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Measurements of the force of detachment of air bubbles from the surface
of coal of rank 31.1 and 31.2 precovered with n-alkane in the homologous
series from n-hexane to n-hexadecane were carried out in 0 to 10 mass %
aqueous solution of diacetonyl alcohol. Using the contact angle values
measured earlier in the same system the detachment force was also cal-
culated. On the basis of measurements and calculations we stated that the
detachment force depend on the thickness of n-alkane film precovering the
coal surface, the kind of n-alkane and diacetonyl alcohol concentration. The
most profitable conditions for creating a stable connection of coal/n-alkane
film—air bubble in diacetonyl alcohol solution were found with a thick
n-alkane film at 1% solution of diacetonyl alcohol. A good agreement
between the measured and calculated values of the detachment force for the
systems studied was also shown.

INpoBeneHo M3MepeHue CHIIbI MPHIMIAHUS My3bIpeil BO3AYyXa K MOBEPX-
HocTH yras psiga 31,1 u 31,2, HOKpPBITOH H-aJIKAHAMU TOMOJIOTMYECKOT O
psilla OT H-T€KCAHA O H-TeKCaJeKaHd B BOOHBIX PACTBOPAX AMALETOHOBOIO
cnupta ot 0 go 10 % no macce. Micnonb3ys 3Ha4YeHUs yriaa CMayMBAHMSA,
M3MEPEHHbIE paHee B ITOH XKe cUcTeMe, ObIIIM TAKXKE BbIYUCIICHBI 3HAYEHUS
cuibl mpuaMnaHus. Mcxons u3 u3MepeHHili M pacueToB, Mbl YCTAHOBHIIH,
4TO CHJ1a MPUJIUNAHUS 3aBUCHT OT TOJILLIMHBI TJIEHKH H-aJIKAHA, MOKPbIBaO-
L1e# MOBEPXHOCTb YIJIsl, TUNA H-aJIKAHA M KOHUEHTPALMUU AHALETOHOBOIO
cnupTa. bblno HalaeHo, 4To Hanbosiee BLIFOAHBIMYU YCJIOBUSIMH AJ1st 0Opa-
30B4HHMSl YCTOMUYUBOTO CLEMJICHUS YIOJib/MJEHKA H-aJKaHA—BO3AYLUHbIi
ny3blpb B PACTBOPE AHALETOHOBOIO CIIUPTA ABJISIFOTCS TOACTAS H-aTKAHO-
Bast nieHka B | % pacTBope AMALETOHOBOro cnupTta. JeMoHCTpHpyeTcs
TAKXKE XOPOLLEE COBMNAJEHUE U3MEPEHHDBIX U PACCUMTAHHBIX 3HAYEHHUI CHITbI
MPUJIMIIAHUS B U3YUAEMbIX CUCTEMAX.

On both macroscopic and microscopic scales coal is a complex heterogeneous
material composed of organic and inorganic matter. The organic matter of coal
consists of macerals such as: vitrinite, exinite, and inertinite. The inorganic
matter in coals belongs to two broad classes, namely. the discrete mineral
matter, and minor and trace elements. The discrete mineral matter is usually
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present as particles larger than | pm in size. The major discrete minerals in coals
are: clays, quartz, gypsum, calcite, dolomite, and pyrite [1, 2].

From the industrial point of view these minerals are highly undesirable and
delimit the utilization of coal. A high demand for coal on the one hand and the
protection of the environment on the other hand cause that the mineral matter
must be removed from the organic matter to the highest degree.

One of the methods to achieve this purpose is froth flotation for which
mineralization of air bubbles [2—5] is an elementary act. A decisive factor of an
effective beneficiation of coals is stability of air bubble—coal grain aggregates.
The stability of the aggregates may be assessed by measuring the force of
detachment of air bubbles from the surface of coal grains [3, 6]. Such measure-
ments may be helpful for establishing a criterion of the flotation reagents, using
low ranks of coal for flotation enrichment. In the previous papers [7, 8] we
showed the influence of nonpolar and polar liquids on the stability of coal—air
bubble aggregates. For flotation of coals both nonpolar and polar reagents are
used [2, 3] and their common action determines the efficiency of the process.

Therefore, it seemed interesting to investigate the influence of n-alkanes and
diacetonyl alcohol (4-methyl-4-hydroxy-2-pentanone) on the stability of the
systems mentioned above. For this purpose measurements of the force of
detachment of air bubble from the surface of coal of rank 31.1 and 31.2
precovered with n-alkanes were carried out in 0 to 10 mass % aqueous solution
of diacetonyl alcohol.

Experimental

Coals used for studies of the stability of coal/n-alkane film—air bubble—aqueous
solution of diacetonyl alcohol system originated from Siersza and Jankowice collieries
and their ranks, according to the Polish classification [9], were 31 1 and 31.2, respectively.

The samples of the coal ranks were carefully selected under the microscope excluding
those with cracks. mineral matters, different macerals, particles of pyrite, oclussions, etc.
The most regular pieces of coal were additionally tested under the microscope and they
were placed for a few months in a desiccator filled with a mixture of molecular sieves
(4A + SA). The coal pieces were then polished using the method described earlier [10].
From the coal plates very thin lamellae with one polished side were split off and cut into
small grains 2 mm x 2 mm in size. The grains were attached using paraffin to a quartz
rod before its calibration by means of a cathetometer [6] and the rod with grain was
carefully immersed into the hydrocarbon studied. The coal grain was then taken out from
hyvdrocarbon and hydrocarbon excess was removed by shaking and washing several times
in double distilled water. Afterwards the grain was washed with aqueous solution of
diacetonyl alcohol of a given concentration. The grain—rod aggregate was put in the
measuring vessel filled with a given diacetonyl alcohol solution. Next, the coal grain was
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contacted with an air bubble of 4.046 mm in diameter which was pushed out of a
capillary by means of a micrometer screw and the detachment force was measured by the
method described earlier [11, 12]. According to this method the values of the detachment
force were read out under the microscope from the deviation of the quartz rod. Then the
air bubble was removed and a new one of the same size was pushed out from the capillary
and contacted with the same grain surface and the detachment force was measured again.
Such a measurement procedure was repeated for 33 air bubbles. After that time air
bubbles were only contacted with the surface of coal grain and removed from it without
measuring the detachment force, which was not measured until for the hundredth air

bubble.

The measurement procedure was used for both ranks of coal (31.1 and 31.2) pre-
covered with a film of n-alkanes in a homologous series from n-hexane to n-hexadecane.
The aqueous solution of 0.5 to 10 mass % diacetonyl alcohol was used (measurements
for clean water were made earlier).

For a given system coal/n-alkane film—air bubble—aqueous solution of diacetonyl
alcohol the measurements of the detachment force were made at least for five coal grains,
at the temperature of (20 + 0.1)°C and the measurement error was +5 x 107* mN.

" Results and discussion

The force of detachment of an air bubble from the surface of coal of both
ranks (31.1 and 31.2) precovered with a given hydrocarbon is a decreasing
function of the number of disrupted air bubbles for a given concentration of
diacetonyl alcohol. These changes are more dependent on n-alkane precovered
coal surface, the concentration of diacetonyl alcohol and the coal ranks.

In Fig. 1 the detachment force of an air bubble detached from the surface of
coal of rank 31.1 precovered with n-hexane (curve /), n-undecane {curve 2), and
hexadecane (curve 3) at 1 mass % (@) and 10 mass % (b) solution of diacetonyl
alcohol is presented as an example.

Fig. 1a shows that in 1 % diacetonyl alcohol solution the detachment force
(F,) decreases rapidly with the increasing number of air bubbles (1) detached
from the coal surface precovered with n-hexane (curve /), so that for the 17th
air bubble F; becomes a constant value. The biggest drop of F, occurs for the
first five air bubbles. The course of curves F, as a function of # for coal surface
precovered with n-undecane (curve 2) and n-hexadecane (curve 3) is completely
different. F; values for coal surface precovered with n-undecane slightly increase
for the first four air bubbles, then for the next seven ones F, decreases sharply.
Further increase of the number of air bubbles detached from coal surface causes
a slight decrease of F; to a constant value for the 17th air bubble. For coal
of 31.1 rank precovered with n-hexadecane F, slightly increases to a maximal
value which is reached for the 6th air bubble. The course of the corresponding
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Fig. 1. The rclationship between the force of detachment of an air bubble from the surface of coal
of rank 31.1 precovered with n-hexane (curve /), n-undecane (curve 2), and n-hexadecane (curve 3)
in 1 mass % (a) and 10 mass % (h) solution of diacctonyl alcohol and the number of air bubbles.

>

Fig. 2. The relationship between the force of detachment for the hundredth air bubble from the

surfacc of coal of ranks 31.1 (a) and 31.2 (h) precovered with n-hexane (curve / and /7), n-undecanc

(curve 2 and 2’), and n-hexadecane (curve 3 and 3°) and the mass fraction of diacetonyl alcohol.

Curves /1, 2, and 3 for measured £, values, curves /7, 27, and 3’ for F, values calculated from
cqn (/).
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curve 3 (Fig. la) for the system is a little different from that of coal/n-undecane
film—air bubble—1 % diacetonyl alcohol solution system (Fig. la, curve 2).
The main difference is that curve 3 runs through a more clear and broader
maximum and its decrease is more gentle than the respective values for curve 2.
In general, we may state that constant values of F are obtained for a still larger
number of air bubbles detached from the surface of coal of ranks 31.1 and 31.2
when the length of a hydrocarbon chain increases from n-hexane to n-hexa-
decane. This observation is less visible and the changes of F; for a given coal
surface precovered with hydrocarbon are smaller when diacetonyl alcohol
concentration increases. These statements are confirmed by the results presented
in Fig. 1b. This figure shows that for coal precovered with n-undecane (curve 2)
and n-hexadecane (curve 3) the differences between F; values for the first and for
the hundredth air bubble are smaller than those presented in Fig. la. For air
bubbles contacted with coal surface in 10 % solution of diacetonyl alcohol we
did not obtain the maximum on curves of F; vs. n, but only a progressive
decrease of its values and the decrease became smaller as the length of the
hydrocarbon chain increased. The values of F; for the first air bubbles detached
from coal surface in 10 % solution of diacetony! alcohol were the highest for the
coal surface precovered with n-hexane (curve /) and the smallest for the coal
surface precovered with n-hexadecane (curve 3). The same sequence of F;, for
n-alkane film is reversible but in 1 % solution of diacetonyl alcohol (Fig. 1a).

The influence of diacetonyl alcohol concentration on the detachment force
(F,) for the hundredth air bubble detached from the coal surface precovered
with n-hexane (curve /), n-undecane (curve 2), and n-hexadecane (curve 3) is
presented in Figs. 24 and 2b for coal ranks 31.1 and 31.2, respectively. It is
evident that with the increase of the mass fraction (w) of diacetonyl alcohol in
water from 0 to 10 % (for w = 0 the values of F, were taken from the paper [7])
the F, values increase to maximum, but a further increase of diacetonyl alcohol
concentration causes a sudden decrease of F, to the value corresponding to
the alcohol mass fraction w = 10 %. The courses of the curves F; vs. w for
both coals precovered with n-hexane (curves /), n-undecane (curves 2), and
n-hexadecane (curves 3) are similar, and curve / takes the lowest position while
curve 3 the highest. It means that for a given diacetonyl alcohol concentration
F, values for the hundredth air bubble increase from n-hexane to n-hexadecane.
This is clearly seen in Figs. 3¢ and 3b, where the detachment force (F,) for the
hundredth air bubble in 1 mass% (curves /) and 10 mass % (curves 2)
diacetonyl alcohol solution as a function of the number of carbon atoms in
n-alkane molecule (C,) is presented for coal ranks 31.1 and 31.2, respectively.

As can be seen from these figures for the systems coal/n-alkane film—air
bubble—1 % solution of diacetonyl alcohol (curves /) F, value increases step-
wise with increasing C, from n-hexane to n-hexadecane. For another kind of
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systems involving 10 % solution of diacetonyl alcohol the changes of F; values
as a function of C, are nearly linear (curve 2). So, the increase of diacetonyl
alcohol concentration causes disappearance of the difference between the re-
spective films formed by even and odd hydrocarbons. The stepwise changes are
observed for many systems [12—16], which is usually explained by a different
structure of odd and even hydrocarbon films on a solid surface.
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Fig. 3. The relationship between the detachment force for the hundredth air bubble 1 mass %
(curve /) and 10 mass % (curve 2) solution of diacetonyl alcohol for coal ranks 31.1 (a) and 31.2 (b)
and the number of carbon atoms in hydrocarbon molecule.

On the basis of the detachment force presented above we may state that the
detachment of the following air bubbles from the coal surface precovered with
n-alkanes causes thinning of n-alkanes film whereby F, value is changed. A
resistance to the thinning of films increases with the increase of diacetonyl
alcohol concentration and the increase of the number of carbon atoms in
n-alkane molecule. From the practical point of view the most profitable con-
ditions for the creation of a stable connection a coal/n-alkane film—air bubble
exist for a thick n-alkane film in 1 % solution of diacetonyl alcohol.

It is commonly known that the detachment force F, characterizing the
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stability of a three-phase system: solid—air bubble—liquid should be strictly
connected with the wettability of the solid [6, 16, 17]. Then, from the theoretical
and practical point of view, it may be interesting to correlate the contact angles
measured earlier [18] with the detachment force.

Our earlier examinations [6, 17] have shown that the force of detachment of
an air bubble from the surface of minerals depends, among other things, on the
contact plane, reaching a maximal value for the so-called critical contact plane
rv- For the given system the maximal value of the detachment force Fyy,,, may
be calculated from the following equation [17]

FO(max) =n rk(k) N Sin @ (1)
where y, is the surface tension of liquid, @ is the contact angle of solid.

The value of r,,, may be calculated from the expression [17]

1/3

Rsin @ 4
2

()

vy =

2 + % 4 —sin? @)'* — % [(4 — sin*> @)*]'?

where R is the radius of a spherical air bubble.

Using ¥, values for the solution of diacetonyl alcohol from the paper [8] and
the contact angle values for the hundredth air bubble measured in the system
coal/n-alkane film—air bubble—aqueous solution of diacetonyl alcohol [18]
and the values of r,, calculated from eqn (2) for R = 2.023 mm, F;,,, values
were calculated from eqn (/) and they are depicted in Figs. 2a and 2b as dotted
curves. The Fy,,,, values presented in these figures were obtained for the surface
of coal of ranks 31.1 (Fig. 2a) and 31.2 (Fig. 2b) precovered with n-hexane
(curve 1), n-undecane (curve 2’), and n-hexadecane (curve 3°).

It is obvious that the course of curves /, 2, and 3’ is very similar to that of
curves /, 2, and 3, respectively, and the numerical values of Fy,,, calculated and
measured are very close to one another. Hence it appears that on the basis of
the measured contact angle by the captive air bubble method we may forecast
the stability of the coal/n-alkane film—air bubble—aqueous solution of
diacetonyl alcohol system for a given thickness of n-alkane film and for a given
concentration of diacetonyl alcohol. An agreement between the measured and
calculated F, values (Figs. 2a and 2b) for a given system also justified the fact
that the detachment of air bubbles both from the coal plate surface and coal
grain surface precovered with an n-alkane gives a similar thickness of the film
characteristic of a given rank of coal in diacetonyl alcohol solution at any of the
given concentrations. On the basis of the studies carried out it is difficult to
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Actermine exactly this thickness, therefore, further investigations in this field
have to be continued.

The research as described in this paper was supported by the Central Program of Fun-
damental Studies under Grant No. CPBP 03.07.01.01.
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