KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

Chemical Journal of Kazakhstan
Volume 3, Number 95(2026), 69-86 https://doi.org/10.51580/2026-3.2710-1185.30

UDC 622.765.4:546.78

A REVIEW OF MODERN FLOTATION COLLECTORS FOR
TUNGSTEN MINERALS: FROM BIFUNCTIONAL MOLECULES TO
DFT-GUIDED DESIGN (REVIEW)

A.Yu. Ten®, V.K. YU, S.Sh. Safarov?

1A.B. Bekturov Institute of Chemical Sciences JSC, Almaty, Kazakhstan
2V.1. Nikitin Institute of Chemistry, Tajikistan Academy of Sciences, Dushanbe, Tajikistan

*Corresponding author e-mail: ten-assel@mail.ru

Abstract. The flotation efficiency of tungsten minerals depends largely on the structure of the
collector and the nature of its adsorption on the mineral surface. Traditional fatty acids, hydroxamates,
and organophosphorus reagents are well studied; however, their limited selectivity stimulates the
development of more complex molecular systems. The purpose of this review is to examine current
developments in the collector design for scheelite and wolframite, focusing on the bifunctional,
multifunctional, and DFT-guided approaches. A conditional division of the collectors into generations is
proposed: from traditional and chelating reagents to bifunctional and multifunctional systems and further
to rationally designed collectors, using DFT and molecular modeling. This review examines the collectors
containing various combinations of active groups, including amine-hydroxyl, thioether-hydroxamate, bis-
hydroxamate, amino-hydroxamate, amidoxime—phosphonate, and hydroxamate—phosphonate systems.
Their interactions with the surface Ca, Fe, Mn, and W sites are discussed, as well as the roles of
electrostatic attraction, coordination bonding, hydrogen bonding, and hydrophobicity. Particular attention
is paid to the increasing application of the density functional theory (DFT), molecular dynamics,
electronic structure analysis, and hydrophobicity calculations in the collector design. The current research
shows that the computational methods are increasingly being used not only to elucidate the adsorption
mechanisms, but also to optimize spacer length, electron donation capacity, hydrophobicity, and ligand
combinations prior to or in parallel with the experimental validation. This review focuses on the studies
published between 2020 and 2026, with the earlier studies included where necessary to understand the
background to the development of the modern approaches to the collector design.
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1. Introduction

For Kazakhstan, the development of the tungsten industry has acquired
particular significance in recent years. The country possesses one of the world's
largest raw material bases for this metal and, according to the official data from
the Republic of Kazakhstan, ranks first in the world in explored tungsten reserves
[1,2]. The most significant deposits include the Verkhneye Kayraktinskoye and
Severny Katpar deposits in the Karaganda region, as well as the Boguty deposit in
the Almaty region. The commencement of the industrial development of the
Boguty deposit and the development of the capacity for the further processing of
tungsten concentrate indicate a renewed interest in the creation of a full-fledged
processing chain for the tungsten-containing raw materials in Kazakhstan [3,4].
Under these conditions, improving tungsten-ore beneficiation technologies,
including the development of more efficient and selective organic flotation
collectors, is of significant scientific and practical interest.
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Figure 1 — General beneficiation routes for tungsten minerals.

l Combined tungsten concentrate

To understand the place of flotation enrichment in the overall process chain
of processing the tungsten-containing raw materials, it is important to consider the
mineralogical form of tungsten and the corresponding methods of its extraction.
The main industrially significant minerals are scheelite CaWOs+ (~ 70% of the
world's tungsten resources) and wolframite (Fe/Mn)WO. (~ 30%), for which
different, but often combined, enrichment schemes are used [5-7]. In general, the
main stages of processing tungsten ores - from crushing and classification to
obtaining a concentrate and subsequent hydrometallurgical processing - are
presented in Figure 1. A special place in this scheme is occupied by the flotation
of the scheelite-containing ores, the efficiency of which is largely determined by
the choice of a collector.

The choice of a collector for the flotation of tungsten minerals is determined
by its ability to simultaneously ensure a strong interaction with the target mineral
surface and sufficient hydrophobization of the particles. Historically, relatively
simple organic reagents have been used for these purposes - primarily fatty acids
and their salts, classical hydroxamic acids, and individual organophosphorus
compounds [8-10]. Oleic acid and oleates, benzohydroxamic and
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octylhydroxamic acids, which remain convenient model and industrially
significant collectors to this day [11], have been used.

To systematize modern approaches to the development of flotation reagents,
this review proposes to consider organic collectors for tungsten minerals as
several sequential stages of their molecular evolution. This division is conditional
and primarily reflects the evolution of approaches to molecular design: from
traditional reagents to chelating agents, then to bi- and polyfunctional systems,
and to rational design using DFT and molecular modeling. Moreover, these areas
may develop in parallel and partially overlap.

The 1% generation —traditional collectors. Fatty acids and their salts,
primarily oleic acid and oleates. They are characterized by a high collecting
capacity but limited selectivity.

The 2" generation — chelating collectors. Hydroxamates, oximes,
amidoximes, and simple organophosphorus reagents. Their advantage lies in their
more specific coordination interactions with the surface Ca, Fe, and Mn centers.

The 3" generation — bi- and polyfunctional collectors. The molecules
containing two or more active moieties, such as hydroxamate—phosphonate and
amidoxime—phosphonate. Such reagents provide multi-site binding to the mineral
surface and potentially higher selectivity.

The 4™ generation — rationally designed and environmentally oriented
systems. The collectors whose structure is optimized using DFT, adsorption
modeling, and molecular dynamics, simultaneously taking into account
selectivity, reagent consumption, and environmental safety. Traditional fatty acid
and classical chelating collectors, primarily hydroxamates and organophosphorus
reagents, have already been reviewed in considerable detail in the literature [12-
15]. Therefore, the main focus of this review is on more modern approaches —bi-
and polyfunctional collectors and their rational molecular design.

Currently, DFT calculations, molecular modeling, and electronic structure
analysis are increasingly being used directly in the development and interpretation
of the mechanism of action of new collectors [16-22]. Therefore, the boundary
between the generations Il and IV is becoming largely arbitrary: many bi- and
polyfunctional reagents are simultaneously objects of computationally-directed
design. Therefore, in this review, generations Il and IV are considered together —
as a single direction for the multifunctional and rationally designed collectors.

The novelty of this review lies in its examination of collectors for the
flotation of tungsten minerals from the perspective of the evolution of molecular
design principles — from bi- and polyfunctional reagents to systems, including
those rationally designed using DFT. Particular attention is paid to the
relationship between molecular architecture, electronic and spatial characteristics,
interaction with the mineral surface, and flotation selectivity.

2. Materials and Methods
To prepare this review, a search of scientific literature on modern flotation
collectors for tungsten minerals has been conducted, using Scopus, Web of
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Science, ScienceDirect, and Google Scholar databases. The focus has been on
publications made between 2020 and 2026; the earlier studies have been included
in the analysis if they represented the initial research on traditional collectors,
adsorption mechanisms, or the development of modern approaches to molecular
design. The information on the status and development of the tungsten industry in
Kazakhstan, deposits, and projects for processing tungsten-containing raw
materials has been obtained from the official information resources of the
Government of the Republic of Kazakhstan and the Gov.kz portal.

3. Results and Discussion

One of the key research directions is the creation of collectors with multiple
functional sites, providing a more selective interaction with the surface of
tungsten minerals. Bifunctionality can combine two coordination-active moieties
or a chelating site with an auxiliary group that enhances adsorption and
hydrophobization. DFT and molecular modeling allow the identification of the
reactive sites and the evaluation of their interactions with the Ca, Fe, and Mn sites
[23,24].

In this review, a distinction should be made between bi- and polyfunctional
collectors, which are individual molecules with several functional centers, and
multiligand or multicomponent systems in which the functional interaction is
realized between several chemical components. The latter are not bifunctional
collectors in the strict molecular sense, but are considered here as a further
development of the principle of cooperative interaction of several functional
centers with a mineral surface.

One early example of a functionally bifunctional approach is N-tetradecyl-
isopropanolamine (NTIA), which combines an amine and a hydroxyl site. NTIA
has been prepared by the addition of tetradecylamine (TDA) to propylene oxide in
anhydrous ethanol at 38-40°C (Scheme 1) [25].

38-40°C CiaHag_ OH

0
+
NH, AN H/Y

Scheme 1 - The synthetic route of NTIA.

CiaHag

The protonated amine center provides predominantly an electrostatic
interaction with the negatively charged surface of scheelite, while the OH group is
involved in hydrogen bonding [25,26]. Using ethetraditional collectors DDA
(dodecylamine) and NaOL (sodium oleate), the WOs content in the concentrate
has been 40.44 and 39.60%, respectively, while the use of NTIA at pH 7.0 and a
concentration of 50 mg/L increased this figure up to 62.56% with a recovery of
96.44%, confirming its higher efficiency and selectivity in scheelite flotation
(Figure 2).
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Figure 2 — The flotation performance of DDA, NTIA, and NaOL.

A more pronounced cooperative effect is realized in @ 2-
(benzylthio)acetohydroxamic acid (BTHA) [27], applied for the separation of
wolframite and fluorite [28]. BTHA combines the thioether and hydroxamate
moieties, which are jointly anchored on Fe-centers of the wolframite surface to
form the Fe-S bonds and a five-membered hydroxamate-(O,0)-Fe complex
(Figure 3). The DFT analysis has identified S- and O-atoms as the main reaction
centers, and the MD modeling has shown a significantly stronger interaction of
BTHA with wolframite (—128.90 kJ/mol) than with fluorite (=10.84 kJ/mol). The
obtained calculated data have been confirmed by theflotation tests and XPS,
demonstrating the efficiency of combining bifunctional design and computational
prediction of the collector selectivity.
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Figure 3 — The proposed interaction mechanism of BTHA with wolframite and fluorite.

Another type of bifunctional design is represented by sebacoylhydroxamic
acid (SHA), which contains two hydroxamate groups (Sheme 2). In the work of
Zhang et al. [29], it has been shown that SHA, due to its “crab” structure,
provides a high extraction of wolframite without Pb2" activation [29], and
outperforms the traditional BHA/Pb(NO:). system [30], which is especially
important considering the toxicity and bioaccumulation of lead [31-33]. In later
studies [34,35], the mechanism of action of SHA has been further investigated by
XPS and DFT methods. The two —-C(O)NHOH groups interact preferentially with
the Fe centers of the wolframite surface to form five-membered chelate rings, and
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a smaller HOMO-LUMO gap compared to BHA (0.1557 vs. 0.2132 a.u.)
indicates a higher reactivity of SHA [35].
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Scheme 2 — The synthetic route of SHA.

A similar bis-hydroxamate design has been implemented for DHA
(dodecanediohydroxamic acid), for which DFT confirmed the high reactivity of
both hydroxamate groups [36].

For scheelite, a promising example is N-(3-(octylamino))hydroxamic acid
(NOHA), developed as an efficient amphoteric collector for scheelite enrichment
without a prior activation by Pb(NOs). [37]. At pH 8.0 and a concentration of
2.0x10* mol L1, NOHA has provided >95% scheelite recovery without prior
Pbz" activation. The molecular design of NOHA is based on the combination of a
selective hydroxamate group with an amine center: the hydroxamate moiety
provides an interaction with the Ca sites on the scheelite surface, which has been
confirmed in a number of studies by DFT and XPS [34,38], while the protonated
amino group additionally increases the affinity of the collector for the negatively
charged mineral surface and enhances its adsorption [37,39].

A more complex heterobifunctional architecture is realized in the DHAHEP
(dihexyl  (2-amino-2-(hydroxyimino)ethyl) phosphonate) collector, whose
molecule combines amidoxime and phosphonate moieties [40]. According to
FTIR, XPS, and DFT data, DHAHEP adheres to wolframite in a mixed manner:
the cationic form of the collector predominantly interacts electrostatically with the
WO.? surface sites, while the amidoxime and phosphoryl centers participate in
chemical binding with the surface Fe sites (Figure 4). Thus, DHAHEP combines
several adsorption mechanisms in a single molecule, ensuring a high affinity for
wolframite and its efficient separation from quartz.
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Figure 4 — The proposed adsorption mechanisms of DHAHEP on the wolframite surface: chemical
bonding and electrostatic attraction.
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Microflotation has demonstrated the high collection capacity of DHAHEP
for wolframite: at pH 2-4.5, its recovery has exceeded 90%, while for quartz it
has remained below 60%. In a wolframite—quartz mixture at pH ~4 and 8x10-°
mol L* DHAHEP, the wolframite recovery has been 64.5% at the content of
48.9%.

Another variant of functional interaction is observed for DHHAOEP (dihexyl
(2-(hydroxyamino)-2-oxoethyl)  phosphonate), a hydroxamate-phosphonate
collector of scheelite [41]. Unlike DHAHEP, the P=0O group here is practically
not directly involved in chemical adsorption: according to XPS and DFT data,
binding to the surface occurs predominantly through the hydroxamate fragment.
However, DFT has shown that the presence of a phosphoryl group alters the
geometry of the active site: the distance between the two O-atoms of the
DHHAOEP hydroxamate fragment is 2.889 A and is almost identical to the
distance between the adjacent O-atoms in the surface WO.2~ fragment of scheelite
(2.899 A). This geometric correspondence facilitates the formation of a five-
membered surface complex and increases selectivity for scheelite (Figure 5).
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Figure 5 — The proposed adsorption mechanism of DHHAOEP- on the scheelite surface.

Thus, the role of the second functional center in multifunctional collectors
can vary significantly: from the direct cooperative coordination binding, as in
BTHA [27] and DHAHEP [40], to the structural and electronic optimization of
the main chelating center, as in DHHAOEP [41]. These examples clearly
demonstrate the importance of DFT and molecular modeling not only for
interpreting the adsorption mechanism, but also for rational design of new
collectors.

A more direct example of the rational computational design is presented by a
series of bifunctional dicarboxyl collectors CS, for scheelite [42]. In this work,
the length of the carbon spacer has been considered as a key parameter
determining the relative position of the two carboxyl groups of the collector.
TheDFT calculations have shown that the most favorable adsorption on the
scheelite surface is characteristic of CS,, which is associated with a good spatial
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correspondence between the carboxyl centers and the Ca sites of CaWO.. An
analysis of the electron density and charges has confirmed the predominantly
ionic nature of the O-Ca interaction. At the theoretical stage, the bifunctional
molecule has demonstrated an adsorption energy advantage over single
molecules. Further flotation results have confirmed the operating principle of the
bifunctional collector structure. This work clearly illustrates the use of DFT at the
stage of the targeted collector structure optimization.

Rationally designed systems include the p-alkoxy derivatives of
benzohydroxamic acid (AOBHAs), for which theDFT and hydrophobicity
calculations have been used for the targeted structure optimization. [43]. For the
experimental verification, the four derivatives (MOBHA, EOBHA, POBHA,
BOBHA) have been synthesized by sequential alkylation of methyl p-
hydroxybenzoate with the corresponding alkyl bromide, subsequent oximation
with hydroxylamine, and acidification to yield free hydroxamic acids (Scheme 3).
After recrystallization, the purity of the products has exceeded 98%.

o N s
~ONa ° N‘OH
NH ,OH. HCI
R-Br, K2C03 NaOH H,SO,
Y CH OH >
50°C,10h 45°c 6h
H R R

Scheme 3 — The synthetic route of AOBHAsS.

The alkoxy substituent does not act as an independent coordination center,
but due to p—m conjugation it increases the electron-donating ability of the
hydroxamate group, while an increase in the length of the alkyl chain enhances
the surface hydrophobization (Figure 6). The calculated prediction has been
confirmed by the flotation tests, which have shown a consistent increase in the
collecting capacity in the series BHA < MOBHA < EOBHA < POBHA <
BOBHA [43].

Hydrophobicity
—

O O (0] O

HN HN HN HN HN p-T conjugation
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BHA MOBHA EOBHA POBHA BOBHA

Figure 6 — The structure—property relationship of the p-alkoxy benzohydroxamic acid collectors:
hydrophobicity and electron-donating ability.
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The subsequent work [44] on the Cs-derived POB, IPOB, and AOB has
demonstrated that a higher HOMO energy does not always correspond to better
flotation activity: despite the highest electron-donating capacity of IPOB, the
more hydrophobic POB has exhibited the highest collecting capacity (Figure 7).
These results highlight the need to simultaneously consider both theelectronic and
hydrophobic characteristics in rational collector design.

It should be noted that individual DFT descriptors, including HOMO/LUMO
energies, atomic charges, and interaction energies, are not direct indicators of
flotation performance. Their predictive value increases only when solvation,
protonation, mineral surface state, and collector hydrophobicity are taken into
account jointly. A illustrative example is the POB/IPOB/AOB series, where the
highest electron-donating capacity did not correspond to the maximum flotation
activity.

DFT / Homo energy

0 o] :

OH :

N/OH N/OH 3

)\ Ho > Ho
IPOB POB ectron-donation ablllty AOB BHA :
fffffffffffffffffffffffffffffffffffffffffffffffff\?fsfffffffffffffffffffffffffffffffffffffffffffffffffffffff
i Experlmental flotation perfomance
o o :

N'OH N'OH 3

>; O

IPOB AOB BHA :

flotation

Figure 7 — The DFT-predicted electron-donating ability versus the experimental flotation performance of
the Cs alkoxybenzohydroxamate collectors.

In the work of Deng et al. [45], m-methylbenzohydroxamate (3MBHA) has
been developed based on BHA. The introduction of a methyl substituent at the
meta position has increased the hydrophobicity of the molecule and enhanced its
complexation with Pb(Il). Compared to BHA, 3SMBHA has been characterized by
a higher logP and a more pronounced decrease in the surface tension, while a
UV-Vis analysis has revealed a stronger interaction with Pb(l1) and the formation
of a larger number of Pb-hydroxamate complexes. This has been accompanied by
an increased adsorption on the scheelite surface and an increase in its flotation
recovery. The obtained results demonstrate that the efficiency of hydroxamate
collectors can be enhanced by simultaneously optimizing theelectronic and
hydrophobic properties of the molecule [45].

Another rational design approach considers not only the collector structure
but also the chemistry of the specific mineral surface. For the specially selected
hydroxamate  collector DPHA  (N-dodecanoyl-N-phenylhydroxylamine),
selectivity in the scheelite—calcite system is attributed to a combination of the Ca-
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coordinating hydroxamate center, a hydrophobic organic moiety, and differences
in the behavior of surface Ca with changing pH [46]. A similar principle has been
implemented using the trisiloxane collector AATS (N-(2-aminoethyl)-3-
aminopropyltrisiloxane) for the separation of scheelite and calcite, where the
correspondence of the cationic amine center to the differences in the charge state
of the mineral surfaces plays a significant role [47]. Thus, the object of rational
design is no longer only the collector molecule itself, but also its correspondence
to the chemical and electrostatic state of the target mineral surface.

A similar surface-targeted approach was implemented for the modified oleate
collector Ca-DBOA (a-bromooleic acid), developed for the selective separation of
scheelite and calcite. According to AFM, (-potential, FTIR, and XPS data, Ca-
DBOA chemically adsorbs on scheelite even in the presence of liquid glass,
whereas its adsorption on calcite is significantly suppressed [48].

This approach is widely used: it expands the concept of molecular design,
where the object of optimization is no longer only the reagent molecule but also
the correspondence of its properties to the specific state of the mineral surface
[49].

An interesting direction of rational design, standing somewhat apart, is
represented by a series of studies by Wei et al. [50-55] on the creation of
organometallic and multiligand collectors based on the Pb—BHA system. In the
early studies, the structure of Pb—BHA complexes and the features of their
adsorption on the scheelite surface have been investigated using XPS and TOF-
SIMS [50] (Figure 8, a). Subsequently, the structure of these complexes has been
studied in detail in the crystalline state, solution, and at the solid/liquid interface,
which has provided a better understanding of the role of Pb(ll) and BHA
coordination in the formation of an adsorption-active system [51,52] (Figure 8, b).
The next step was an introduction of additional organic ligands. Thus, the
multiligand systems Pb—BHA-SDS (sodium dodecyl sulfate) and Pb—BHA-CPF
(cupferron) have been developed, for which the enhanced adsorption and
increased flotation activity have been shown compared to the original Pb—BHA
system (Figure 8, c) [53,54].
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Figure 8 — Evolution of Pb—BHA-based multi-ligand collectors in the studies of Wei et al [50-55].
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Further development of this approach has led to the concept of multiple-
ligand metal-organic framework collectors (ML-MOF), in which the selection of
an additional ligand has been carried out using a quantum chemical analysis,
hydrophobicity assessment, and calculations of the interactions with the mineral
surfaces. Among the combinations studied, Pb—BHA-SDS and Pb—-BHA-OHA
have been identified as the most promising, the efficiency of which has been
subsequently confirmed by themicroflotation tests [55]. Although such systems
are not bifunctional collectors in the strict molecular sense, they are conceptually
close to them: several functional centers participate in the formation of an
adsorption-active system, but belong to different ligands united by a common
metal center. In this regard, the multiligand approach can be viewed as a
development of the principle of functional cooperation characteristic of bi- and
polyfunctional collectors. In this series of studies (Wei et al.), the computational
methods have been used at virtually every stage of the concept's development -
from the analysis of the electronic structure and adsorption mechanisms to the
evaluation of the multiligand complexes and, ultimately, the targeted molecular
design of ML-MOFs. As the approach has evolved, the role of DFT has gradually
shifted from the interpretation of the experimental data to a tool for the
preliminary selection and optimization of the new collector systems.

Another example of a multicomponent design is the Pb—-BHA-NaOL system,
which, at a component ratio of 6:6:1, provided selective separation of scheelite
and calcite at pH 9. The increased selectivity is attributed to the preferential
adsorption of positively charged Pb—-BHA-NaOL particles on the scheelite
surface and their stronger interaction with its surface Ca- and O-sites [56].

To summarize the approaches discussed, the described collectors for
scheelite and wolframite, their structural features, adsorption mechanisms, and
rational design are compared in Table 1.

Table 1 — Tungsten flotation collectors discussed in this review

Collector | arget | Functional Main Main Computa- | Pb Design
. . . . - tional invol- .
[Ref ] mineral | architecture | surface site | interaction approach | vement principle
NTIA negatively | electrostatic -
Sch amine-OH | charged sch. | adsorption + - No fuiléi(ilcl)ﬁarl);ty
[25] surface H-bonding
BTHA . Fe-S )
Wol htrgjlr(zizz::;te Fe bonding + O,| DFT, MD No cot())i[:]edri?]tlve
[27,28] 4 O-chelation g
SHA dual hydroxamate dual-
Wol Fe - DFT No | hydroxamate
[29,34,35] hydroxamate chelation design
DHA Wol dual wol. surface | hydroxamate DFT No dual-
- driven hydroxamate
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ydroxamate adsorption esign
[36] hyd d i desi
Ca-
hydroxamate .
NOHA amino— chemisorp- amphoteflc/c
Sch Ca - - - No ooperative
hydroxamate tion + amino- .
[37] . design
assisted
adsorption
DHAHEP P . .
Wol amidoxime— Fe/WO: sites chemlcal?L DET No H_eteroblfu_nc
[40] phosphonate electrostatic -tional design
hydroxamate
DHHAQEP hydroxamate | Ca/W- | "0 inted geometric
Sch - containing . DFT No .
. chemisorp- matching
[41] phosphonate | surface sites tion
CS, TS .
Sch  |dicarboxylate Ca onic © _Ca DFT No spacer/_sne
[42] interaction matching
AOBHAs alkoxy- . Pb-mediated electronics +
Wol modified Pb ast;::;ated hydroxamate | DFT + logP Yes | hydrophobi-
[43] BHA adsorption city
Pb-
3MBHA meth)_/I- Pb-associated hydroxamate logP electronics _+
Sch modified surface sites complex Yes | hydrophobi-
[45] BHA formation + city
adsorption
DPHA pH- and
N-substituted selective Ca surface-
Sch Ca - DFT No o
[46] hydroxamate coordination specific
design
electrostatic
AATS diamino— negatively | adsorption surface-
Sch trisiloxane charged sch. via DFT No charge
[47] surface protonated matching
amino group
selective
Ca-DBOA modified sch. surface / chetimc: rs:er- surface-
Sch oleate Ca-related su res;ion - No targeted
[48] sites ppres modification
on calcite by
water glass
metal-
ML-MOF PO-BHA+ | ineral mediated | duantum- Pb- multiligand
Sch, Wol| multiple - - chemical |containin .
. . surface sites | multiligand . design
[50-55] ligands ; screening | g system
adsorption
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ovies assZirlwfl;led chemical Pb- assZ?’Lft;led
NaOL Sch O/ Casites | electrostatic - containin -
PD-BHA- adsorption system | MU fticompo-
[56] oleate system P gy nent design

Note - Sch — scheelite, Wol — wolframite

4. Conclusion

The analysis shows that the modern development of flotation collectors for
scheelite and wolframite is primarily associated with a shift from the selection of
individual functional groups to the targeted design of the entire molecular
architecture of the reagent. High efficiency is determined not by the number of
functional centers per se, but by their chemical nature, spatial arrangement, and
ability to interact with the active sites on the mineral surface.

For bi- and polyfunctional collectors, several main modes of action can be
distinguished: the coordinate binding of several centers, the combination of the
main chelating moiety with an auxiliary group that enhances adsorption, and the
structural and electronic influence of the second moiety on the geometry and
reactivity of the main center. Therefore, functional cooperation is becoming a
more important parameter than the formal number of donor groups in the
molecule.

A separate selectivity factor is the spatial correspondence of the collector's
active centers to the surface Ca, Fe, Mn, and W sites.

Equally important is the combined consideration of electronic and
hydrophobic properties. Therefore, rational design should consider a complex set
of the interrelated molecule characteristics, rather than a single descriptor.

DFT, molecular modeling, and electronic structure and hydrophobicity
analysis are now used not only to elucidate the adsorption mechanism after the
experiment, but also to pre-select the structure, spacer length, substituents, and
composition of the multiligand systems. Thus, computational methods are
gradually becoming a tool for targeted design, but their results should be
considered in conjunction with the flotation and surface chemistry experiments.

Overall, the most promising direction appears to be the creation of collectors,
which simultaneously optimize selective binding to the mineral surface, the
spatial organization of the active sites, electronic properties, and hydrophobicity,
while also reducing the need for toxic activators. Of particular practical interest
are collectors capable of providing high efficiency without preliminary Pb2*
activation; however, their direct quantitative comparison requires standardized
flotation test conditions. This approach allows for a transition from empirical
reagent searches to a more substantiated molecular design, tailored to a specific
mineral and its surface properties.
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BOJb®PAM  MMUHEPAJ/IJAPBIHA  APHAJIFAH 3AMAHAYH  ®JOTAHUSJIBIK
KHHAFBIIITAPFA  WIOJY: BA®YHKHUOHAJIAbI MOJIEKYJIAJIAPJAH  DFT
HETI3IHAETT ’KOBAJIAYFA JEWUIH (IIIOJIY)

AJO. Ten**, B.K. I0*, C.III. Cagpapoé?

1 «O.b. bexmypos amvinoasvl Xumus eviibimoapul  uncmumymoly AK, Anmamer, Kasaxcman
2 Toorcikeman Pecnybonukacel Folnoim akademusicoinviy B.U. Hukumun amuvinoasbl Xumusi uHCmumymet,
Jlywanbe K., Taocikcman

Tyiiingeme. Bonsbpam wmunHepangapbiH ¢uoTanusiiay THIMIUIIN KON JKaraaia IKHHAFBIIITHIH
KYPBUIBIMBIHA JKOHE OHBIH MHHepan OeriHiae ajacopOuuMsuiaHy cumaTbiHa OaiimaHbicThl. JlocTypii Mmait
KBILIKBUIIAPBI, THAPOKcaMarTap oHe (HOCHOpPOPraHUKANIBIK PEareHTTep JKaKChl 3EpTTENreH, anaiaa
ONapIbIH MICKTEYJ CEeMCKTUBTUIIN KypIeTipeK MOJEKYJIalbIK KYHenepai d3ipiieyre bIHTalaHbIPaIbL.
Ocsbl 1oy bl MakcaThl — OM(YHKIMOHAIABI, KendyHKIHoHANAb! xoHe DFT-0arbiTTanran Tocinaepre
epeKIlie Ha3ap ayjapa OTBIPBII, IICEIUT MEeH BOJb(PPAMHUTKE apHAIFaH XUHAFBILITAPIBI JKOOAIAYAaFbl
3aMaHayH d3ipieMenepi KapacTeipy. bi3 muHaFbIITapIpl MapTThl TYpAe OybIHAApFa OOyl YChIHAMBI3:
JIOCTYPITi KOHE XeNaTTaylIbl peareHTTepiHeH Oactam Ou- skoHe monuyHKIMOHAIIB! XKyilerepre acitin
skoHe onaH opi DFT >xoHe MoJeKynanblK MOAENbICY/ IMaianaHa OTHIPBIN PallMOHANIbl KOOaJaHFaH
xuHarbimrapra aeitin. lomyna GenceHai TonTapiblH OpTYpIl YilleciMIepiH KaMTUTBIH, OHBIH ilIiHzaE
aMHUH-THUIPOKCHIIII, THO()HP—TUIPOKCAMATTHI, OuC-THIPOKCAMATTHI, aMHUHO-THIPOKCAMATTHI,
aMUIOKCUM—(POCHOHATTHI JKOHE THIpOKcaMaT—(hoc(oHATTHI Kyiteaep 6ap KHUHAFBILITAP KapaCThIPbUIA/IBL.
Omnapaeiy Oetki Ca-, Fe-, Mn- >xone W-callTTapbIMEH OpEKeTTeCyi, COHJAi-aK AJIEKTPOCTATHKAJIBIK
TapThUIBIC, KOOPAMHALMSIBIK OailJlaHbIc, CyTeKTIK OaiiiaHpicTap MeH TUIPO(OOTHUIBIKTBIH pei
TayKpUIaHaAbl. JKUHAFBIITAPABI 93ipieyne THIFbI3AbIK (yHKIHoHANB TeopusichiH (DFT), mMonekysanbik
JIMHAMUKAHBI,  OJICKTPOHIBIK  KYPBUIBIMIBI — TAIAAYABIH  JkoHE  TuIpooOTHIK — ecenTeyiepliH
KOJIIaHBUTYBIHBIH apTyblHa €peKIle Ha3ap ayJapblUraH. 3aMaHayd 3epTTeyliep KOpCceTKeHIei: ecentey
onmictepi TeK ancopOIMs MEXaHM3MIEpPiH TYCIHIIpy YIIIH FaHa eMecC, COHbIMEH KaTap ToxipuOemik
TeKcepyre JAeiliH HeMmece OHBIMEH MNapajlieNbAi TYpAe CHeHCep Y3bIHIBIFBIH, HJICKTPOHIOHOPIBIK
Ka0ineTTiH, ruApoOOTHIFBIH JKOHE IMTaHATap KOMOMHAMSIIAPBIH OHTAMIAHABIPY YIIiH Jie OapraH callblH
KeHiHeH Konpanbutyna. Illomyna seriziri Hazap 2020-2026 >xpuigapbl KapHsUIaHFAaH 3epTTEyJiepre
HIOFBIPJIAHBIPBUIA/IBI, COHJOAl-aK 3aMaHayd  JKHHAFBIIITApAbl K00ajay TOCUIAEPIHIH JaMBITYIbIH
aFBILIAPTTAPBIH TYCIHY KaXeT OOJIFaH jKaFqaiiap/a eprepek KapHusIaHFaH )KYMBICTAP €HII31UITeH.

Tyiiinai ce3nep: Boiabdpam (GIOTANMACH], LICETUT, BOJb(GPAMUT, (IIOTALMSIIBIK >KAHAFBILITAD,
Ooudynkunonanae! xuHarsirap, DFT, panroHanibl MOJIEKyIANBIK xKobanay

Ten Acens IOpvesna Xumusi ebl1bIMOGPLIHBIY KAHOUOAMDbL,
KayblMOacmulpulizan npogheccop
1O Banenmuna Koncmanmunoena Xumus 2oLibimoapsinbly 0okmopel, npogeccop

Caghapoe Caiipuooun Illaxoouounoeuy  Xumus 2ol161MOAPbIHBIE OOKMOPLL, NPodeccop

OB30P COBPEMEHHBIX ®JOTALIMOHHBIX KOJJIEKTOPOB 51 BOJb®PAMOBBIX
MHHEPAJIOB: OT BU®YHKIHOHAJIBHBIX MOJIEKYJ JO IMPOEKTHPOBAHHS HA
OCHOBE DFT (OB30P)

A.JO. Ten*, B.K. 0%, C.III. Caghapos®

L AO «Mucmumym xumuueckux nayx umenu A.B. Bexmyposay, 2. Anmamu, Kazaxcman

2 Uncmumym xumuu umenu B.U. Huxumuna Axademuu nayx Pecny6auxu Tadocuxucman, 2. [Jywanbe,
Taoorcuxucman

Pestome. DdpexruBHocTs (riotanuu BoIb(HPaMOBBIX MHHEPATIOB BO MHOIOM 3aBHCHT OT CTPYKTYPbI

KOJIJIGKTOpa M XapakTepa €ro aacopOIuyM Ha MHHEPAIbHOH MOBEPXHOCTH. TpaJWIMOHHBIC XHUPHBIC
KHCIIOTBI, TUIpOKCaMaThl U pochopopraHuyecKie peareHThl XOPOIIOo U3yUYeHbl, OJHAKO UX OrpaHUuCHHAs
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CEJIEKTUBHOCTh CTHMYJIMPYET pa3paboTKy Ooiiee CIIOKHBIX MOJEKYJSIpHBIX cucTeM. Llens HacTosero
0030pa — paccMOTPETh COBPEMEHHBIE pa3pabOTKM B OONACTH JU3aiiHa KOJUICKTOPOB JUIS LICEIHTA M
Bosb(pamuTa, ymaenss o0coboe BHUMaHHE OWBYHKIMOHANBHBIM, MHOrOQYHKIHMOHANRHBIM u DFT-
HalpaBJICHHBIM NoAXoxaM. Hamu npezsaraercsi yCloBHOE pa3felieHue KOJUICKTOPOB HA IOKOJICHUS: OT
TPaJMIHOHHBIX M XEJATHPYIOIIMX pPEareHTOB K OM- M MOMM(YHKIHOHAIBHBIM CHCTEMaM M jaiee K
palMOHANBHO CHPOCKTUPOBAHHBIM  KOJUIGKTOpaM ¢ wucrmoib3oBaHueM DFT  u  MonekymispHOro
MozenupoBanus. B 0030ope paccMaTpuBalOTCs KOJUIEKTOPBI, COZAEpXKAIMe pa3IMYHble COYETaHHs
AKTHBHBIX TPYIII, BKIIOYAs aMHH—THAPOKCUIIbHBIC, THOI(HP—THIPOKCAMATHBIe, OUC-THIPOKCAMaTHBIC,
aMHMHO-TH/IPOKCAMAaTHBIE, aMHIOKCUM—(poc(oHAaTHBIE H  THApOKcaMar—(hOCHOHATHBIE  CHCTEMBI.
OO6cyskaalTes WX B3aUMOENCTBUS ¢ moBepxHOcTHBIMH Ca-, Fe-, Mn- u W-caiitamu, a Takxe poiib
EKTPOCTATHYECKOTO  MPHUTSDKEHUs, KOOPJMHAIMOHHOTO  CBS3BIBAHUS, BOJOPOJIHBIX CBsI3ed U
runpododHOocTH. OCc000e BHUMaHKE y/EJICHO BCE Oosiee MIMPOKOMY NMPHUMEHEHHUIO TCOPUH (YHKIMOHANA
mwiotHoctd (DFT), MonekynspHON IUHAMHUKM, aHalIuM3a OJIEKTPOHHOH CTPYKTYpbl M pPacuéroB
ruapodoOHOCTH Tpu  pa3paboTke KOJUIEKTOpPOB. Kak MOKa3bIBAlOT COBPEMEHHBIC HCCICIOBAHMUS:
BBIYMCIIUTEIIbHBIE METO/IBI BCE Yallle UCIIONB3YIOTCS HE TOJIBKO VISl OOBSICHEHUS! MEXaHU3MOB a/ICOpOLHH,
HO W JUIi ONTHMHU3ALMH [UIMHEI clielicepa, 3JEKTPOHOJOHOPHOH CIOCOOHOCTH, THAPO(oOHOCTH U
KOMOMHAIHI JTUTAHIOB [0 WIIK NapaulelIbHO C SKCIIEPUMEHTAIbHOM MpoBepKoil.. OCHOBHOE BHUMAHUE B
0030pe KOHIIEHTPUPYETCsS Ha HMCCIEJOBaHMAX, onyOnukoBaHHbIXx B 2020-2026 rr., mpu 3toM Oojee
paHHHe pPabOTHl BKJIIOYEHBI TaM, [J€ 9TO HEOOXOAWMO /Ul IMOHMMAHHS IPEANOCHUIOK pPa3BUTHS
COBPEMEHHBIX T0JIX0/I0B K IU3aliHy KOJUICKTOPOB.

KiwueBble cioBa: ¢uortauus Bonb(dpama, IIEETUT, BOIbGPAMHUT, (GIOTALMOHHBIE KOJUIEKTOPHI,
OudyHkuroHanbHbIe KosutekTopbl, DFT, panionaisHoe MOJIEKYJIISIPHOE TPOSKTHPOBAHUE

Ten Acens IOpvesna Kanouoam — xumuueckux Hayk, accoyuuposanmwiil
npogheccop
10 Banenmuna Koncmanmunogna Loxmop xumuueckux nayx, npogeccop

Cagpapose Caiigpuooun Illaxobudunosuy  JJoxmop xumuueckux HayxK, npogpeccop
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