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Abstract. Percentage of high-rank coal with low content of ash, moisture, and sulfur in total coal production output is
low. Most of the produced coal has a low quality (lignite, bituminous coal: long-flame and fiery). Under increasing
requirements for ecological cleanness of coal, the efficient use of coal products is only possible after improvement of
their processing properties. The authors discuss the enhancement of flotation efficiency of low-rank coal using the
mechanism of physisorption of a collecting agent in particle — bubble attachment. It is explained why the yield of
concentrate with low ash content increases as a result of combination of collectors having different physical properties.
It is shown that the surface activity of a heteropolar agent relative to the gas — liquid interface and the adsorption density
of the agent govern its collecting properties. Based on the recovery — surface activity relationship, the correlation is
found between the collecting activity of a chemical compound and the structure of its molecules. The combination of
the collectors with different surface activity enables adjusting collectability and selectivity of the blend. The physisorp-
tion mechanism of collectors can be a framework for developing recommendations on modification of concentrate yield
and ash content, and on selection of optimized ratios of surface activities of miscible collectors relative to the gas —
liquid interface.
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Introduction. The electric power sector in Russia in recent decades features a steady trend to-
ward a decline in the quality of coal as a consequence of the growing scale of its gross production.
Low-rank coals used in power generation in Russia differ drastically by composition and qualities
which govern efficiency of coals in terms of energy, ecology, and economy. Ash content of low-rank
fuel exceeds 40 %. It is unlikely that the quality of coal can improve in the future as it is planned to
increase production of power-station coals by open-pit mining of lower rank coal deposits.

In Russia run-of-mine coal is mostly used in industrial power generation. The use of low-rank
coals features lower combustion heat and higher fuel consumption [1]. Combustion of low-rank coal
slack involves increased emission of toxic pollutants, as well as elevated cost of transportation and
storage of much ash and slag. The long-term development program approved by the Russian Govern-
ment for the coal industry in Russia up to 2030 requires improvement of energy efficiency and industrial
and ecological safety. It is only possible to make low-rank coal a high-rank fuel by beneficiation. Flo-
tation is an efficient way of dressing coal slag and upgrading quality of low-rank coal.

Flotation of low-rank coal slag consumes much more conventional collectors. The process se-
lectivity drops as conventional collectors fed at increased consumption are adsorbed at ash [2-5]. To
increase coal recovery and decrease ash content of concentrate, a combination of collectors is com-
monly used. For instance, a mixture of residual fuel oil containing long-chain hydrocarbons with
kerosene substantially improved flotation of oxidized coal [6, 7]. The use of mixed dodecane and
4-dodecylphenol allowed increasing extraction of lignite [8]. The higher yield of concentration can
be explained by the increased hydrophobicity of coal as a result of sorption of 4-dodecylphenol
preferably at oxidized hydrophilic surfaces, while dodecane adsorbed at hydrophobic surfaces.
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Supposedly, higher hydrophobicity of low-rank coal enhances selectivity of its recovery. To this
effect, the surface tension of a main collector is reduced by addition of surfactants. Many researchers
think that its finer emulsification occurs and allows better spreading and flattening of microdrops
attached to coal [9, 10]. It is also possible that an apolar collector spreads over a heteropolar collector
attached to oxidized areas of coal [11-13].

It is stated in [14] that reagents containing apolar compounds, which are more akin to aromatic
components of coal of medium and high metamorphic degree and are capable of fixing on the coal
surface in a droplet form rather than in molecular form at the coal surface, are more effective. It is
also believed that a physisorbed collector should attach as microdrops [15].

Insoluble collectors find application not only in coal flotation. The use of insoluble hydroxamic
acid (AERO 6493) added with aliphatic alcohols Ce-C13 allowed improving the efficiency of apatite
ore concentration. A single flotation stage produced a concentrate with a P2Os content of 31 % and
the recovery of 95 %, while the flotation feed only contained 5 % P2Os [16, 17]. High selectivity of
extraction of apatite ore was explained by spreading of a microdrop of the insoluble complex collector
over the mineral surface [18]. Flotation of phosphate from nepheline ore using fat acids and surface-
active oxyethylated isotridecanol produced in a single process stage a high-quality concentrate con-
taining 31 % P»Os at the recovery of 95 % [19].

Allyl ethers of xanthates are the best selective agents amongst sulfide collectors. These agents
are therefore insoluble in water and are usually fed in the cycle of milling. For making a target
mineral hydrophobic, xanthate is fed in the cycle of flotation. A small consumption of xanthate,
insufficient to extract the target mineral, ensures hydrophobization, which is sufficient for the target
mineral and insufficient for the waste rock minerals. For this reason, insoluble allyl ether of xan-
thate attaches mostly to hydrophobizated sites of the target mineral, which provides high selectivity
of flotation [20].

This study aims to examine the influence exerted by the structure and composition of molecules
of a collector on its collectability, and to analyze the effect of the physisorption mechanism of a single
or mixed-type collector on coal recovery and concentrate quality.

Methods. The study used the available experimental materials on the influence exerted by the
structure and composition of molecules of a collector on its flotation activity and selectivity. To this
effect, the flotation activity of various collecting agents was correlated with the structure of their
molecules. Then, transition from the structure and composition of the collector molecules to the col-
lector activity in flotation was carried out using the physisorption mechanism of a collector [21]. The
analysis of coal recovery in concentrate in correlation with the ash content of coal also used the phy-
sisorption mechanism.

First, the role of physisorption in the particle — bubble attachment was determined. The rupture
of a water film between a particle and an air bubble involves formation of a local meniscus with an
advancing contact angle 6. To dry the surface of the coal particle facing the bubble, it is necessary
to fulfill the inequality

Ggs —Og <O\ oSO, (1)
where osc is the surface tension at the solid — gas interface; os. is the surface tension at the solid —

liquid interface; oLc is the surface tension at the liquid — gas interface.
Inequality (1) holds true when the contacting angle 04, formed after the water film rupture,

reaches the value of the dynamic receding angle 0%, which is a characteristic of wettability of a target

mineral to be extracted [22]. The value of 07 describes possibility of widening a local dry spot formed
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on the coal surface after the water film rupture. The value of 07 depends on the mineral surface
hydrophobicity, and on its chemical and geometrical heterogeneity. The time of the transition
0, —07, i.e. from the angle formed at the moment of the water film rupture to the angle 07, is

governed by the spreading rate of a physisorbed collector and by the physisorption ability to capture
water from the film.

The surface tension gradient of physisorbed surfactants at particles and bubbles defines the
spreading rate of physisorbed collector on the water film surface. The surface tension gradient
decomposes into two cofactors: G = (dc/0C) (0Clox). Here, dc/0C characterizes the surface ac-
tivity of long-chain (oxyhydryl, sulfhydryl, cation) collectors, and 0C/ox describes the concen-
tration gradient (AC) in the direction of the film movement. The concentration gradient is governed
by the consumption of a collector and by the difference between the adsorption densities of the
collector physisorption at the particle and at the air bubble. In this manner, the spreading rate is
proportional to the surface activity of a physisorbed collector and to the difference of the phy-
sisorbed collector concentrations at the particle and at the bubble at the moment of the water film
rupture between them:

v~k aC, )
oC

where K is the constant of proportionality.

It follows from relation (2) that spreading rate increases with the higher surface activity of
derivatives of a collecting agent and the greater its sorption on the extracted mineral with a
simultaneous decrease on the bubble [22]. In flotation machines, the gas environment undergoes
continuous refresh, and the surface concentration at the bubble may be assumed as zero for this
reason. A high rate of spreading of a collector over the gas — liquid interface and the high rate
of removal of water from the film interlayer reduces the induction time which unambiguously
defines floatability. According to [23], the time of water removal from the film interlayer is the
dominant factor in the mechanism of the particle — bubble attachment. Experiments have proved
the connection between the time of induction and the combustible matter extraction in concen-
trate [24].

Connection of ash content and extractability of coal from the analysis of physisorption mecha-
nism. In flotation, it is possible to improve the quality of a concentrate by using a weaker collector or
by reducing the collector consumption [14, 22]. Let us discuss the way of increasing the flotation
selectivity by changing consumption of a collector while maintaining its surface activity (do/0C
const). An apolar collector at a smaller consumption will exhibit attachment in the form of drops
predominantly to higher rank coal particles. The local rupture of the water film will take place at the
physisorbed collector attachment site, i.e. at higher quality coal. A small consumption of a collector
means no physisorption at ash particles and reduced adsorption at lower rank coal particles. As fol-
lows from equation (2), the low concentration of a collector will decrease AC, and will extend the

transition time 6a — 07 and the time of induction, which will reduce the content of ash in the con-

centrate.

An increased consumption of an apolar collector will increase its adsorption density at higher
rank coal, but the sorption on oxidized coal will also increase. Due to the increased adsorption of the
collector at coal and owing to its zero adsorption at air bubbles, AC will grow together with the higher
recovery of all coal components. If its consumption is increased more, the apolar collector attachment
at lower rank coal will grow, the latter will get in the concentrate, and the flotation froth will contain
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much ash. An increase in consumption of dodecane from 1 to 4 kg/t increased coal extraction, but at
the same time at a dodecane consumption of more than 3 kg/t, the ash content of concentrate increased
(Fig.1) [2].

Flotation of low-rank coal uses heteropolar collectors, for example, carboxylic acids. They in-
crease recovery of combustibles by minimum 30 % compared to alkanes at the same consumption of
the collectors (Fig.1) [2]. Increasing consumption of carboxylic acids can increase the concentrate
yield. An increase in consumption of octenoic and dodecanoic acids improved the yield of the com-
bustible matter but also substantially increased the ash content of the concentrate (Fig.1). This effect
is especially noticeable in case of surface-active acids having a high rate of spreading over the gas —
liquid interface (Fig.2).

A physically sorbable agent attaches preferably to hydrophobic surfaces and is a selective col-
lector. It is effective at the gas — liquid interface irrespective of the coal surface condition and is not
selective relative to target particles in this regard. Nonselectivity of physisorption grows with the
increasing rate of a physisorbed collector spreading over water surface.

Palmitic acid has a low spreading rate (Fig.2) [25]. Its physisorption (molecules) has no material
effect on the rate of water removal from the film and on the time of induction. For this reason,
extraction embraces only hydrophobic particles with a sufficient value of AC, which explains the
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Fig.1. Flotation of coal with apolar collector and carboxylic acids:
a — recovery of combustible matter; b — ash content of concentrate [2]

1 - n-pentane; 2 — n-octane; 3 — dodecane; 4 — n-hexadecane; 5 — n-pentanoic acid; 6 — n-caprylic acid; 7 — dodecanic acid; 8 — palmic acid
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Fig.2. Spreading rate of carboxylic acids over water surface versus time: a—pH =7; b - pH =10 [25]
1 — hexoic acid; 2 — octenoic acid; 3 — decanoic acid; 4 — dodecanoic acid; 5 — tetradecanoic acid; 6 — palmitic acid
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lowest content of ash in the concentrate among all 100

test acids (see Fig.1, b). The low spreading rate and 1
the long induction time result in the decreased re- & &0 ' N 2
covery of the combustible matter (see Fig.1, a). § 60l
Octenoic acid, which has the maximal <
spreading rate (0C/ox and AC have optimal va- ;% 40 +
lues), offered the maximal extraction of the com- 3
bustible matter and, because of nonselectivity of & 20|
its physisorption, the high content of ash in the 0
concentrate. Fig.3. Coll At bility of carboxylic acid bD
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lectivity by changing the flotation activity of a col- A~ n-pentanoic acid; 'B,),:-octenoi? acid: C,[d(],dgcanoic acid:
lector at the preserved constant consumption (AC D~ tetradecanolc acid; 1. - extraction of comoustible matter

const). The influence of hydrocarbon chain length

(surface activity) of carboxylic acids on flotation performance was studied in [2]. The increase in the
number of carbon atoms in hydrocarbon chain of an acid enhanced extraction of the combustible
matter from 72 % in case of pentanoic acid and to 84 % in case of octenoic acid (Fig.3). The higher
collecting ability results from the higher surface activity do/0C of acids with a longer hydrocarbon
chain containing 10-12 atoms of carbon, and from the required value of AC being achieved. Carboxylic
acids perform most actively in the neutral or weakly alkaline range of pH. For instance, oleinic acid
generates surface-active dimers which achieve the maximal concentration when pH ~8. These dimers
weaken the surface tension of the solution, generate the higher surface pressure at the moment of the
water film rupture and, accordingly, accelerate water removal from the film.

Flotation of gas and coking coals using a-olefins was tested in [26]. The maximal yield of the
concentrate was achieved with olefin containing 10 carbon atoms in hydrocarbon chain in case of
gas coal and with olefin with 12 carbon atoms in case of coking coal [21]. The maximal yield of
the concentrate was also obtained with a 12 carbon atoms chain in the radical [9]. Olefins with
hydrocarbon fragments C11 and C12 showed an increased extraction of coal by 2-2.5 % as compared
with alkanes [27]. As per the physisorption mechanism, an increase in extraction of a useful element
is connected with the higher surface activity 0c/0C and, as a consequence, with the higher spreading
rate of a surfactant over the gas — liquid interface (curve (2) in Fig.2), and with the sufficient value

of AC. The transition time 6a — 07 and the induction time become lower with surface-active acids.

Connection of molecule structure and composition with collectability and selectivity of collec-
tors. Alkanes contain no hydrophilic groups and have a low surface tension: it varies from 20.3 mN/m
for heptane to 25.35 mN/m for dodecane [28], which points at the higher surface pressure. However,
there is no interaction between molecules of alkanes with zero dipole moment and polar molecules
of water. For this reason, alkanes show no spreading over the gas — liquid interface [22]. The phy-
sisorption activity defined by the surface activity 0C/ox and by the spreading rate is low. An ad-
vantage of alkanes consists in their selective attachment at hydrophobic surfaces according to the rule
of polarity balancing between adjoining media. The strength of the physisorption attachment is not
of vital importance. After the water film rupture, a physisorbed collector goes to bubble surface.
When the content of mineral matters is low and the degree of oxidation is high, it is necessary to
select a collector with the increased donor — acceptor interaction in surface tension [29].

It is found that a monoalkylate collector containing 89-98 % of isoparaffins features high selec-
tivity [30]. The content of aromatic compounds and unsaturated hydrocarbons is less than 0.3 % and
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1.1-1.7 %, respectively. Isoparaffins mostly represent branched compounds with non-zero dipole mo-
ment. High selectivity of such collectors is governed by the absence of hydrophilic groups.

Addition of a hydrophilic group into the collector molecule changes its interaction with water
molecules, its solubility, and spreading rate. As a hydrocarbon fragment of saturated acids gets
longer, their spreading rate lowers because of cohesion between molecules in the film (see Fig.2).
The maximal spreading rate is a feature of the short-chain acid, but at small concentrations, the low
molecular mass of the acids disables their adsorption at coal surface in a sufficient amount to ge-
nerate the required value of AC. The increased molecular mass of the acids above 144 g/mole ena-
bles sufficient adsorption at coal and the increased AC. With further increase in the molecular mass
and in the hydrocarbon chain length, the spreading rate of the acids over the gas — liquid interface
will decrease (see Fig.2). The decrease in the spreading rate will increase the transition time 6a —

—0F and induction time.

Initially, an increase in the surface activity (hydrocarbon chain length) to a certain value (oc-
tenoic and decanoic acids) leads to an increase in recovery (Fig.3). The further addition of atoms
affects adversely on the recovery of combustible matter in concentrate due to cohesion of acid mole-
cules and reduced spreading rate. The decrease in the spreading rate of acids over water surface weak-
ens the physisorption effect in spreading. The chemisorption effect remains unchanged. The ratio of
the chemisorption and physisorption effects grows; the quality of the concentrate improves accord-
ingly, which is observed in flotation with dodecanoic and tetradecanoic acids (Fig.3) [31].

The dipole moment of a collector molecule characterizes the collector interaction with water
molecules. For instance, in coal flotation with alkanes, alkenes and arenes (Table 1) [32], the rise
of the dipole moment correlates with the yield of the concentrate and with the recovery of the
combustible matter, while it has no correlation with the quality of the concentrate. The dipole
moment characterizes the spreading rate of a collector over the gas — liquid interface, i.e. the
physisorption activity.

Table 1
Performance of coal flotation with alkanes, alkenes and arenes
Collectors Yield, % Ash content, % Combustible matter recovery, % Dipole moment D
Alkanes 46.0 8.2 50.7 0 (octane)
Olefins 57.8 8.5 63.7 0.25 (octene)
Arenes 76.2 8.7 83.3 0.58 (ethyl benzene)

The experimental results [2, 25, 31] imply: the increase of the surface activity and spreading rate
over water surface in physisorption raises the ash content of concentrates.

A way of enhancing extraction of the combustible matter at the good quality of a concentrate is
a combination of collectors having different values of do/0C. The flotation performance with alkane
(dodecane) and ionic and anionic (oleinic acid) collectors is compared in [33]. Figure 4 depicts the
combustible matter extraction and the concentrate ash content versus the collector consumption. The
extraction with dodecane is comparatively low because of the weak surface activity of the latter re-
lative to the gas — liquid interface. The collector spreading at the said interface takes place not due to
interaction with water molecules but due to gravity. The increase in the consumption of dodecane
only slightly enhances the yield of the concentrate as a consequence of the grown value of AC (Fig.4).
The ash content of the concentrate lowers owing to the selective attachment of the apolar collector to
the hydrophobic areas of coal surface and due to zero spreading of the collector over water surface.
In case of oleinic acid, extraction is much higher thanks to the higher value of 06/0C. The spreading
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Fig.4. Performance of low-rank coal flotation versus consumption of a collector:
a — extraction of combustible matter; » — ash content of concentrate [33]
1 - dodecane; 2 — oleinic acid; 3 — oleinic acid + dodecane

rate of oleinic acid over water surface is more than 20 cm/s. The concentrate quality is low and the
ash content is much higher than in flotation with dodecane as molecules of the acid are sensitive to
oil and water and the acid physisorption is unselective. And, as said earlier, the physisorption effect
is independent of the coal surface condition.

Selective extraction of low-rank coal Yozgat Ayridam was tested in flotation with kerosene,
weakly soluble emulsifier, and nonionic surfactant Flotigol CS [12]. The surfactants somewhat pro-
moted connection of the mixture with water molecules but supported no chemical interaction with
the surface of hydrophobic coal. At the same time, the cation-active and anion-active substances low-
ered the concentrate quality. The use of nonionic surfactants is described in [34, 35].

A combination of collectors at moderate acid consumption increased the yield of concentrate and
decreased its ash content (Fig.4). The reduced recovery of the combustible matter and the lower qua-
lity of the concentrate at the collector consumption higher than 3 kg/t results from the entry of low-
rank and impure coal in the froth product.

This example illustrates the fact that every collector performs its own function. Dodecane exhib-
its selective attachment in the form of drops to hydrophobic areas of coal surface. Oleinic acid with
oil and water sensitive molecules is adsorbed by dodecane microdrops, i.e. at the oil — water interface,
and enhances the surface activity of the mixture. The surface tension of dodecane — oleinic acid equals
the acid surface tension [33]. This property of the mixture provides the wanted value of d6/0C and
the high spreading rate of the mix, i.e. the high extraction of the concentrate. Some acid molecules
get attached to oxidized coal and enclosed minerals, and form linkages with their functional groups.
In case of high acid consumptions, inorganic matters enter the concentrate. For dodecane and oleinic
acid, their ratio in the mixture of collectors was selected as 4:1. In coal flotation with diesel fuel and
oleinic acid, the maximal extraction of the combustible matter was reached at the collector ratio of
4:1 [36]. So, a heteropolar collector possessing high surface activity is adsorbed at the oil — water
interface and improves the surface activity of a mixture.

The analytical reasoning shows that selectivity of an agent is governed by the ratio of differ-
ent sorption mechanisms of the agent in removal of water from the film interlayer. An apolar
agent is selectively adsorbed at the hydrophobic surface, but has a low surface activity and ex-
hibits a low recovery. The heteropolar collector is attached at microdrops of an apolar collector,
makes the mixture surface-active relative to the gas — liquid interface and enhances extraction.
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Optimizing the ratio of the sorption mechanisms allows a compromise between the quality and
recovery in flotation [31, 37].

An increase in consumption of heteropolar frother Montanol 800 raised the ash content of the
concentrates as the frother started interacting with rock-forming minerals and enhanced the surface
activity do/0C of the frother and collector mixture [38]. The reduced extraction of the combustible
matter in the concentrate at the increased consumption of the collector (more than 2.2 kg/t) is probably
conditioned by the increased attachment of the collector at the target particles and by the decreased
surface tension of bubbles down to minimum after attachment of the first particles. As a result, the
surface tension gradient AC drops to a critical level when neither spreading of the agent nor removal
of water from the film interlayer takes place.

The method of flotation improvement by combining collectors with different values of 06/0C is
also effective in case of composing apolar and cation-active collectors. The tests of low-rank coal
floatability with diesel fuel combined with a cation-active collector of dodecyltrimethylammonium
bromide (DTAB) proved low extraction in case of individual collectors [39]. The combination of the
diesel fuel and cation-active collector at a ratio of 2:1 enabled the maximum yield of the concentrate
with a low ash content of ~11 % (Fig.5).

The lab-scale tests of low-rank coal determined petrography and mineral composition of the
combustible matter in the low-rank gas coal slack (Kuznetsk Coal Basin): ash content 45.10 %;
reflectance 0.58 %; vitrinite 58 %; leuptinite 3 %; semivitrinite 8 %; fusinite 27 %; carbon
73.8 %; hydrogen 6.3 %; nitrogen 2.8 %; oxygen 17.5 %; mineral impurities. Tables 2 and 3
describe the grain size composition, fractional makeup of the test coal and the methods of testing,
respectively.
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Fig.5. Flotation performance of low-rank coal versus consumption and ratio of collectors: a — recovery; b — ash content [39]
1-0:1;2-1:10;3-1:5;4-1:2,5-DTAB

Table 2
Grain size composition and fractional makeup of low-rank gas coal slack (Kuznetsk Coal Basin)
Size grades, mm Yield, % Ash content, % Fraction density, kg/m? Yield, % Ash content, %

Less than 1400 27.00 5.30

0.2-0.5 37.00 44.42 1400-1500 12.78 9.78
0.1-0.2 17.40 49.80 1500-1600 5.23 20.40
0.05-0.1 7.70 45.60 1600-1800 1.79 36.44
0-0.05 37.90 43.50 More than 1800 53.20 76.51
Total 100.00 45.10 Total 100.0 45.10
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Lab-scale testing of low-rank coal

Table 3

Test methods

Equipment

Coal slack petrology test in accordance with state standard GOST R 55662-2013 using SIAMS 620
analyzer in automatic mode.
Liebig method estimation of carbon and hydrogen in accordance with state standard GOST 32979-2014

Grain size distribution in accordance with state standard GOST 2093-82 using sieve analyzer MSA-W/D-200.
Wet screening at aperture sizes of 0.5; 0.2; 0.1 and 0.05 mm

Fractional makeup of coal slack in centrifuge cup in accordance with state standard GOST 4790-2017;
densities of 1300; 1400; 1500; 1600; 1800 kg/m?

Flotation tests on Mekhanobr machine 136A-FL-1, cell volume of 0.5 I, impeller speed 1500 rpm, constant
pulp temperature in a range of 19-20 °C.
Coal slack size not larger than 0.5 mm, solid content of 100 g/I.
Pre-flotation soaking of all test samples for 5 min and loading together with soak water in flotation machine.
Flotation time 10 min (complete flotation).
One-time feed of agents. Sampling of frother product (flotation concentrate) as bulk concentrate.
Flotation performance: flotation concentrate yield vc; flotation concentrate ash content A%; combustible
matter extraction Ecm; tailings ash content A%,

AY% = (m3— my)/(m2 — my),

where m1 — mass of roasted boat, g; m2 — mass of boat with coal sample, g; ms — mass of boat with post-
roasting residue, g;

Ecm=7¢(100 — A%)/(100 — A%p),
A%, — ash content of initial coal slack, %:;
A% = (100A%, — yeA%) s,
vt — flotation tailings, %

Group analysis of agents using mass-fragmentographic assay (selective ion detection) and software Mass
Spectrometry Data Handling System

Estimation of agent spreading rate in water-filled pan placed under high-speed camera EVERCAM
1000-16-C.
Video filming at resolution 1280x304 and speed of 3845 snap/s
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The flotation tests of gas coal slack in the framework of this study proved the trend (Table 4).
An apolar collector attaches more selectively to a hydrophobic surface, and a heteropolar collector
enables the mixture to interact with water molecules, spreads over water surface and reduces the time
of induction. Coal extraction to concentrate grew from 74.18 % in case of dodecane to 78.11 % in
case of a mixture of the mentioned collectors, and the ash content of the concentrate lowered from
20.34 to 20.09 %.

Table 4
Flotation of gas coal slack with apolar and heteropolar collectors, and with their combination
o, Concentrate Tailings Extraction of com-
Agents AgenF con- | Initial asl; con bustible matter to
sumption, g/t tent, % Yield, % Ash content, % Yield, % Ash content, % concentrate, %
Dodecane 300 45.10 51.12 20.34 48.88 70.99 74.18
2-octanol 300 45.10 36.72 22.49 63.28 58.22 51.84
Dodecane 210 45.10 53.66 20.09 46.34 74.06 78.11
2-octanol 90
Hexane 300 45.10 9.06 20.96 90.94 47.50 13.04
Nonane 300 45.10 42.74 21.23 57.26 62.92 61.32

Many studies attempt to enhance flotation performance by combining collectors with similar
surface properties. For example, the study into effect of benzene ring in hydrocarbon fragment of
the collector on flotation of coal used two surfactants — oxyethylated nonylphenol NPEO and oxy-
ethylated dodecyl ether C12EO [4]. The main apolar collector was kerosene. Pretreatment of coal
with NPEO and C2EO increased the extraction from 49.39 to 81.34 and to 83.96 %, respectively.
The quality of the concentrate was improved too. Extraction of higher rank coal was somewhat higher
with NPEO than with C12EO. In the listed agents, the oxyethyl groups are arranged similarly at the
beginning of the hydrocarbon fragment. The hydrocarbon chain of C12EO contains 12 carbon atoms.
The hydrocarbon chain of NPEO contains 9 atoms of carbon, but the benzene ring is at the beginning
of radical, and the surface activity of the ring is equal to 3.5 CHz-groups of the main unbranched
chain [40]. In this manner, the surface activities of these compounds are equal. Nearly similar extrac-
tion in case of these collectors is explained by coincidence of their 6c/0C and AC, i.e. by their equal
spreading rates as per (2).

Results and discussion. The comparative analysis has exhibited correlation between flotation
activity and molecular structure of different collectors. The physisorption mechanism in flotation
activity allows transition from the structure of molecules to their composition. The flotation activity
of an agent depends on the surface activity 0c/0C of the agent, on the difference of the agent adsorp-
tion density AC at particles and bubbles, and on the cohesion between molecules of the collecting
agent. These characteristics are defined by the structure and composition of hydrocarbon fragment.
The high flotation activity of collectors having 8-12 carbon atoms chains is explained by the optimal
values of do/0C and AC, and by the low cohesive forces. The double linkage and hydrocarbon radical
branching require more atoms of carbon in radical. Activity of many chemical compounds is either
known or found experimentally, which enables prediction of their collecting properties. The hydro-
philic group of a heteropolar collector governs its connection with water molecules, the value of
0o/oC, as well as the possibility to catch water and remove it from the film interlayer between coal
particle and gas bubble. Chemical compounds lacking the hydrophilic group have low collectability
because of zero interaction with water molecules.

It is possible to enhance selectivity of coal recovery by coal hydrophobization. This statement is
proved by selective attachment of alkanes, with their molecules free from the hydrophilic groups, to
the organic phase of coal (see Fig.1). Nonselective attachment of molecules of carboxylic acid worsens
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the concentrate quality, but their surface activity do/0C defines the spreading rate of a mixture of
collectors and the velocity of water removal from the film interlayer between the objects of interaction
in accordance to (2).

Combining collectors with different physical properties allows to achieve the wanted performance
of concentrate yield and quality. An apolar collector at moderate consumption attaches selectively to
hydrophobic surface of coal in accordance with the rule of polarity balancing between adjoining media.
The spreading rate of such collector is relatively low, which explains its low collecting ability (see
Fig.1). A heteropolar collector possesses a high surface activity and velocity of water removal from the
film, which is reflective of its high collectability. At the same time, this collector exhibits attachment to
mineral impurities in coal, which explains the high resultant ash content of the concentrate (see Fig.1).
Adsorption of the heteropolar collector at the surface of the apolar collector at the oil — water interface
adds the high surface activity and collectability to the mixture. Thus, the surface activity of a physically
sorbable collector characterizes the recovery of the combustible matter, and the physically adsorbed
apolar collector largely influences the concentrate quality.

Selectivity of a collector is governed by the ratio of the activities of the heteropolar and apolar
compounds in the mixed-type collector relative to the gas — water surface, and by the ratio of their
consumptions. The physisorption activity is understood as the efficiency of the physically adsorbable
collector during its spreading, or as the thickness of its surface flow at the gas — water interface. The
increase in the surface activity of the physisorbed heteropolar collector increases the ratio of functions
performed by the heteropolar and apolar collectors in terms of removal of water from the film inter-
layer. The improved selectivity of a collector is achieved via changing the ratio of effects in water
removal from the film by chemical compounds with different surface activities. Optimization of both
ratios provides a compromise between the recovery and quality in flotation [37]. The illustration of
the recovery — quality relation in a concentrate of the combustible matter is provided (see Fig.3).

Conclusion. The analysis of the experimental data on the physisorption mechanism has revealed
the connection between the flotation activity of collectors and the structure and composition of their
molecules. The combination of an apolar collector, attached as the drops to a hydrophobic surface,
and a heteropolar collector, which adds up surface activity of the mix, enables a higher extraction of
coal to concentrate at low ash content. The apolar collector at a moderate consumption exhibits at-
tachment by the rule of polarity balancing of adjoining media and ensures selectivity of sorption,
while the heteropolar collector, which has a high surface activity, is adsorbed at the oil — water inter-
face and enhances recovery of the useful element.

Owing to the high surface activity, at the moment of rupture of a film between the coal particle
and air bubble, the surfactant mixture of the heteropolar and apolar collectors removes water from
the film, reduces the time of induction, and increases extraction of the combustible matter. The im-
proved recovery of coal in concentrate with low ash content is achieved by optimizing the ratio of
effects exerted on removing water from the film interlayer by the different sorption forms of an agent.
Such function optimization provides a compromise between the recovery and quality in flotation [37].
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