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Abstract
The purpose of the research is to select appropriate agents for regulating the oil receptivity of diamond and 
kimberlite mineral surfaces in the conditioning of diamond-kimberlite products prior to their beneficiation 
by froth flotation and X-ray luminescence separation using phosphor-containing modifying agents and col-
lecting agents, the basis of which is apolar collecting agents. The paper presents the results of comprehensive 
physicochemical studies of the influence of various classes of regulating agents on the attachment of apolar 
collecting agents on the surface of diamonds and kimberlite minerals (visiometric analysis, measurement 
of limiting wetting angles in a mineral–organic collecting agent–aqueous phase system, measurement of 
surface tension at the organic collecting agent–aqueous phase–frothless flotation phase boundary). Based 
on the analysis of the data obtained, effective regulating agents have been identified and selected to ensure 
the selectivity of diamond beneficiation. Regulating agents belonging to the classes of alkylarylphospho-
nates (NTPA, OEDPA), aminopolycarboxylic acids (EDTA), cationic polymers (PEG-1500, Neonol AF-9-6), 
polyphosphates (STPP), bifunctionally modified carboxymethylcellulose derivatives (CMC 75-V and Kam-
cel-600), mixtures of alkyl phosphates, alkyl phosphonates, and anionic polymers (IS-3), ionogenic and 
non-ionogenic nitrogen-containing polymers (Emulsifier OP-4, Oxypav A1218.30), amino alcohols (TEA), 
hydroxy acids (lactic acid), and quaternary ammonium bases (ammonium sulfate) were tested. Talc, pyrite, 
calcite, muscovite, phlogopite, serpentine, and dolomite were selected as the main minerals of kimberlite 
prone to adhesion of apolar collecting agents. It has been established that the limiting wetting angle is 
reduced most significantly by the agents Neonol AF-9-6, Emulsifier OP-4, and Oxypav A1218.30 that is asso-
ciated with a significant decrease in the surface tension of the interface between an organic collecting agent 
and the aqueous phase. A thermodynamic assessment of the oil receptivity of kimberlite minerals conducted 
using the Dupré–Young equation and based on measurements of limiting wetting angles and surface tension 
showed that the energy of adhesion of an organic collecting agent on kimberlite minerals with the addition of 
regulating agents decreases by 2–6 times and reaches values of 6–17 J/m2, approaching the adhesion energy 
of water (5 J/m2). On diamonds, the energy of adhesion of an apolar collecting agent at maximum concen-
trations decreases only to 17–27.5 J/m2 that determines its stable attachment. The results of flotation tests 
confirmed the depressing ability of the studied regulating agents in relation to the flotation-responsing min-
erals of kimberlite. Based on the analysis of the data obtained, effective regulating agents have been selected 
and recommended for testing in industrial froth separation modes, ensuring increased selectivity of apolar 
collecting agent attachment on the surface of diamonds and kimberlite minerals: NTPA, OEDPA, IS-3, OP-4. 
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Аннотация
Цель проведенных исследований – обоснованный выбор реагентов для регулирования олеофильности 
поверхности алмазов и минералов кимберлита в процессах кондиционирования алмазо-кимберлито-
вых продуктов перед их обогащением пенной сепарацией, флотацией и рентгенолюминесцентной се-
парацией с применением люминофорсодержащих реагентов-модификаторов и собирателей, основой 
состава которых являются аполярные коллекторы. В работе представлены результаты комплексных 
физико-химических исследований влияния реагентов-регуляторов различных классов на закрепле-
ние аполярных коллекторов на поверхности алмазов и минералов кимберлита (визиометрический 
анализ, измерение краевых углов смачивания в системе минерал – органический коллектор – водная 
фаза, измерение поверхностного натяжения на границе раздела фаз органический коллектор – во-
дная фаза – беспенная флотация). На основе анализа полученных данных обоснованы и выбраны эф-
фективные реагенты-регуляторы, обеспечивающие селективность обогащения алмазов. Исследованы 
реагенты-регуляторы, принадлежащие к классам алкиларилфосфонатов (НТФК, ОЭДФ), аминополи-
карбоновых кислот (ЭДТА), катионоактивных полимеров (ПЭГ-1500, Неонол АФ-9-6), полифосфатов 
(ТПФ), бифункционально модифицированных производных карбоксиметилцеллюлозы (КМЦ 75-В 
и Камцел-600), смеси алкилфосфатов, алкилфосфонатов и анионных полимеров (ИС-3), ионогенных 
и  неионогенных азотсодержащих полимеров (Эмульгатор ОП-4, Оксипав А1218.30), аминоспиртов 
(ТЭА), гидроксикислот (молочная кислота), четвертичных аммониевых оснований (сульфат аммония). 
В качестве основных минералов кимберлита, склонных к адгезии аполярных коллекторов, выбраны 
тальк, пирит, кальцит, мусковит, флогопит, серпентин, доломит. Установлено, что в наибольшей мере 
краевой угол смачивания снижают реагенты Неонол АФ-9-6, Эмульгатор ОП-4, Оксипав А1218.30, 
что связано с существенным снижением поверхностного натяжения границы раздела фаз органиче-
ский коллектор – водная фаза. Термодинамическая оценка олеофильности минералов кимберлита, 
проведенная по уравнению Дюпре–Юнга с использованием результатов измерения краевых углов 
смачивания и  поверхностного натяжения, показала, что энергия адгезии органического коллекто-
ра на минералах кимберлита при добавках реагентов-регуляторов снижается в 2–6 раз и достигает 
значений 6–17 Дж/м2, приближающихся к энергии адгезии воды (5 Дж/м2). На алмазах энергия адге-
зии аполярного коллектора при максимальных концентрациях снижается только до 17–27,5 Дж/м2, 
что и обусловливает его устойчивое закрепление. Результаты флотационных опытов подтвердили 
депрессирующую способность исследованных реагентов-регуляторов по отношению к флотоактив-
ным минералам кимберлита. На основе анализа полученных данных выбраны и рекомендованы для 
апробации в промышленных режимах пенной сепарации эффективные реагенты-регуляторы, обеспе-
чивающие повышение селективности закрепления аполярного коллектора на поверхности алмазов 
и минералов кимберлита: НТФК, ОЭДФ, ИС-3, ОП-4. 

Ключевые слова
алмазы, кимберлит, минералы, коллектор, олеофильность, реагенты, поверхностно-активные веще-
ства, работа адгезии, флотация, селективность
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Introduction
The current task in developing a process for ex-

tracting weakly and abnormally luminescent diamonds 
in X-ray luminescence separation processes is to in-
crease the selectivity of attachment of phosphor-con-
taining modifying agents on the surface of diamonds 
and the rational selection of regulating agents pre-
venting the attachment of apolar collecting agents, 
which are part of the modifying agents used, on the 
hydrophobic minerals of kimberlite  [1,  2]. A  similar 
objective, increasing the selectivity of attachment of 
apolar collecting agents on the surface of diamonds, is 
a prerequisite for improving the efficiency of flotation 
and froth separation processes [3, 4]. In both cases, in 
order to select effective agent modes, it is necessary 
to establish the regularities of attachment of organic 
collecting agents and regulating agents that regulate 
hydrophobicity and oil receptivity on diamonds and 
kimberlite minerals [1, 5].

The purpose of the research is to select appropri-
ate agents for regulating the oil receptivity of diamond 
and kimberlite mineral surfaces in the conditioning of 
diamond-kimberlite products prior to their benefici-
ation by froth flotation and X-ray luminescence sep-
aration using phosphor-containing modifying agents 
and collecting agents, the basis of which is apolar col-
lecting agents. 

The objectives of the research were:
– identification of kimberlite minerals most 

prone to adhesion of organic collecting agent drops;
– determining the influence of regulating agents 

on the adhesion energy of apolar collecting agents 
on the surface of diamonds and oleophilic kimberlite 
minerals;

– selection of regulating agents that maximally 
increase the contrast in the flotation response of dia-
monds and kimberlite minerals.

The basis for selecting research methods and ap-
proaches to solving the task at hand is an analysis of 
current scientific and technical developments and re-
search in the field of regulating surface processes in 
water-mineral disperse systems [6, 7].

A significant number of studies in this area have 
been conducted in relation to the processes of froth 
flotation and separation of diamonds from kimber-
lites1 [8, 9]. Along with the selection of collecting 
agents, the presented works recommended a speci- 
fic set of regulating agents designed to suppress the 
floatability of kimberlite.

The results of research in related fields were also 
used to make an informed choice of regulating agents. 

1  Yun R.-Kh., Kuznetsov D. Method for Extracting Dia-
monds from Vein Minerals. RF Patent No. 2412901, C2, publ. on 
27.02.2011, Bul. No. 6 (In Russ.)

The studies related to the use of layered aluminosilicate 
minerals as sorbents for heavy metals and petroleum 
products from wastewater [10] are similar in nature to 
the task at hand. However, due to the inverse final objec-
tive (increasing the sorption of pollutants), most of the 
theoretical and experimental provisions of these works 
only partially describe hydrophilization processes.

Research into the methods of increasing oil re-
covery from oil reservoirs is also of interest, particu-
larly with regard to the use of regulating agents that 
help reduce the hydrophobicity of reservoir mine- 
rals, including layered aluminosilicate minerals [11]. 
However, due to the different mineral composition 
of the host rocks, the characteristics of the organic 
phase (oil), temperature, and pressure, most of the 
theoretical principles and experimental data are only 
of limited applicability for describing the hydrophili-
zation processes of kimberlite minerals. 

Another area in which a similar task of reducing 
the fouling of working surfaces with hardness salts is 
being addressed is the process of agent conditioning 
of aqueous media in thermal units and reverse osmo-
sis plants [12]. 

Despite the differences between the processes 
considered and those occurring during processing of 
diamond-containing products prior to X-ray lumines-
cence and froth separation processes, the similarity of 
the tasks to be solved – increasing the hydrophilicity 
of rock minerals and cleaning the surface of working 
elements from hydrophilic coatings – is the basis for 
selecting the range of regulating agents for the re-
search being conducted.

To make an informed choice of agents that regu-
late the selectivity of attachment of agents modifying 
X-ray spectral characteristics and collecting agents on 
the surface of diamonds in the processes of X-ray lumi-
nescence and froth separation, a complex of physical 
and chemical research methods and thermodynamic 
modeling of the action of regulating agents on the at-
tachment of organic collecting agents on hydrophobic 
kimberlite minerals in high-salt waters was used.

Research Techniques
The following objects were selected for the re-

search: diamond crystals with polished surfaces, kim-
berlites of different degrees of metamorphism, as well 
as polished sections and plates of the most significant 
kimberlite minerals. CCHGO (cat cracking heavy gas 
oil) with additives of bunker fuel (BF) and luminol 
was used as a collecting agent. The studies were con-
ducted using solutions of twelve regulating agents of 
different classes in model high-salt water, similar in 
composition to reclaim waters of beneficiation plants 
processing diamond-bearing kimberlites.

https://mst.misis.ru/
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To preliminarily assess the intensity of organic 
collecting agent attachment on kimberlite minerals, 
a vision-based method [2] was used, which inclu- 
ded treating a sample with an emulsion of a phos-
phor-containing organic collecting agent and obtain-
ing and analyzing images of the mineral surface under 
ultraviolet light. The intensity of an organic collecting 
agent attachment to the surface of diamonds, indivi- 
dual minerals, and kimberlite grains was determined 
by analyzing images of the surface area occupied by 
the organic collecting agent after treatment of mine- 
ral samples. To measure the proportion of the sur-
face occupied by the collecting agent (the degree of 
coverage), the areas with characteristic luminescence  
(ν = 500 nm) corresponding to the radiation of a mix-
ture of CCHGO with BF and luminol were recorded.

To evaluate the influence of regulating agents 
on the oil receptivity of kimberlite minerals, wetting 
contact angles were measured in the mineral–organic 
collecting agent–aqueous phase system [13]. Methods 
for measuring wetting contact angle have previously 
been used to evaluate the restoration of hydrophobic-
ity in natural diamonds through various types of phys-
ical and physicochemical treatment [14]. A DSA25 in-
strument equipped with image processing software2 
was used to measure the wetting contact angle.

The built-in program determined the wetting con-
tact angle at the moment of stabilization of the min-
eral – organic collecting agent drop – aqueous phase 
system (Fig. 1, a). 

2  Drop Shape Analyzer DSA25 Specifications. URL: https://
www.kruss-scientific.com/files/kruss-techdata-dsa25-en.pdf/

After each measurement, the surface of a di-
amond was cleaned using toluene and a 1N hydro-
chloric acid solution. To measure the wetting contact 
angle on kimberlite minerals, polished sections or 
plates of a mineral obtained by splitting natural sam-
ples were used.

The wetting contact angle in the apolar liquid–
mineral–aqueous phase system is an informative 
quantitative characteristic of oil receptivity and is 
widely used to describe the wetting process of vari-
ous surfaces in technological processes [15]. To study 
the attachment of a collecting agent on minerals in 
an aqueous phase, a dynamic method for measuring 
three-phase wetting contact angle was used [4, 16]. 
According to the method used, the surface of a mineral 
sample was first held in an aqueous phase of a speci- 
fied composition, then the level of the aqueous phase 
in the cuvette was lowered to the level of the sample 
surface, and a drop of an organic collecting agent of 
a specified volume was applied. After applying a drop 
of a collecting agent to the surface of a sample in the 
cuvette, the liquid level was increased. At the same 
time, part of the drop detached from the surface of the 
sample and settled at the interface between the aque-
ous phase and the air. The wetting contact angle on 
the three-phase wetting perimeter was measured af-
ter equilibrium was established without removing the 
aqueous phase. The method used simulates the pro-
cess of attachment of an apolar collecting agent on 
a mineral in a turbulent environment typical for the 
conditioning of diamond-kimberlite products prior to 
X-ray luminescence and froth separation processes.

	 а	 b
Fig. 1. Image of a drop of organic collecting agent, CCHGO (cat cracking heavy gas oil):

a – on the surface of a mineral polished section with the results of measuring the wetting contact angle on the DSA25 
instrument; b – on the curved capillary of the ST-1 stalagmometer

https://mst.misis.ru/
https://www.kruss-scientific.com/files/kruss-techdata-dsa25-en.pdf/
https://www.kruss-scientific.com/files/kruss-techdata-dsa25-en.pdf/
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To calculate the adhesion energy of an apolar 
collecting agent on the surface of minerals using the 
Dupré–Young equation, the surface tension of the in-
terface between the organic collecting agent and the 
aqueous phase was determined. The measurements 
were performed using a ST-1 stalagmometer by de-
termining the volume of floating drops of the col-
lecting agent that detached from the curved capillary 
(Fig.  1,  b), in accordance with the standard method3. 
The surface tension at the interface between the aque-
ous phase and air was measured by determining the 
volume of falling drops from a straight capillary in ac-
cordance with the method.

The flotation of diamonds, minerals, and kimber-
lite grains was carried out using the frothless flotation 
method in a Hallimond tube. The experimental meth-
od included preparing a mineral sample, preparing 
a liquid phase (high-salt water), water conditioning 
with a regulating agent, mineral sample condition-
ing with a collecting agent in water containing an oil 
receptivity regulating agent, flotation of diamonds, 
kimberlite, or kimberlite minerals, dewatering, dry-
ing, and weighing of the flotation products [4].

Visiometric analysis 
of organic collecting agent attachment  

on samples of kimberlite mineral components
At the initial stage of the research, kimberlite 

minerals were selected that are characterized by 
significant adhesion of the apolar collecting agent 
(CCHGO with BF and luminol) from aqueous emul-

3  GOST R 50097–92 “Surfactants. Determination of Inter-
facial Tension. Drop Volume Method”.

sions. Minerals most commonly found in kimberlites 
of different degree of metamorphism were selected 
for the research. Model high-salt water was used to 
obtain the collecting agent emulsion. The concentra-
tion of the phosphor-containing collecting agent in 
the emulsion was 200 mg/L. The treatment time was 
1 min. After the treatment and removing excess emul-
sion, the mineral sample was rinsed with reclaim wa-
ter for 30 seconds. 

The analysis of the images of mineral samples un-
der ultraviolet light revealed significant differences in 
the intensity of organic collecting agent attachment 
on their surfaces: from almost complete coverage 
(talc, see Fig. 1) to complete absence of attachment 
(chromite, Fig. 2).

	 а	 b	 c
Fig. 2. Images and results of visiometric analysis of the attachment of an organic collecting agent with dissolved phosphor 

on the surface of kimberlite minerals and associated minerals: a – in daylight; b – in UV light after treatment 
with a collecting agent; c – distribution of an organic collecting agent across mineral samples.  

Here (from right to left, top to bottom): olivine, calcite, celestine, muscovite, talc, pyrite, chromite, pyrope

Table 1
Results of visiometric analysis of apolar collecting 

agent attachment on kimberlite minerals

No. Mineral Prevalence 
in kimberlite, %

Percentage 
of surface area 

covered by organic 
collecting agent, %

1 Diamond 2–10 carats/t 56–95

Kimberlite minerals

2 Calcite 1–40 22–65

3 Muscovite 0.1–5 25–50

4 Talc 0.1–5 80–93

5 Pyrite 0.05–1 35–55

6 Phlogopite 0.1–5 15–25

7 Serpentine 1–10 7–10

8 Dolomite 0.5–15 7–12

https://mst.misis.ru/
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The results of the visiometric measurements al-
lowed to select seven kimberlite minerals with high 
and medium degrees of coverage by the apolar col-
lecting agent for further research (Table 1).

Minerals associated with diamonds that have a re- 
latively high tendency to adhesion with organic collec- 
ting agents (celestine, pyrope, etc.) were not studied, as 
their contents in kimberlite are very insignificant.

Selection of agents for regulating  
the oil receptivity of kimberlite minerals

When selecting the initial range of agents for re- 
gulating the oil receptivity of kimberlite minerals, 
both traditional and new classes of organic compounds 
used to regulate the properties of minerals during flo-
tation were considered: phosphorus-containing che-
lates, bifunctional cationic and anionic polymers, hy-
droxy acids, amino alcohols, bifunctionally modified 
carboxymethylcellulose derivatives, cationic nitro-
gen-containing olefins, aliphatic amines, quaternary 
ammonium compounds, and cationic polymers4 [8]. 
Initially, the list for the research included the agents 
used in related industries. For instance, the agents of 
 

4  Yun R.-Kh., Kuznetsov D. Method for Extracting 
Diamonds from Vein Minerals. RF Patent No. 2412901, C2, 
published on 27.02.2011, Bul. No. 6 (In Russ.).

the alkylarylphosphonate, nitrogen-containing ole-
fin, and aliphatic amine classes are effectively used in 
oil production to increase oil recovery by reducing the 
hydrophobicity of reservoir minerals [17, 18]. The se-
lection criteria were the requirements of commercial 
production of the agents of the listed classes and vali-
dation in flotation processes and related industries. In 
accordance with these requirements, 14 agents pre-
sented in Table 2 were selected for the studies.

A preliminary assessment of the effectiveness of 
the regulating agents under consideration was car-
ried out by determining the “critical” concentration at 
which the attachment of an organic collecting agent 
ceases. The criterion for the effectiveness of regulat-
ing agents was their ability to minimize the wetting 
contact angle to the point of removing an organic col-
lecting agent drop from the surface of a mineral sam-
ple when treated with regulating agent solutions in 
the concentration range from 10 to 1000 mg/L. Phlo-
gopite was selected as an indicator mineral.

The results of the studies showed that a significant 
decrease in the wetting contact angle and detachment 
of an organic collecting agent drop from the surface 
of phlogopite in the specified concentration range is 
achieved when using 13 regulating agents (with the 
exception of ammonium sulfate). Therefore, all these 
agents were selected for subsequent tests (Table 2).

Table 2
Critical concentrations of regulating agents for attachment of organic collecting agent on phlogopite

No. Regulating agent (of technical grade) Class of organic compounds

Critical concentration 
of regulating agent, mg/L

with partial 
detachment  

of a collecting 
agent drop

with complete 
detachment 

of a collecting 
agent drop

1 Zinc complexonate of 
nitrilotrimethylphosphonic acid (NTPA)

Nitrilalkyl triphosphonate 130 166

2 Oxyethylidenediphosphonic acid (OEDPA) Alkyl diphosphonate 90 130
3 Ethylendiaminetetraacetic acid (EDTA) Aminopolycarbonic acid 130 166
4 Polyethylene glycol (PEG-1500) Cationic polymer 90 130
5 Sodium tripolyphosphate (STPP) Polyphosphate 90 130
6 Polyethylene glycol ether of monoalkyl 

phenols (Neonol AF-9-6)
Cationic nitrogen-containing polymer 50 70

7 Modified carboxymethylcellulose (CMC 75-V) Bifunctionally modified CMC derivatives 70 90
8 Compound action antiscalant (AKVA-IS3) A mixture of alkyl phosphates, alkyl 

phosphonates, and anionic polymers
130 170

9 Technical glyoxylic sodium carboxymethyl-
cellulose (Kamcel-600)

Bifunctionally modified CMC derivatives 50 70

10 Alkyl C8-12-phenol ethoxylated (Emulsifier 
OP-4)

Short-chain aliphatic amine 50 70

11 Alkyldimethylamine oxideC12–C18 (Oxipav 
A1218.30)

Nonionic nitrogen-containing polymer 70 90

12 Triethanolamine (TEA) Amino alcohol 500 1000
13 2-hydroxypropanoic acid (Lactic acid) Hydroxy acid 330 500
14 Ammonium sulfate Quaternary ammonium compound – –
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Research and thermodynamic analysis 
of the influence of regulating agents 

on the oil receptivity of kimberlite minerals
The thermodynamically justified parameter of the 

wetting ability of an organic collecting agent and, at 
the same time, the oil receptivity of a mineral surface 
is the work (energy) of adhesion. The work of adhesion 
of an apolar collecting agent on a mineral surface can 
be calculated using the Dupré–Young equation [19]:

– – 1–cos ,( )oc m oc wW = σ θ 	 (1)
where Woc–m is the work of adhesion of a collecting 
agent on a mineral, J/m2; σoc–w is the interfacial ten-
sion at the interface between an organic collecting 
agent and an aqueous phase, N/m; θ is the three-
phase wetting contact angle for a drop of organic 
collecting agent on a mineral surface in an aqueous 
phase, degrees.

To calculate the adhesion of an apolar collecting 
agent on a mineral surface, the wetting contact an-
gles on diamond and kimberlite minerals (see Table 1)  
were measured using a DSA25 instrument in the aque-
ous phase (model high-salt water) with regulating  
agents dissolved in it in the concentration range of 
0–500 mg/L. A mixture of CCHGO and BF (85 and 15%) 
was used as an organic collecting agent. During pre-
liminary wetting of the polished sections, high-salt 
model water with additives of regulating agents was 
also used. A drop of an organic collecting agent was 
applied to the surface of a moistened mineral sample 
using a DSA25 dispenser syringe, after which the aque-
ous phase level in the cuvette was raised and images of 
a collecting agent drop attached to the surface of the 
mineral sample were obtained (see Fig. 1, a).

Next, using a ST-1 stalagmometer according to 
the method described in GOST R 50097–925, the mass 
and volume of ten drops of an organic collecting 
agent, which detached themselves from a curved ca- 
pillary in an aqueous medium were measured. Based 
on the data obtained, the cell constant K (measured 
using kerosene) was found and the surface tension at 
the interface between an organic collecting agent and 
the aqueous phase (σoc–w) was determined for diffe- 
rent agents in the concentration range of 0–500 mg/L:

47.5 ;
( )water kerosene

K
V

=
ρ −ρ 	

(2)

– ,( – )oc w w ocKVσ = ρ ρ 	 (3)
where V is the volume of a droplet, m3; ρwater is density 
of water, kg/m3; ρkerosene is density of kerosene, kg/m3; 
47.5 is the surface tension of kerosene-water inter-

5  GOST R 50097–92 (ISO 9101–87) “Surfactants. Determi-
nation of Interfacial Tension. Drop Volume Method”.

face, mN/m; ρw is density of aqueous phase, kg/m3; ρoc 
is density of organic collecting agent, kg/m3.

The results of measuring the wetting contact an-
gle showed that the selected agents affect the wet-
tability of the surface of diamond, talc, calcite, and 
muscovite (Fig. 3, a, b) with an apolar collecting agent 
to different extent. It has been established that the 
agent Neonol AF-9-6 reduces the wetting contact 
angle of kimberlite minerals to the greatest extent. 
However, when using this agent, the wetting contact 
angle decreases on the surface of diamonds too. An 
effect on a diamond that differs from other agents is 
observed when emulsifier OP-4 is added: after an ini-
tial decrease in the wetting contact angle in the con-
centration range of 0–130 mg/L, a noticeable increase 
in the measured value is observed at higher concen-
trations (see Fig. 3, a).

The minimal decrease in the wetting contact angle 
on kimberlite minerals is observed with the addition 
of alkylarylphosphonates (using NTPA as an example) 
and aliphatic alcohols (using PEG-1500 as an exam-
ple). However, it should be noted that the decrease in 
the wetting contact angle when using these agents is 
significantly greater than on diamonds that indicates 
the potential benefit from their application. Organic 
polymers based on carboxymethylcellulose have the 
property of effectively reducing the oil receptivity of 
kimberlite minerals, but they also have a similar effect 
(to a lesser extent) on the attachment of apolar col-
lecting agents on diamonds (see Fig. 3), which allows 
them to be used at very low concentrations. 

The results of surface tension measurements at 
the collecting agent–aqueous phase interface, par-
tially presented in Table 3, indicate differences in the 
action of the studied regulating agents. The agents 
representing the classes of ionogenic and non-iono-
genic nitrogen-containing polymers (Neonol AF  9-6 
and Oxypav A1218.30) and short-chain aliphatic 
amine (OP-4) exhibit surfactant properties, reducing 
the surface tension at the interface between an orga- 
nic collecting agent and aqueous phase by 2.8–3 times 
(see Table 3).

Agents of other classes exhibit significantly lo- 
wer surfactant properties, reducing surface tension by  
10–25% at a concentration of 300–500mg/L. The results 
of the surface tension measurements at the interface 
between an organic collecting agent and the aqueous 
phase in the presence of regulating agents were used to 
calculate the adhesion energy using equation (1).

The results of the calculations of adhesion energy 
on diamond, talc, calcite, and muscovite presented in 
Fig. 4 show that the agents studied reduce the adhe-
sion energy of the apolar collecting agent on kimber-
lite minerals to different extent.
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Fig. 3. The effect of regulating agents on wetting contact angle for the three-phase wetting perimeter  
of mineral – organic collecting agent – aqueous phase for diamond (a), talc (b), calcite (c), and muscovite (d)

Table 3
Results of measuring and calculating surface tension at the interface  

between organic collecting agent and aqueous phase (model high-salt water)

Regulating agents
Concentration, mg/l

0 50 100 170 230 300 500
Surface tension, mN/m

NTPA 30.43 30.08 28.04 27.44 27.04 26.56 26.08
OEDPA 30.43 27.43 25.34 22.99 21.65 20.34 20.17
EDTA 30.43 30.13 30.01 29.60 29.14 26.33 22.08
PEG-1500 30.43 28.45 27.05 24.83 24.00 24.45 24.60
STPP 30.43 26.20 25.24 25.01 24.78 25.12 22.50
Neonol AF 9-6 30.43 24.21 20.14 16.32 15.91 14.23 12.33
CMC 75-V 30.43 28.34 27.77 27.22 26.95 25.45 23.47
IS-3 30.43 30.01 29.07 28.56 28.34 27.77 27.40
KAMCEL-600 30.43 28.56 28.13 27.89 27.73 27.10 27.30
OP-4 30.43 23.11 19.10 16.24 15.22 13.56 11.65
OXYPAV A1218.30 30.43 20.66 14.34 11.01 9.52 9.45 9.04
Triethanolamine 30.43 28.33 27.40 26.22 26.00 26.04 25.91
Lactic acid 30.43 28.00 27.25 27.02 26.86 25.34 23.30
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Fig. 4. The effect of regulating agents on the energy (work) of adhesion  
of an apolar collecting agent on diamond (a), talc (b), calcite (c), and muscovite (d)

The adhesion energy of the organic collecting 
agent on diamond with the addition of regulating  
agents (except for Neonol AF-9-6) decreases by  
1.5–2 times to values of 17–27.5 J/m2 (see Fig. 4, a). 
On kimberlite minerals, the adhesion energy of the 
organic collecting agent decreases by 2.5–6 times and 
reaches values of 6–17 J/m2 (see Fig. 4, b, c, d). Neonol 
AF-9-6 has the unusual ability to sharply reduce the 
adhesion energy of organic collecting agents on all 
samples, including diamonds. 

To justify the hydrophilization of minerals under 
the influence of regulating agents, it seems appro-
priate to compare the adhesion energy of the organic 
collecting agent at “pre-critical” (before a collecting 
agent drop detaches) concentrations of regulating 
agents and the adhesion energy of the aqueous phase. 

The measurement results showed that for muscovite, 
the measured value of the wetting contact angle of 
a model water drop in air was 38 degrees and, accor- 
dingly, the calculated adhesion energy of the aque-
ous phase was 5.7 J/m2. The value obtained is close to 
the adhesion energy at “pre-critical” concentrations 
of regulating agents, ranging from 7 to 10.5 J/m2 (see 
Fig. 4, d). Extrapolating the dependence of the adhe-
sion energy on concentration to the “critical” concen-
tration gives an adhesion energy value at the moment 
of a drop detachment of 5–7.5 J/m2. This result allows 
to conclude that the detachment of a drop of the or-
ganic collecting agent from the mineral surface, i.e., 
its hydrophilization, occurs when the adhesion ener-
gies of water and the apolar collecting agent on the 
mineral are equal or close in value.

https://mst.misis.ru/


388

ГОРНЫЕ НАУКИ И ТЕХНОЛОГИИ
MINING SCIENCE AND TECHNOLOGY (RUSSIA)

Chanturiya V. A. et al. Regulation of the oil receptivity of the surface of diamonds and kimberlite minerals...2025;10(4):379–392

https://mst.misis.ru/

eISSN 2500-0632

Studies of the influence of regulating agents 
on the floatability of kimberlite minerals 

using an apolar collecting agent
The general regularities described above regar- 

ding the influence of regulating agents on the attach-
ment of an organic collecting agent have been con-
firmed by the results of the studies on the floatability 
of kimberlite minerals and diamonds. 

Flotation in laboratory conditions can be used to 
simulate the industrial process of froth separation. When 
studying the interaction of apolar collecting agents 
with the surface of floatable minerals, a close correla-
tion is observed between the extent of collecting agent 
attachment on minerals and their floatability [20]. The 
monomineral flotation method in a Hallimond tube is 
a widely recognized method for assessing the hydropho-
bicity of mineral surfaces and evaluating the potential 
for using collecting agents in industrial processes [21].

For flotation tests, a fraction of a size of 
−250  +  75  μm was separated from the crushed mo-

nomineral material by screening, from which a mi- 
neral sample weighing 150 mg was taken. The sam-
ple was kept in a 35 ml of aqueous phase for 60 min-
utes. Then, a regulating agent was added to the aque-
ous phase, the sample was kept for 5 minutes, and 
a collecting agent, F-5 bunker fuel, was added. The 
conditioning stage with the collecting agent lasted 
1 minute. The collecting agent consumption was 2 µl 
(about 1.86 mg) per 35 ml of the aqueous phase, and 
the collecting agent concentration during condition-
ing was 52 mg/l. After conditioning, the sample with 
the aqueous phase was loaded into a flotation unit, 
topped up with the aqueous phase, and floated for 
4 minutes at a total air flow rate of 50 ml. The tem-
perature of the aqueous phase in the conditioning 
and flotation stages was 24 °C.

The results of the flotation tests showed that the 
addition of different classes of regulating agents has 
different effects on the floatability of diamonds and 
kimberlite minerals (Fig. 5).
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Fig. 5. The effect of regulating agents on floatability of diamond (a), talc (b), calcite (c), and muscovite (d)
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Table 4
Influence of regulating agents on the flotation selectivity of diamonds and kimberlite

Regulating agent Diamond 
recovery, %

Kimberlite yield into froth product, % Selectivity criterion S, % 

Sample 1 Sample 2 Sample 1 Sample 2

No additives 92.3 3.77 4.94 87.40 85.88

NTPA 92.5 2.04 2.51 89.85 89.24

OEDPA 92.3 2.57 2.56 88.96 88.97

EDTA 90.5 2.44 2.82 87.33 86.83

PEG-1500 91.9 5.65 4.86 84.56 85.58

STPP 88.3 2.31 3.69 85.30 83.50

Neonol AF 9-6 86.3 0.67 1.92 85.43 83.80

Neonol AF 9-6 (50 mg/L) 90.5 2.12 2.66 87.74 87.04

CMC 75-V 88.5 2.16 1.79 85.69 86.17

IS-3 90.4 1.36 2.44 88.63 87.23

KAMCEL-600 88.8 1.97 2.43 86.24 85.64

OP-4 94.2 2.44 5.12 91.03 87.54

Oxypav A1218.30 84.3 1.33 1.48 82.57 82.38

Oxipav A1218.30 (50 mg/L) 88.3 1.15 1.22 86.81 86.71

Triethanolamine 88.3 3.4 3.87 83.88 83.27

Lactic acid 89.2 3.2 3.99 85.04 84.01

A noticeable decrease in the recovery of dia-
monds and kimberlite minerals with the addition of 
a regulating agent is observed with CMC-75-V and 
Neonol AF-9-6. The character of the dependencies 
of diamond and kimberlite mineral recovery on the 
consumption of other regulating agents differs sig-
nificantly. For instance, with NTPA addition, dia-
mond recovery remains virtually unchanged, while 
the floatability of kimberlite minerals significantly 
decreases. PEG-1500 agent does not reduce the floa- 
tability of diamonds and has a relatively weak effect 
on the floatability of kimberlite minerals. OP-4 dis-
persing agent increases the floatability of diamonds 
and reduces the floatability of kimberlite minerals.

Further studies were conducted on kimberlites 
differing in the degree of metamorphism and miner-
al composition: kimberlite sample 1 was represented 
mainly by primary minerals: olivine (55%), phlogopite 
and muscovite (8%), pyroxene (7%), calcite (aragonite) 
(6%), dolomite (2.2%), chromite (2%), iron sulfides 
(1.2%), titanomagnetite (1.0%), pyrope (0.3%), etc.; 
kimberlite sample 2 was represented by calcite (arag-
onite) (34%), olivine (22%), phlogopite and muscovite 
(6.5%), dolomite (6.4%), pyroxene (4.4%), chromite 
(2%), talc (2%), iron sulfides (1.1%), titanomagnetite 
(1.0%), pyrope (0.25%), etc. 

Before flotation, a kimberlite sample was de-
slimed and a material with a particle size of −400 
+180 mm went to flotation. The method of prepara-

tion and flotation of kimberlite corresponded to the 
method of flotation of diamonds and individual kim-
berlite minerals. 

Based on the analysis of the data obtained during 
the flotation of diamonds and individual kimberlite 
minerals, a concentration of 200 mg/L of regulating 
agents was selected for kimberlite flotation tests 
(with an additional 50 mg/L for Neonol AF-9-6 and 
Oxypav A1218.30).

The results of the studies showed that it is fea-
sible to suppress the floatablity of kimberlites when 
using the tested regulating agents. The agents Neolon 
AF-9-6, Oxypav A1218.30, IS-3, and Kamcel 600 most 
intensively reduce the floatability (yield) of kimber-
lites (Table 4).

However, since applying certain agents resulted 
in a decrease in diamond recovery, specialized cri-
teria, such as selectivity criteria, must be applied to 
assess their effectiveness and suitability for use. The 
selectivity was evaluated using the equation proposed 
in [1] for the froth separation process:

–1.3 ,S = ε γ 	 (4)
where S is selectivity criterion; ε is diamond recovery; 
γ is yield (recovery) of kimberlite into concentrate.

The analysis of the calculated selectivity criterion 
showed that the highest selectivity of diamond flo-
tation was achieved when using NTPA, OEDPA, IS-3, 
and OP-4 regulating agents (see Table 4).
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Nevertheless, the feasibility of using some other 
studied regulating agents to increase the selectivity 
of flotation extraction of diamonds from kimberlites 
of various origins has been confirmed.

Thus, the studies conducted have established the 
feasibility of reducing the floatability of kimberlite 
minerals and kimberlite rock particles and improving 
the performance indicators of diamond-bearing kim-
berlite flotation using regulating agents of classes of 
alkylarylphosphonates, short-chain aliphatic amines, 
and complex agents. The use of agents with strong 
surfactant properties (ionic and nonionic nitro-
gen-containing short-chain polymers) will yield posi-
tive results when varying their consumption based on 
the data from the tests with reduced consumption of 
Neonol AF-9-8 and Oxipav A1218.30 agents.

Key findings
Based on the analysis of comprehensive physico-

chemical studies of the interaction of apolar collecting 
agents and regulating agents of various classes with 
the surface of diamond-bearing kimberlite minerals 
and the results of flotation studies, regulating agents 
have been justified and selected that ensure increased 
selectivity of the processes of diamond-bearing kim-
berlite beneficiation by froth and X-ray luminescence 
separation. 

Visiometric analysis has determined that, among 
kimberlite minerals, talc, calcite, muscovite, pyrite, 
and phlogopite possess the highest adhesive activity 
in relation to apolar collecting agents (oil receptivity) 
and flotation response. 

According to the measurements of the wetting 
contact angle, a clear trend has been identified towards 
a decrease in the adhesive activity of flotation-active 

kimberlite minerals in relation to the apolar collec- 
ting agent when using alkylarylphosphonates (NTPA, 
OEDPA), aliphatic alcohols (PEG-1500); bifunctio- 
nally modified CMC derivatives (CMC-75-V; Kam-
cel 600), ionogenic and non-ionogenic nitrogen-con-
taining polymers (Neonol AF-9-6, Oxypav A1218.30), 
short-chain aliphatic amines (OP-4 dispersing agent), 
complex agents (IS-3 agent).

The calculations using the Dupré–Young equa-
tion (based on the experimentally obtained values 
of the wetting contact angle and surface tension at 
the interface between the organic collecting agent 
and the aqueous phase) showed that when regulating 
agents were added, the adhesion energy of the apolar 
collecting agent on kimberlite minerals, with the ex-
ception of talc, decreased by 2.5–6 times and reached 
values of 6–15 J/m2, comparable to the adhesion ener-
gy of the aqueous phase (5.7 J/m2). At the same time, 
under similar conditions, the adhesion energy of the 
collecting agent on diamonds decreased to the va- 
lues of 17–27.5 J/m2 that caused the apolar collecting 
agent to adhere to diamonds stably. This fact prede-
termines the enhancement of the contrast in the flo-
tation response of kimberlite minerals and diamonds 
due to applying the regulating agents and justifies the 
feasibility of increasing the selectivity of diamond flo-
tation from kimberlites.

The results of the flotation studies on diamonds 
and kimberlites of different degrees of metamorphism 
confirmed the feasibility of increasing the selectivi-
ty of diamond flotation when using NTPA, OEDPA, 
IS-3, and OP-4 regulating agents. The listed regulat-
ing agents are recommended for testing in industrial 
froth separation processes in diamond-bearing kim-
berlite processing flowsheets.
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