a DFT study to investigate the interaction mechanism of collector EX with non-activated/Cu-activated
sphalerite (110) surfaces in the absence and presence of water molecules. The calculation showed that the
adsorption of water molecules drastically changes the properties of the sphalerite surface, leading to a decrease in
the reactivity of surface Zn atoms with xanthate, but the presence of water has a rare effect on the properties of the

Cu-activated sphalerite surface.

The N,N-dimethyldi-thiocarbamate (DMDC), the lowest homologue of dialkyldithiocarbamate salts, has been found
to be effective in chalcopyrite flotation and to significantly depress Cu-activated marmatite (the Fe-rich variety of

sphalerite), with excellent selectivity in Cu-Zn sulfide minerals. However, the separation mechanisms of Cu-Zn
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sulfide minerals are unclear. Therefore, Qin et al. “9 adopted UV-vis spectroscopy, FTIR, and a first-principles
study to investigate the effects of the sodium salt of DMDC with or without BX on the flotation of chalcopyrite,
marmatite, and sphalerite. It was found that the presence of Fe could hinder the activation of sphalerite, and thus,
marmatite was more likely to be depressed than sphalerite. DMDC could enhance the recovery of chalcopyrite at
pH 7.5, but it is detrimental to the recovery of Cu-activated sphalerite/mamatite in the presence of BX. Meanwhile,
the Cu-activated marmatite was depressed more obviously. The adsorption of DMDC on mineral surfaces occurred
through the interaction of S 3p orbitals with 3p, the 3d orbitals of Cu atoms, and 3d orbitals of Zn atoms. The

electrons transferred from the Cu and Zn atoms to S atoms, respectively.

Zhu et al. /1 exploited a green depressant 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) for sphalerite and
investigated its interaction mechanism in the flotation separation of sphalerite and galena via zeta potential tests,
FTIR, XPS, ToF-SIMS, and DFT calculations. The results demonstrated that when using sodium isobutyl xanthate
(SIBX) as a collector, HEDP selectively depresses sphalerite rather than galena, which achieves effective flotation
separation results. This observation was attributed to the selective adsorption of HEDP on the sphalerite surface,
but the pre-adsorbed HEDP on the galena surface could be easily substituted via SIBX. HEDP was attached to the
sphalerite surface by coordinating Zn atoms through two distinct phosphonic acid groups, generating a six-

membered chelating ring.

Previous research works have not examined the depression of Ca via the Fe content in the Fe-bearing sphalerite,
nor has convincing microscopic evidence of Ca adsorption been obtained to support the depression of Ca-
containing ions on the flotation of Fe-bearing sphalerite. Thus, Zhang et al. [/2 investigated the effects of the Fe
content and the presence of Ca on the flotation depression of marmatite under high-alkalinity environments. The
following conclusions could be obtained through the results of various experiments and calculations. The increased
adsorption of hydroxides (especially iron hydroxide) and Ca significantly hinders the adsorption of Cu and xanthate
and increases the hydrophilicity of a high-iron sphalerite surface, which ultimately leads to an increase in the

depression degree of high-iron sphalerite with the increasing Fe content.

1.2.4. Other Non-Ferrous Sulfide Minerals

Cao et al. 13 investigated the adsorption mechanism of Pb2* as an activator on a stibnite (Sb,S3) (010) surface
using DFT calculations, inductively coupled plasma mass spectrometry (ICP-MS) experiments, and micro-flotation
tests. The calculation results indicated that BX could be adsorbed on both the Sb sites on the non-activated
surface and the Pb sites on the Pb-activated surface, and that BX adsorption on the Pb-activated surface is more

stable.

Apart from stibnite, quantum chemical studies of flotation reagents acting on other non-ferrous sulfide minerals
containing Ni, Co, Sb, Hg, Cd, Bi, Al, Mg, Na, Sr, Ba, etc., for instance, pentlandite, (Ni,Fe)qSg; violarite, Ni;FeS,;
millerite, NiS; linnaeite, Co3S,; carrollite, CuCo,S3; cobaltite, CoAsS; cinnabar, HgS; corderoite, HgzS,(Cl,Br),;

etc., are rarely reported.
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| 2. Ferrous Metals

“Ferrous metals” is the industrial term for Fe, Cr, and Mn, including the alloys of these three metals. Iron is widely
distributed in nature, and it is the earliest discovered and most abundant metal, of which the most important and
most industrially utilized mineral sources are magnetite, hematite, and ilmenite. Previous quantum chemical studies
of flotation reagents for Fe-bearing minerals concentrated mostly on these three minerals, followed by Mn-bearing
minerals. However, at present, no quantum chemical studies on flotation reagents for Cr-bearing minerals have

been reported.

2.1. Iron Oxide Minerals

For hematite, Fe,O3, its separation from quartz via reverse flotation has been the primary focus of research.
Reverse flotation is the most commonly used industrial beneficiation method for hematite. In reverse cationic
flotation, carboxymethyl cellulose (CMC), dextrin, and modified starch are among the most efficient hematite
depressants in practice, while quartz is first activated by metal ions (for instance, Ca?* ions) and then collected by
sodium oleate (OL) and DDA, which has been widely applied commercially. By using AFM in conjunction with DFT,
Li et al. ™ studied the depression of hematite in the oleate—starch-hematite reverse flotation system. The results
showed that oleate and starch alone could be adsorbed onto the hematite (001) surface through the formation of
covalent bonds. Nevertheless, in the oleate—starch—hematite system, the presence of starch hindered the
adsorption of oleate on the hematite surface. In addition, the depression mechanism of causticized cassava starch
(CCS) in the reverse flotation system of DDA-CCS-hematite was also studied by Zhang et al. /3, The DFT
calculations demonstrated that starch has a stronger depression effect on a hydrated hematite surface than quartz,
whereas the collector RNH3;* (one of the main components of DDA) has a better selective adsorption to the
hydrated surface of starch-modified quartz, leading to the selective separation of hematite and quartz. Moreover,
by employing flotation tests, zeta potential measurements, XPS, and CMD simulations, Wang et al. 78 used
carboxymethyl chitosan (CMCS) as a depressant to investigate its interaction mechanism in the reverse flotation of
guartz from hematite using collector DDA. Similar to starch, the results suggested that CMCS can prevent the
adsorption of DDA on a hematite surface, while it rarely affects the interaction of DDA with a quartz surface, and
thus, CMCS has a better selective depression ability than starch. Therefore, CMCS can replace starch as one of
the effective depressants in the hematite—quartz reverse flotation system in practice. Liu et al. LAIZ8I7Y screened
and firstly introduced N, N-bis (2-hydroxyethyl)-N-methyl dodecyl ammonium chloride (BHMDC), N,N-dimethyl-N'-
(2-hydroxyethyl)-N'-dodecyl-1,3-propanediamine (DMPDA), and N, N-Dimethyl-N'-dodecyl-1,3-propanediamine
(DPDA) as collectors in the reverse flotation of hematite based on DFT calculations, and employed flotation
experiments combined with various surface characterization methods, including zeta potential measurements,
XPS, and FTIR, to study the interaction mechanisms of these collectors on quartz and hematite surfaces. The
results indicated that all three collectors have higher selectivity than the conventional collector DDA. BHMDC and
DMPDA are mainly adsorbed on mineral surfaces through hydrogen bonding and electrostatic interaction. The
introduction of hydroxyl groups can improve the surface activity of the collectors and selective adsorption on the
target mineral surfaces. The excellent selectivity of DPDA, on the other hand, can be attributed to a greater number

of active sites and a larger polar group size.
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Studies on ilmenite (FeTiO3) collectors have also been widely reported. Zhang et al. B9 systematically assessed
the adsorption mechanisms of the commonly used collectors with O-containing functional groups on the ilmenite
(104) surface via DFT calculations. The adsorption energy results manifested that, for ilmenite beneficiation, the O-
containing pnictogen compounds are the best among all of the O-containing collectors, and the collection
performance decreases along the row of arsenic acid, phosphorous acid, and phosphoric acid ester. A partial
density of states (PDOS) analysis further confirmed that the hybridization of ilmenite Ti 3d orbitals and collector O
2p orbitals contributes to the adsorption of collectors on an ilmenite surface, in which the O 2p electrons occupy the
empty Ti 3d orbitals to complete the coordination shell of surface Ti atoms. Furthermore, the adsorption
mechanisms of the collectors 2-ethyl-2-hexenoic hydroxamic acid (EHHA) Bl o-hydroxyoctyl phosphonic acid
(HPA) B2 and benzohydroxamic acid (BHA) B3 on the ilmenite surface were evaluated via DFT simulation
supplemented with flotation tests and multiple surface characterization tools. The experimental results confirmed
the superior affinity of the three collectors for ilmenite, in which EHHA may be chemisorbed on the ilmenite surface
in the form of 5-membered chelates, HPA may be chemisorbed on the ilmenite surface through the formation of
HPAZ?~ species, and the strong selectivity of BHA is attributed to the abundance of adsorption sites and the solid
adsorption of five-membered rings. These works provide new ideas for the screening of solidophilic functional
groups for the reagent design of ilmenite beneficiation and help to increase the understanding of the adsorption

mechanisms of O-containing collectors on oxide mineral surfaces.

Ren et al. B4 studied the adsorption mechanism of salicylhydroxamic acid (SA) as a novel collector on a coulmbite
surface using DFT calculations, flotation tests, and zeta potential determination. The results indicated that the
dianion of SA exhibits a higher atomic charge value, HOMO energy, and greater dipole moment, and therefore, it
has a stronger collecting power for coulmbite. In addition, Rath et al. 88 used DFT calculations to compare the
interaction mechanism between oleate, as a collector, and magnetite (111), hematite (110), and goethite (010)
surfaces. The results suggested that magnetite forms the most stable complexes with oleate, followed by hematite,
and the least stable complexes are formed by goethite; meanwhile, this trend was verified by the contact angle
measurements and flotation studies of hematite, magnetite, and goethite with OL at different pH and collector
concentrations. However, quantum chemical studies of flotation reagents for other iron oxide minerals, including
maghemite (y-Fe»03), limonite (a mixture of iron oxides and hydroxides, mostly goethite), and siderite (FeCO5),

have not been reported.

2.2. Iron Sulfide Minerals

Pyrite, marcasite, and pyrrhotite are the three most common iron sulfide minerals, and they commonly coexist with
other metal sulfides, such as copper, lead, and zinc sulfide minerals. The collection and depression of iron sulfides
is essential for the recovery of other valuable metal sulfides. Hence, many DFT studies have been undertaken to
investigate the collection and depression mechanisms in the flotation separation of pyrite, marcasite, and pyrrhotite

from their associated minerals.

Xanthates are the most important and commonly used collectors in pyrite flotation. Therefore, it is necessary to

understand the flotation chemistry of pyrite with xanthates during flotation. Han et al. (8] combined experimental
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and computational studies to evaluate the flotation chemistry between pyrite and isomeric xanthates (i.e., BX and
iso-BX). The quantum chemical calculations elucidated that the iso-BX presents higher reactivity than that of the
corresponding BX based on the frontier molecular orbital theory of chemical reactivity. Yang et al. 82, using the
DFT method, studied the quantum chemical properties of xanthate derivatives, ROC=SS™ (R = amyl, ethyl, or
isobutyl), and their interactions with Fe(OH),*, Fe(OH)2*, Fe3*, and pyrite cluster under solvation effects. Based on
the results of the electronic chemical potential and frontier orbital energies, the flotation performance of the alkyl
xanthates was predicted to be in a decreasing order from amyl xanthate (AMX), through iso-BX to EX. According to
these studies, the experimental results of the xanthate collectors agree with the theoretical prediction, suggesting
that the quantum chemical calculation is one of the effective tools for the rational design and selection of flotation

reagents.

Kumar et al. 88 compared the adsorption of 2-mercaptobenzothiazole (MBT) on chalcopyrite and pyrite surfaces
via DFT, explaining the selectivity of MBT towards pyrite in flotation. Mkhonto et al. 89 designed and synthesized a
novel collector di-sodium 2,6-dithio-4-butyl-amino-1,3,5-triazine (SDTBAT) and investigated its adsorption
mechanism on a pyrite surface using experimental methods combined with the computational DFT with dispersion
correction and U-parameter (DFT-D3+U), demonstrating that SDTBAT has the potential to be an alternative

collector to xanthates due to its high collection power in the separation of sulfide minerals.

NaOH, cyanide, and lime (CaO) are the three most common depressants in the flotation separation of sulfide
minerals. The flotation of polymetallic sulfides is generally carried out at a pH of about 12, and at pH values below
12.5, the main components of CaO dissolved in water are the calcium hydroxyl ions, [Ca(OH)]*. Zhao et al. [2R1]
employed DFT to investigate the depression mechanisms of cyanide and [Ca(OH)]* with the pyrite (100), marcasite
(010), and pyrrhotite (001) surfaces. The calculation results indicated that the depression effect of both cyanide
and [Ca(OH)]* is in the increasing order of pyrite < pyrrhotite < marcasite. As shown in Figure 2a—c, after CN~
adsorption, the C atom interacts with one Fe atom on the pyrite surface; for marcasite, the C atom interacts with
one S atom, while the N atom interacts with one Fe atom on the surface; and for pyrrhotite, only the N atom
interacts with one Fe atom on the surface. The different adsorption configurations resulted in different charge
transfers and adsorption energies, causing different flotation behaviors of these three iron sulfide minerals. After
[Ca(OH)]* adsorption, for marcasite and pyrite, the O atom interacts with one Fe atom, the Ca atom interacts with
two surface S atoms, and there exists a Ca—Fe anti-bonding on the pyrite surface. For pyrrhotite, the Ca atom is
attached to three S atoms on the pyrrhotite surface (see Figure 2d—f). Li et al. [22] also reported that the adsorption
of [Ca(OH)]* on the pyrite (100) surface is greater than the adsorption of (OH)~. After adsorption, partial surface S
atoms are covered by the Ca atoms of [Ca(OH)]*, which is unfavorable for Cu activation, and thus, the Cu

activation of pyrite after depression via lime is tougher than after depression via sodium hydroxide.
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Figure 2. Schematic representation of CN~ and [Ca(OH)]* adsorbed on pyrite (100), marcasite (010), and
pyrrhotite (001) surfaces: CN~ adsorbed on (a) pyrite, (b) marcasite, (c) pyrrhotite (data from 29) and [Ca(OH)]*
adsorbed on (d) pyrite, (e) marcasite, and (f) pyrrhotite (data from [21]),

Hydrogen peroxide (H,0,) is another efficient pyrite depressant. Cao et al. 23l studied the interaction between
H,0, and hydrated pyrite (100) surfaces using DFT calculations. The results showed that the H,O, molecule is

prone to react with the pyrite surface to generate an H,O molecule and one S=0 bond.

2.3. Manganese Oxide Minerals

Minerals with a high Mn content are not common, and there are seven most typical types of industrially mined Mn-
bearing minerals: pyrolusite, MnO,; “psilomelane” (a mixture of manganese oxides and hydroxides;
mMnO-MnO,-nH,0); manganite, MnO (OH),; hausmannite, Mn304; braunite, Mn,O3; rhodochrosite, MnCO3; and
alabandite, MnS. The first six of them belong to the oxide minerals, while the last one is a sulfide. There are a few
guantum chemical studies on flotation reagents for Mn oxide minerals, including rhodochrosite, but none were
reported for Mn sulfide minerals. Zhao et al. 24 first introduced a novel collector, tert-butyl benzohydroxamic acid
(TBHA), into the flotation of rhodochrosite, and compared the interaction mechanisms of TBHA and a commonly
used collector BHA on the mineral surface using DFT calculations as well as micro-flotation tests, zeta potential
measurements, and XPS analysis. Both the experimental and theoretical investigation results suggested that
TBHA has a stronger collecting power to rhodochrosite than BHA, i.e., the substitution of tert-butyl groups on
benzene rings greatly enhances the affinity of the hydroxamic acid to rhodochrosite. Consequently, TBHA is

considered to be an ideal candidate collector for the flotation of rhodochrosite or other oxide minerals.

| 3. Silicate Minerals
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Silicate minerals are the most diverse and abundant minerals in the Earth’s crust, of which more than 1600 species
are known, accounting for nearly 27% of all known minerals. The quantum chemical studies on the flotation of
silicate minerals mainly include quartz, kaolinite, montmorillonite, talc, chlorite-group minerals, mica-group

minerals, zircon, and serpentine.

3.1. Quartz

For the reverse flotation separation of quartz from magnetite, Huang et al. 23 studied the adsorption mechanism of
a cationic collector, ethane-1,2-bis(dimethyl-dodecyl-ammonium bromide) (EBAB), on quartz and magnetite
surfaces by means of DFT calculations and various experiments. The results showed that EBAB has higher
collection power than the traditional surfactant dodecylammonium chloride (DAC) and has superior selectivity for
guartz against magnetite. The interaction of EBAB with quartz and magnetite is mainly realized via electrostatic
attraction. The unique properties of EBAB, such as the high positive grouping Mulliken charge of —CH,N*
(CH3)2(CH5)»(CHg),N*CH,— and the strong air—water interface reactivity, make it a superior collector for the
reverse flotation desilication from Fe-bearing minerals. Liu et al. 28 also reported that the protonation species of
the collectors DDA, dodecyl-propyl ether amine, and fatty amine ethoxylate (AC1201) can be easily adsorbed on a

guartz surface through electrostatic attraction, and among them, AC1201 is found to be the most effective collector.

Reverse flotation desilication with the OL anionic collector and Ca?* activator is considered to be the common
beneficiation method for the purification of hematite. The introduction of sodium humate (HM), which selectively
depresses hematite, is also critical. Zhang et al. 24 systematically investigated the reverse flotation separation
mechanism of hematite and quartz using flotation experiments, zeta potential measurements, XPS, and DFT
calculations, with full consideration of the effect of surface hydroxylation. The results elucidated that the Ca?*
activator is highly selective to quartz, and the Ca?* ions chemisorbed on the quartz surface provides targeted

reaction sites for the subsequent OL adsorption, whereas the depressant HM is poorly selective to quartz.

Although the activation of metal ions on the quartz surface has been demonstrated [R8I99[100][101][102] = the
microscopic mechanism of quartz activation is unknown, and the activating components in metal ion-activated
quartz have been controversial. Luo and Chen 193 investigated the activation mechanisms of Ca?*, Fe3*, Cu?*,
and Pb?* on a quartz surface for the first time by using DFT. The hydroxylation of metal ions was revealed to be a
prerequisite for their adsorption on a quartz surface. During the adsorption process, the bonds between the metal
ions and the —OH of the metal-hydroxyl complexes are broken, and the released —OH subsequently combines with

the surface H atoms to form free water molecules, leaving the exposed metal ions attached to the surface O atoms.

The collection and depression of quartz in the presence of activator Ca2* ions have also been reported. Gong et al.
[204] ysed DFT calculations in conjunction with various experimental techniques to study the adsorption mechanism
of collector OL on a quartz surface in the presence of Ca®* ions. The results demonstrated that Ca®* enhances the
recovery and adsorption density of OL on quartz, and the functional species of activated quartz was considered to
be Ca(OH)*. The adsorption of Ca(OH)" on a quartz (101) surface decreases the space resistance and

electrostatic repulsion and therefore further enhances the adsorption of an oleate anion. Furthermore, when quartz
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is separated from Ca-bearing minerals, such as apatite, calcite, fluorite, and scheelite, quartz is usually difficult to
depress because a quartz surface is activated by Ca2* ions dissolved from the Ca-bearing minerals. Hence, Wang
et al. [209 adopted citric acid (CA) as a depressant and OL as a collector for Ca?*-activated quartz, and analyzed
the depression mechanism of CA through a series of experiments, surface characterization, and calculation means.
The results suggested that the depression of CA on Ca%*-activated quartz can be attributed to two aspects: first,
CA? (the main CA species in CA aqueous solution at pH 10-12) can desorb Ca2* ions adsorbed on the quartz
surface, thus reducing the number of active sites on the quartz surface for subsequent OL adsorption; second, the

pre-adsorption of CA on Ca?* ions hinders OL adsorption on the quartz surface.

Mao et al. [108] evaluated the effect of adding grinding aids, triisopropanolamine (TIPA) and triethanolamine (TEA),
during the grinding process on the flotation behaviors of quartz in the system while using DDA as a collector via
FTIR spectroscopy, XPS analysis, quantum chemistry, and solution chemistry calculations. The results showed that
the combination of TIPA/TEA grinding aids can have a synergistic effect with DDA, and its introduction improves
the adsorption of DDA, thus increasing the recovery of quartz. The mixed cationic collectors for quartz flotation
have been investigated by Monte et al. 197 using AFM, solution chemistry, and quantum chemical calculations.
The results indicated that the combined use of etherdiamine (D) and ethermonoamine (M) in the weight ratio of
3D:1M at pH 10.5 has the best recovery and selectivity. The synergistic effect of D and M on the quartz flotation

may be attributed to the reorganization of the collectors.

3.2. Kaolinite

By implementing quantum mechanical calculations, Sun et al. 298! and Hu et al. 199 reported the different flotation
behaviors of collector DDA adsorbs on kaolinite (001) and (001) surfaces. The results manifested that the (001)
surface easily adsorbs cationic collectors and exhibits hydrophobicity, while the (001) surface readily interacts with
reagents with high electronegativity groups (-O—, —N—, and F-) and exhibits hydrophilicity; thereby, the interaction
of DDA with the (001) surface is stronger. DDA adsorption on the (001) surface as well as the self-aggregation
between the (001) surface and the edge planes makes kaolinite aggregates hydrophobic with good floatability in
acidic solutions. Nevertheless, in alkaline solutions, the hydrophilic (001) surface is exposed in the presence of
DDA, and hence, flotation is not realized. Liu et al. 129 ysed dynamics simulations and quantum chemistry
calculations to evaluate the floatability of three tertiary amines, N,N-dimethyl-dodecyl amine (DRN), N,N-diethyl-
dodecyl amine (DEN), and N,N-dipropyl-dodecyl amine (DPN), on the kaolinite (001) surface, and the results
indicated that the collection power is in a decreasing order from DEN, through DPN to DRN. The influence of non-
polar and polar groups on the adsorption of three carboxyl hydroxamic acids, 2-carboxyl-6-methylcyclohexane
carboxamic acid (CMCA), 3-bis(hydroxycarbamoyl) undecanoic acid (BHUA), and 2-bis(hydroxycarbamoyl) octyl
maleate (BHOM), on the kaolinite (001) surface was investigated by Wang et al. 23 ysing quantum chemical
calculations and the molecular dynamic method. The results showed that the collecting capacity of three reagents
is BHOM > BHUA > CMCA, and the interaction between the O and N atoms of the BHUA and H atoms of kaolinite
is realized through the formation of hydrogen bonds. Shen et al. 112 studied the substituent effect of three cationic
collectors (DDA, dodecyl diethanolamine, and dodecyl dihydroxyethyl methyl ammonium chloride (BHMAC)) with

different head group structures for kaolinite flotation using the DFT approach. The calculated results deduced that
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the increase in the number of substituents in the dodecylamine head group can significantly increase its Connolly
surface, head group charge and solvent-accessible surface, which is conductive to decreasing the collector

consumption. Therefore, BHMAC with a large head group charge can be stably adsorbed on a kaolinite surface.

3.3. Other Silicate Minerals

By employing DFT, sedimentation, contact angle, and adsorption measurements, Peng et al. 123 investigated the
effects of the head group type and alkyl chain length on the adsorption of alkylamine cationic collectors on the
montmorillonite (001) surface. The research results indicated that the adsorption energies of C,, alkylamine cations
(where n is the number of carbon atoms) increases with the decreasing substitution degree of —CH3 groups to H,
atoms in the head group. Moreover, the adsorption energies increase with the n value increasing from 12 to 16, but

it changes slightly when n is beyond 16.

The coverage of target minerals via montmorillonite and kaolinite is an important factor contributing to poor flotation
selectivity. Organic depressants with small molecular weights can significantly improve this situation. Thus, Luo et
al. 1141 studied the adsorption of nine selected organic carboxylate depressants with small molecules (including
acetic acid, oxalate acid, lactic acid, succinic acid, citric acid, tartaric acid, salicylic acid, phthalic acid, and gallic
acid) on the montmorillonite Na-(001) and kaolinite (001) surfaces using DFT calculations. The adsorption energy
and energy difference of frontier orbitals indicated that hydrogen phthalate ions (i.e., the anion of phthalic acid) had
the strongest interaction with both types of surfaces. Meanwhile, the results of the bond populations and atomic
Mulliken charges showed that organic carboxylate can stably adsorb on the kaolinite (001) surface through strong
hydrogen bonding and electrostatic force, while the strong electrostatic interaction between the interlayer Na atoms
of montmorillonite and acetate acid ions causes Na atoms to break away from the montmorillonite Na-(001)

surface.

Extensive studies have also been conducted on ions and depressants (CMC like), as well as mineral particles 113
[L16I[L17] Kyt few studies have employed the quantum chemical method 181191 CMC is a high-molecular-weight
polysaccharide that is widely used to depress talc. It is known that the addition of metal cations can reinforce the
depression of CMC on the talc flotation. Therefore, Luo et al. 118119 reported the adsorption mechanism of Ca
and Al ions on the talc (001) basal surface using DFT calculations. The results demonstrated that [Ca(OH)(H,0)3]*
and [Ca(H,0)¢]?* are effective hydrated components for the adsorption of surface Ca?* ions. Their adsorption on
the talc surface is due to the fact that the H 1s orbitals of the H,O ligands hybridize with the surface O 2s and O 2p
orbitals to form hydrogen bonds. In contrast, the adsorption mechanism of Al on the talc surface is due to the
hybridization of the H 1s orbitals of the H,O ligand in Al(OH)3(H,O) (as the preferred hydrate structure) with the

surface O 2p orbitals to form hydrogen bonds.

Chlorite is a kind of common gangue mineral associated with valuable minerals, such as barite, cassiterite, fluorite,
scheelite, wolframite, etc., and thus, the depression of chlorite is an unavoidable problem in the flotation separation
process. Li et al. 129 evaluated the depression mechanism of tetrasodium glutamate diacetate (TGD) in the direct

flotation separation of chlorite and specularite (a variety of hematite) on the surface of chlorite using surface charge
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measurements, FTIR, XPS, and DFT calculations. The results manifested that TGD favorably chemisorbs on the

chlorite surface through the formation of O—Mg bonds, suggesting that TGD can be used as a potential chlorite

depressant in the flotation of Fe-bearing silicate minerals.

References

1.

10.

Yang, X.; Liu, S.; Liu, G.; Zhong, H. A DFT study on the structure—reactivity relation of aliphatic
oxime derivatives as copper chelating agents and malachite flotation collectors. J. Ind. Eng.
Chem. 2017, 46, 404-415.

. Yang, X.; Huang, Y.; Liu, G.; Liu, J.; Ma, L.; Niu, X.; Qu, X. ADFT prediction on the chemical

reactivity of novel azolethione derivatives as chelating agents: Implications for copper minerals
flotation and copper corrosion inhibition. J. Taiwan Inst. Chem. Eng. 2018, 93, 109-123.

. Lu, Y.; Wu, K.; Wang, S.; Cao, Z.; Ma, X.; Zhong, H. Structural modification of hydroxamic acid

collectors to enhance the flotation performance of malachite and associated mechanism. J. Mol.
Lig. 2021, 344, 117959.

. Chen, D.; Liu, M.; Hu, B.; Dong, Y.; Xue, W.; He, P.; Chen, F.; Zhu, J.; Zhang, C. New insights into

the promotion mechanism of (NH_4) 2SO _4 in sulfidization flotation: A combined experimental
and computational study. Physicochem. Probl. Miner. Process. 2021, 57, 57-70.

. Fuerstenau, M.; Olivas, S.; Herrera-Urbina, R.; Han, K. The surface characteristics and flotation

behavior of anglesite and cerussite. Int. J. Miner. Process. 1987, 20, 73-85.

. Herrera-Urbina, R.; Sotillo, F.; Fuerstenau, D. Effect of sodium sulfide additions on the pulp

potential and amyl xanthate flotation of cerussite and galena. Int. J. Miner. Process. 1999, 55,
157-170.

. Kuchar, D.; Fukuta, T.; Onyango, M.; Matsuda, H. Sulfidation treatment of molten incineration fly

ashes with Na2S for zinc, lead and copper resource recovery. Chemosphere 2007, 67, 1518—
1525.

. Feng, Q.; Wen, S.; Deng, J.; Zhao, W. DFT study on the interaction between hydrogen sulfide

ions and cerussite (110) surface. Appl. Surf. Sci. 2017, 396, 920-925.

. Herrera-Urbina, R.; Sotillo, F.; Fuerstenau, D. Amyl xanthate uptake by natural and sulfide-treated

cerussite and galena. Int. J. Miner. Process. 1998, 55, 113-128.

Li, J.; Liu, S.; Liu, D.; Liu, R.; Liu, Z.; Jia, X.; Chang, T. Sulfidization mechanism in the flotation of
cerussite: A heterogeneous solid-liquid reaction that yields PbCO3/PbS core-shell particles. Miner.
Eng. 2020, 153, 106400.

https://encyclopedia.pub/entry/52415 19/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Liu, R.; Liu, D.; Li, J.; Liu, S.; Liu, Z.; Gao, L.; Jia, X.; Ao, S. Improved understanding of the
sulfidization mechanism in cerussite flotation: An XPS, ToF-SIMS and FESEM investigation.
Colloids Surf. A Physicochem. Eng. Asp. 2020, 595, 124508.

Marabini, A.; Ciriachi, M.; Plescia, P.; Barbaro, M. Chelating reagents for flotation. Miner. Eng.
2007, 20, 1014-1025.

Chen, J.; Zhang, F. Investigation on electrochemical properties of cerussite in sulfidation-flotation
system. Min. Metall. Eng. 2017, 37, 38—40. (In Chinese)

Tang, X.; Chen, J.; Chen, Y. A density functional based tight binding (DFTB+) study on the
sulfidization-xanthate flotation mechanism of cerussite. Appl. Surf. Sci. 2023, 612, 155677.

Chen, Y,; Liu, M.; Chen, J.; Li, Y.; Zhao, C.; Mu, X. A density functional based tight binding
(DFTB+) study on the sulfidization-amine flotation mechanism of smithsonite. Appl. Surf. Sci.
2018, 458, 454-463.

Zhao, W.; Liu, D.; Feng, Q.; Wen, S.; Chang, W. DFT insights into the electronic properties and
adsorption mechanism of HS- on smithsonite (1 0 1) surface. Miner. Eng. 2019, 141, 105846.

Liu, M.; Chen, J.; Chen, Y.; Zhu, Y. Interaction between smithsonite and carboxyl collectors with
different molecular structure in the presence of water: A theoretical and experimental study. Appl.
Surf. Sci. 2020, 510, 145410.

Zhao, L.; Liu, W.; Duan, H.; Wang, X.; Fang, P.; Liu, W.; Zhou, X.; Shen, Y. Design and selection
of flotation collectors for zinc oxide minerals based on bond valence model. Miner. Eng. 2021,
160, 106681.

Jia, K.; Lu, Y.; Liu, J.; Cheng, S.; Liu, S.; Cao, Y.; Li, G. Selective flotation separation of
hemimorphite from quartz using the biosurfactant sodium N-lauroylsarcosinate as a novel
collector. Miner. Eng. 2023, 198, 108073.

Zuo, Q.; Yang, J.; Shi, Y.; Wu, D. Use of sodium sulfosalicylate as an activator in hemimorphite
sulfidation xanthate flotation. Colloids Surf. A Physicochem. Eng. Asp. 2022, 641, 128552.

Zhong, W.,; Yin, W.; Wang, Y.; Yao, J. Selective flotation of magnesite from dolomite using a-
chloro-oleate acid as collector. Powder Technol. 2020, 373, 147-151.

Tang, Y.; Sun, H.; Yin, W.; Yang, B.; Cao, S.; Wang, D.; Kelebek, S. Computational modeling of
cetyl phosphate adsorption on magnesite (1 0 4) surface. Miner. Eng. 2021, 171, 107123.

Li, P.; Li, X.; Dai, S.; Sun, W.; Zhou, B. Effect of n-octanol on impurity removal by reverse flotation
of magnesite ore. Sci. Rep. 2022, 12, 14990.

Liu, W.; Sun, W.; Liu, W.; Dai, S.; Duan, H.; Zhou, S.; Qiu, J. An ion-tolerance collector AESNa for
effective flotation of magnesite from dolomite. Miner. Eng. 2021, 170, 106991.

https://encyclopedia.pub/entry/52415 20/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sun, H.; Yang, B.; Zhu, Z.; Yin, W.; Sheng, Q.; Hou, Y.; Yao, J. New insights into selective-
depression mechanism of novel depressant EDTMPS on magnesite and quartz surfaces:
Adsorption mechanism, DFT calculations, and adsorption model. Miner. Eng. 2021, 160, 106660.

Sun, W.; Liu, W,; Liu, W.; Li, P,; Shen, Y.; Dai, S. Utilization of a novel bisphosphonic acid
surfactant for reverse froth flotation of magnesite and dolomite. Miner. Eng. 2022, 185, 107668.

Zhao, P.; Liu, W.; Liu, W.; Tong, K.; Shen, Y.; Zhao, S.; Zhou, S. Efficient separation of magnesite
and quartz using eco-friendly Dimethylaminopropyl lauramide experimental and mechanistic
studies. Miner. Eng. 2022, 188, 107814.

Yao, J.; Sun, H.; Ban, X.; Yin, W. Analysis of selective modification of sodium dihydrogen
phosphate on surfaces of magnesite and dolomite: Reverse flotation separation, adsorption
mechanism, and density functional theory calculations. Colloids Surf. A Physicochem. Eng. Asp.
2021, 618, 126448.

Cao, Q.; Zou, H.; Chen, X.; Yu, X. Interaction of sulfuric acid with dolomite (104) surface and its
impact on the adsorption of oleate anion: A DFT study. Physicochem. Probl. Miner. Process.
2020, 56, 34-42.

Xue, X.; Wang, W.; Fan, H.; Xu, Z.; Pedruzzi, I.; Li, P.; Yu, J. Adsorption behavior of oxalic acid at
water—feldspar interface: Experiments and molecular simulation. Adsorption 2019, 25, 1191
1204.

Liu, G.; Xiao, J.; Zhou, D.; Zhong, H.; Choi, P.; Xu, Z. A DFT study on the structure-reactivity
relation of thiophosphorus acids as flotation collectors with sulfide minerals: Implication of surface
adsorption. Colloids Surf. A Physicochem. Eng. Asp. 2013, 434, 243-252.

Weiyong, C.; Jianhua, C.; Yuqiong, L.; Ye, C.; Cuihua, Z. Interactions of xanthate molecule with
different mineral surfaces: A comparative study of Fe, Pb and Zn sulfide and oxide minerals with
coordination chemistry. Miner. Eng. 2020, 159, 106565.

Zhao, G.; Peng, J.; Zhong, H.; Wang, S.; Liu, G. Synthesis of novel ether thionocarbamates and
study on their flotation performance for chalcopyrite. Minerals 2016, 6, 97.

Li, W.; Li, Y.; Xie, S.; Duan, W.; Chen, W. Roles and influences of kerosene on chalcopyrite
flotation in MgCI2 solution: EDLVO and DFT Approaches. Minerals 2021, 12, 48.

Mkhonto, P.P.; Zhang, X.; Lu, L.; Zhu, Y.; Han, L.; Ngoepe, P.E. Unravelling the performance of
oxycarbonyl-thiocarbamate collectors on chalcopyrite using first-principles calculations and micro-
flotation recoveries. Appl. Surf. Sci. 2021, 563, 150332.

He, J.; Wang, L.; Zhang, C.; Sun, W.; Yin, Z.; Zhang, H.; Chen, D.; Pei, Y. A high throughput
screening model of solidophilic flotation reagents for chalcopyrite based on quantum chemistry
calculations and machine learning. Miner. Eng. 2022, 177, 107375.

https://encyclopedia.pub/entry/52415 21/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Yin, Z.; Chen, S.; Xu, Z.; Zhang, C.; He, J.; Zou, J.; Chen, D.; Sun, W. Flotation separation of
molybdenite from chalcopyrite using an environmentally-efficient depressant L-cysteine and its
adsoption mechanism. Miner. Eng. 2020, 156, 106438.

Wang, C.; Liu, R.; Wu, M.; Xu, Z.; Tian, M.; Yin, Z.; Sun, W.; Zhang, C. Flotation separation of
molybdenite from chalcopyrite using rhodanine-3-acetic acid as a novel and effective depressant.
Miner. Eng. 2021, 162, 106747.

Timbillah, S.; LaDouceur, R.; Das, A.; Young, C.A. Theoretical and experimental investigation of
disodium carboxymethyl trithiocarbonate in Cu-Mo flotation. Miner. Eng. 2021, 169, 106943.

Taheri, B.; Darvishnejad, M.H.; Rezaei, F. Depression Effect of Thioglycolic Acid (TGA) on
Flotation Separation of Molybdenite from Copper Sulfides with different Collectors: An
Experimental and Theoretical Study. ChemistrySelect 2022, 7, e202200026.

Yang, B.; Huang, P.; An, Q. An efficient chalcopyrite depressant for Cu-Mo separation and its
interaction mechanism: Adsorption configuration and DFT calculations. J. Mol. Lig. 2022, 345,
118171.

Pan, C.; Wei, X.; Zhang, X.; Xu, Y.; Xu, P.; Luo, Y. 2-((5-Mercapto-1, 3, 4-thiadiazol-2-yl) thio)
acetic acid as a novel chalcopyrite depressant for selective flotation separation of molybdenite
from chalcopyrite. Miner. Eng. 2022, 183, 107625.

Zhang, X.; Lu, L.; Luo, A.; Xiong, W.; Chen, J. Interface adsorption of 5-amino-1, 3, 4-thiadiazole-
2-thiol on chalcopyrite surface as flotation depressant in Cu/Mo separation. Appl. Surf. Sci. 2023,
611, 155703.

Wu, J.; Ma, W.; Wang, X.; Jiao, F.; Qin, W. The effect of galvanic interaction between chalcopyrite
and pyrite on the surface chemistry and collector adsorption: Flotation and DFT study. Colloids
Surf. A Physicochem. Eng. Asp. 2020, 607, 125377.

Mkhonto, P.P.; Zhang, X.; Lu, L.; Xiong, W.; Zhu, Y.; Han, L.; Ngoepe, P.E. Adsorption
mechanisms and effects of thiocarbamate collectors in the separation of chalcopyrite from pyrite
minerals: DFT and experimental studies. Miner. Eng. 2022, 176, 107318.

Zhang, H.; Zhang, F.; Sun, W.; Chen, D.; Chen, J.; Wang, R.; Han, M.; Zhang, C. The effects of
hydroxyl on selective separation of chalcopyrite from pyrite: A mechanism study. Appl. Surf. Sci.
2023, 608, 154963.

Liu, R.; Xu, R.; Wang, L.; Jiang, F.; Jin, J.; Gao, Z.; Tang, H.; Sun, W. 3-Mercaptopropionic/3-
Mercaptoisobutyric Acids Used as Novel Selective Depressants for Improved Flotation of
Chalcopyrite from Galena. Minerals 2020, 10, 258.

Zhang, X.; Xiong, W.; Lu, L.; Qian, Z.; Zhu, Y.; Mkhonto, P.P.; Zheng, Y.; Han, L.; Ngoepe, P.E. A
novel synthetic polymer depressant for the flotation separation of chalcopyrite and galena and
insights into its interfacial adsorption mechanism. Sep. Purif. Technol. 2021, 279, 119658.

https://encyclopedia.pub/entry/52415 22/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Porento, M.; Hirva, P. A theoretical study on the interaction of sulfhydryl surfactants with a
covellite (0 0 1) surface. Surf. Sci. 2004, 555, 75-82.

Ma, Y.; Yang, M.; Tang, L.; Zheng, S.; Fu, Y.; Sheng, Q.; Yin, W. Flotation separation mechanism
for secondary copper sulfide minerals and pyrite using novel collector ethyl isobutyl xanthogenic
acetate. Colloids Surf. A Physicochem. Eng. Asp. 2022, 634, 128010.

Botero, Y.L.; Canales-Mahuzier, A.; Serna-Guerrero, R.; LOpez-Valdivieso, A.; Benzaazoua, M.;
Cisternas, L.A. Physical-chemical study of IPETC and PAX collector’s adsorption on covellite
surface. Appl. Surf. Sci. 2022, 602, 154232.

Chen, J.; Wang, J.; Long, X.; Guo, J. First-principle theory on electronic structure of copper
sulfides. J. Cent. South Univ. 2011, 42, 3612-3617.

Zhao, C.-H.; Chen, J.-H.; Wu, B.-Z.; Long, X.-H. Density functional theory study on natural
hydrophobicity of sulfide surfaces. Trans. Nonferrous Met. Soc. China 2014, 24, 491-498.

Ma, X.; Hu, Y.; Zhong, H.; Wang, S.; Liu, G.; Zhao, G. A novel surfactant S-benzoyl-N, N-
diethyldithiocarbamate synthesis and its flotation performance to galena. Appl. Surf. Sci. 2016,
365, 342-351.

Jia, Y.; Huang, X.; Huang, K.; Wang, S.; Cao, Z.; Zhong, H. Synthesis, flotation performance and
adsorption mechanism of 3-(ethylamino)-N-phenyl-3-thioxopropanamide onto galena/sphalerite
surfaces. J. Ind. Eng. Chem. 2019, 77, 416-425.

Jia, Y.; Zhang, Y.; Huang, Y.; Chen, L.; Wang, M.; Zhang, Y. Synthesis of trimethylacetyl
thiobenzamide and its flotation separation performance of galena from sphalerite. Appl. Surf. Sci.
2021, 569, 151055.

Zhang, L.; Gao, J.; Khoso, S.A.; Wang, L.; Liu, Y.; Ge, P.; Tian, M.; Sun, W. A reagent scheme for
galena/sphalerite flotation separation: Insights from first-principles calculations. Miner. Eng. 2021,
167, 106885.

Zhang, X.; Qian, Z.; Zheng, G.; Zhu, Y.; Wu, W. The design of a macromolecular depressant for
galena based on DFT studies and its application. Miner. Eng. 2017, 112, 50-56.

Wei, Q.; Xu, S.; Xie, Q. Theoretical study of 2-mercaptobenzimidazole derivatives as chelating
collectors in flotation separation of galena and pyrite. Int. J. Min. Sci. Technol. 2013, 23, 619-623.

Chen, J.; Lan, L.; Chen, Y. Computational simulation of adsorption and thermodynamic study of
xanthate, dithiophosphate and dithiocarbamate on galena and pyrite surfaces. Miner. Eng. 2013,
46, 136-143.

Dong, Z.; Jiang, T.; Xu, B.; Li, Q.; Zhong, H.; Yang, Y. Selective flotation of galena using a novel
collector S-benzyl-N-ethoxycarbonyl thiocarbamate: An experimental and theoretical investigation.
J. Mol. Lig. 2021, 330, 115643.

https://encyclopedia.pub/entry/52415 23/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Cui, W.; Zhang, J.; Liu, Z.; Chen, J. Selective enhancement of jamesonite flotation using
Aerophine 3418A/DDTC mixture. Miner. Eng. 2023, 191, 107934.

LI, Y.; LONG, Q.; CHEN, J. Molecular structures and activity of organic depressants for marmatite,
jamesonite and pyrite flotation. Trans. Nonferrous Met. Soc. China 2010, 20, 1993-1999.

Liu, R.; Sun, W.; Hu, Y.; Wang, D. New collectors for the flotation of unactivated marmatite. Miner.
Eng. 2010, 23, 99-103.

Porento, M.; Hirva, P. Effect of copper atoms on the adsorption of ethyl xanthate on a sphalerite
surface. Surf. Sci. 2005, 576, 98-106.

Long, X.; Chen, J.; Chen, Y. Adsorption of ethyl xanthate on ZnS (110) surface in the presence of
water molecules: A DFT study. Appl. Surf. Sci. 2016, 370, 11-18.

Liu, J.; Wen, S.; Deng, J.; Chen, X.; Feng, Q. DFT study of ethyl xanthate interaction with
sphalerite (1 1 0) surface in the absence and presence of copper. Appl. Surf. Sci. 2014, 311, 258-
263.

Liu, J.; Wen, S.; Chen, X.; Bai, S.; Liu, D.; Cao, Q. DFT computation of Cu adsorption on the S
atoms of sphalerite (1 1 0) surface. Miner. Eng. 2013, 46, 1-5.

Sarvaramini, A.; Larachi, F.; Hart, B. Collector attachment to lead-activated sphalerite—
Experiments and DFT study on pH and solvent effects. Appl. Surf. Sci. 2016, 367, 459-472.

Qin, W.; Jiao, F.; Sun, W.; Wang, X.; Liu, B.; Wang, J.; Zeng, K.; Wei, Q.; Liu, K. Effects of sodium
salt of N, N-dimethyldi-thiocarbamate on floatability of chalcopyrite, sphalerite, marmatite and its
adsorption properties. Colloids Surf. A Physicochem. Eng. Asp. 2013, 421, 181-192.

Zhu, H.; Yang, B.; Feng, J.; Jia, F. Evaluation of, 1-diphosphonic acid as an efficient and low-toxic
sphalerite depressant in the selective flotation of galena from sphalerite. J. Clean. Prod. 2021,
329, 129612.

Zhang, S.; Deng, Z.; Xie, X.; Tong, X. Study on the depression mechanism of calcium on the
flotation of high-iron sphalerite under a high-alkalinity environment. Miner. Eng. 2021, 160,
106700.

Cao, Q.; Chen, X.; Feng, Q.; Wen, S. Activation mechanism of lead ion in the flotation of stibnite.
Miner. Eng. 2018, 119, 173-182.

Li, L.; Zhang, C.; Yuan, Z.; Xu, X.; Song, Z. AFM and DFT study of depression of hematite in
oleate-starch-hematite flotation system. Appl. Surf. Sci. 2019, 480, 749-758.

Zhang, H.; Xu, Z.; Sun, W.; Chen, D.; Li, S.; Han, M.; Yu, H.; Zhang, C. Selective adsorption
mechanism of dodecylamine on the hydrated surface of hematite and quartz. Sep. Purif. Technol.
2021, 275, 119137.

https://encyclopedia.pub/entry/52415 24/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Wang, H.; Wang, L.; Yang, S.; Liu, C.; Xu, Y. Investigations on the reverse flotation of quartz from
hematite using carboxymethyl chitosan as a depressant. Powder Technol. 2021, 393, 109-115.

Liu, W.; Liu, W.; Zhao, Q.; Shen, Y.; Wang, X.; Wang, B.; Peng, X. Design and flotation
performance of a novel hydroxy polyamine surfactant based on hematite reverse flotation
desilication system. J. Mol. Lig. 2020, 301, 112428.

Liu, W.; Liu, W.; Zhao, Q.; Peng, X.; Wang, B.; Zhou, S.; Zhao, L. Investigating the performance of
a novel polyamine derivative for separation of quartz and hematite based on theoretical prediction
and experiment. Sep. Purif. Technol. 2020, 237, 116370.

Liu, W.; Liu, W.; Wang, B.; Duan, H.; Peng, X.; Chen, X.; Zhao, Q. Novel hydroxy polyamine
surfactant N-(2-hydroxyethyl)-N-dodecyl-ethanediamine: Its synthesis and flotation performance
study to quartz. Miner. Eng. 2019, 142, 105894.

Zhang, H.; Sun, W.; Zhang, C.; He, J.; Chen, D.; Zhu, Y. Adsorption performance and mechanism
of the commonly used collectors with Oxygen-containing functional group on the ilmenite surface:
A DFT study. J. Mol. Lig. 2022, 346, 117829.

Xu, H.; Zhong, H.; Tang, Q.; Wang, S.; Zhao, G.; Liu, G. A novel collector 2-ethyl-2-hexenoic
hydroxamic acid: Flotation performance and adsorption mechanism to ilmenite. Appl. Surf. Sci.
2015, 353, 882—-889.

Li, F.; Zhong, H.; Zhao, G.; Wang, S.; Liu, G. Adsorption of a-hydroxyoctyl phosphonic acid to
iimenite/water interface and its application in flotation. Colloids Surf. A Physicochem. Eng. Asp.
2016, 490, 67-73.

Li, L.; Zhang, C.; Yuan, Z.; Liu, Z.; Li, C. Selectivity of benzyl hydroxamic acid in the flotation of
ilmenite. Front. Chem. 2019, 7, 886.

Ren, H.; Wang, Z.; Hu, L.; Ji, F.; Zhang, Y.; Huang, T. Flotation performance measurement and
the DFT study of salicylhydroxamic acid as a collector in niobite flotation, Advances in Energy and
Environment Research. In Proceedings of the International Conference on Advances in Energy
and Environment Research (ICAEER2016), Guangzhou, China, 12—-14 August 2016; CRC Press:
Boca Raton, FL, USA, 2017; p. 147.

Rath, S.S.; Sinha, N.; Sahoo, H.; Das, B.; Mishra, B.K. Molecular modeling studies of oleate
adsorption on iron oxides. Appl. Surf. Sci. 2014, 295, 115-122.

Han, G.; Su, S.; Huang, Y.; Peng, W.; Cao, Y.; Liu, J. An insight into flotation chemistry of pyrite
with isomeric xanthates: A combined experimental and computational study. Minerals 2018, 8,
166.

Yang, X.; Albijanic, B.; Liu, G.; Zhou, Y. Structure—activity relation of xanthates with different
hydrophobic groups in the flotation of pyrite. Miner. Eng. 2018, 125, 155-164.

https://encyclopedia.pub/entry/52415 25/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Kumar, D.; Srinivasan, S.G.; Jain, V.; Rali, B. Understanding flotation processes at the atomic
scale using density functional theory—A case study on adsorption of 2-Mercaptobenzothiazole on
chalcopyrite and pyrite surfaces. Appl. Surf. Sci. 2022, 579, 152112.

Mkhonto, P.P.; Zhang, X.; Lu, L.; Xiong, W.; Zhu, Y.; Han, L.; Ngoepe, P.E. Design, synthesis and
investigating the interaction of novel s-triazine collector with pyrite surface: A DFT-D3+ U and
experimental studies. Surf. Interfaces 2023, 38, 102820.

Zhao, C.; Huang, D.; Chen, J.; Li, Y.; Chen, Y.; Li, W. The interaction of cyanide with pyrite,
marcasite and pyrrhotite. Miner. Eng. 2016, 95, 131-137.

Zhao, C.; Chen, J.; Li, Y.; Li, W. DFT study of interactions between calcium hydroxyl ions and
pyrite, marcasite, pyrrhotite surfaces. Appl. Surf. Sci. 2015, 355, 577-581.

Li, Y.; Chen, J.; Kang, D.; Guo, J. Depression of pyrite in alkaline medium and its subsequent
activation by copper. Miner. Eng. 2012, 26, 64—69.

Cao, Q.; Yan, W.; Wen, S.; Liu, D.; Li, Y. New insights into pyrite-hydrogen peroxide interactions
during froth flotation: Experimental and DFT study. Physicochem. Probl. Miner. Process. 2023, 59,
1574009.

Zhao, G.; Dai, T.; Wang, S.; Zhong, H. Study on a novel hydroxamic acid as the collector of
rhodochrosite. Physicochem. Probl. Miner. Process. 2018, 54, 428-439.

Huang, Z.; Zhong, H.; Wang, S.; Xia, L.; Zou, W.; Liu, G. Investigations on reverse cationic
flotation of iron ore by using a Gemini surfactant: Ethane-1, 2-bis (dimethyl-dodecyl-ammonium
bromide). Chem. Eng. J. 2014, 257, 218-228.

Liu, A.; Fan, J.; Fan, M. Quantum chemical calculations and molecular dynamics simulations of
amine collector adsorption on quartz (0 0 1) surface in the aqueous solution. Int. J. Miner.
Process. 2015, 134, 1-10.

Zhang, H.; Lin, S.; Guo, Z.; Sun, W.; Zhang, C. Selective separation mechanism of hematite from
guartz by anionic reverse flotation: Implications from surface hydroxylation. Appl. Surf. Sci. 2023,
614, 156056.

Fomasiero, D.; Ralston, J. Cu (lI) and Ni (ll) activation in the flotation of quartz, lizardite and
chlorite. Int. J. Miner. Process. 2005, 76, 75-81.

Jie, Z.; Weiqing, W.; Jing, L.; Yang, H.; Qiming, F.; Hong, Z. Fe (lIl) as an activator for the flotation
of spodumene, albite, and quartz minerals. Miner. Eng. 2014, 61, 16-22.

Luo, X.; Lin, Q.; Wang, Y.; Tian, M.; Lai, H.; Bai, S.; Zhou, Y. New insights into the activation
mechanism of calcium species to quartz: ToF-SIMS and AFM investigation. Miner. Eng. 2020,
153, 106398.

https://encyclopedia.pub/entry/52415 26/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Wang, L.; Wang, G.; Ge, P.; Sun, W.; Tang, H.; Hu, W. Activation mechanisms of quartz flotation
with calcium ions and cationic/anionic mixed collectors under alkalescent conditions. Colloids
Surf. A Physicochem. Eng. Asp. 2022, 632, 127771.

Xie, R.; Zhu, Y.; Liu, J.; Li, Y. Effects of metal ions on the flotation separation of spodumene from
feldspar and quartz. Miner. Eng. 2021, 168, 106931.

Luo, A.; Chen, J. Effect of hydration and hydroxylation on the adsorption of metal ions on quartz
surfaces: DFT study. Appl. Surf. Sci. 2022, 595, 153553.

Gong, G.; Liu, J.; Han, Y.; Zhu, Y. An atomic scale investigation of the adsorption of sodium oleate
on Ca2+ activated quartz surface. Physicochem. Probl. Miner. Process. 2019, 55, 426-436.

Wang, Y.; Khoso, S.A.; Luo, X.; Tian, M. Understanding the depression mechanism of citric acid in
sodium oleate flotation of Ca2+-activated quartz: Experimental and DFT study. Miner. Eng. 2019,
140, 105878.

Mao, Y.; Wang, Z.; Liu, W.; Tian, P. Effect of TIPA/TEA combined grinding aid on the behavior of
quartz flotation in DDA system. Powder Technol. 2022, 406, 117570.

Monte, M.B.D.M.; Pimentel, D.A.; de Albuquerque, M.D.D.F.; Neumann, R.; Silva, L.A.; Correia,
J.C.; Uliana, A. Synergism of mixed cationic collectors in the flotation of quartz unveiled by AFM,
solution chemistry and quantum chemical calculations. J. Mol. Lig. 2023, 376, 121397.

Sun, W.; Wang, Y.; Li, H.; Hu, Y. Nature of (001) and (00 1 ) faces and flocculation flotation of
kaolinite. Trans. Nonferrous Met. Soc. China 2003, 13, 968-971. (In Chinese)

Hu, Y.; Wei, S.; Hao, J.; Miller, J.; Fa, K. The anomalous behavior of kaolinite flotation with
dodecyl amine collector as explained from crystal structure considerations. Int. J. Miner. Process.
2005, 76, 163-172.

Liu, C.; Feng, A.; Guo, Z.; Cao, X.; Hu, Y. Dynamics simulation of tertiary amines adsorbing on
kaolinite (001) plane. Trans. Nonferrous Met. Soc. China 2011, 21, 1874-1879.

Wang, F.; Zhan, G.; Jiang, Y.; Guo, J.; Yin, Z.; Feng, R. Theoretical evaluation of flotation
performance of carboxyl hydroxamic acids with different number of polar groups on the surfaces
of diaspore (010) and kaolinite (001). J. Mol. Model. 2013, 19, 3135-3142.

Shen, L.; Gong, J.; Liu, Y.; Qiao, E. Substituent Effects in Kaolinite Flotation Using Dodecylamine:
Experiment and DFT Study. Processes 2023, 11, 703.

Peng, C.; Zhong, Y.; Min, F. Adsorption of alkylamine cations on montmorillonite (001) surface: A
density functional theory study. Appl. Clay Sci. 2018, 152, 249-258.

Luo, Q.; Liu, W.; Zhuo, Q.; Han, Y. Interaction mechanism of organic carboxylate with kaolinite
and montmorillonite: A density functional theory study. Colloids Surf. A Physicochem. Eng. Asp.
2021, 613, 126047.

https://encyclopedia.pub/entry/52415 27/28



Quantum Chemistry in the Study of Flotation Reagents | Encyclopedia.pub

115. Laskowski, J.; Liu, Q.; O’connor, C. Current understanding of the mechanism of polysaccharide
adsorption at the mineral/aqueous solution interface. Int. J. Miner. Process. 2007, 84, 59-68.

116. Manono, M.; Corin, K.; Wiese, J. The effect of the ionic strength of process water on the
interaction of talc and CMC: Implications of recirculated water on floatable gangue depression.
Minerals 2019, 9, 231.

117. Manono, M.S.; Corin, K.C.; Wiese, J.G. The Behavior of Gangue During the Flotation of a Sulfidic
PGM-Bearing Ore in Response to Various Monovalent and Divalent lons in Process Water. Front.
Chem. 2020, 8, 79.

118. Luo, Y.; Ou, L.; Chen, J.; Zhang, G.; Xia, Y.; Zhu, B.; Zhou, H. Insights into the adsorption
performance and mechanism of hydrated Ca ion on talc (0O O 1) basal surface from DFT
calculation. Int. J. Min. Sci. Technol. 2022, 32, 887-896.

119. Luo, Y,; Ou, L.; Chen, J.; Zhang, G.; Xia, Y.; Zhu, B.; Zhou, H. Mechanism insights into the
hydrated Al ion adsorption on talc (001) basal surface: A DFT study. Surf. Interfaces 2022, 30,
101973.

120. Li, M.; Yuan, Q.; Gao, X.; Hu, Y. Understanding the differential depression of tetrasodium
glutamate diacetate on the separation of specularite and chlorite: Experimental and DFT study.
Miner. Eng. 2020, 159, 106629.

Retrieved from https://encyclopedia.pub/entry/history/show/118460

https://encyclopedia.pub/entry/52415 28/28



