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a b s t r a c t

The micelle generating process of the sodium dodecyl sulfate (SDS) solution with the addition of chemical
inhibitors was elucidated using phase separation model, and the descending order of the capacity for the
selected chemical inhibitors to reduce the critical micelle concentrations of the solution are MgCl2, CaCl2,
NH4HCO3 and NH4Cl. The data to quantitatively describe the foam decay process, including foaming ratio,
foam life and decay behaviors, was obtained by pressure measuring system. The results indicate that
chemical inhibitors can improve the solution foamability. The capacity of the inhibitors to enhance the
solution foamability is sorted as NH4Cl, NH4HCO3, MgCl2 and CaCl2 which can distinctly improve the foam
stability as well. The capacity of the inhibitors to enhance the SDS foam stability can be arranged as
MgCl2, NH4Cl, NH4HCO3 and CaCl2. It is observed that the gravity drainage plays a leading role in the
increase of proportion of diffusion drainage. The oxidation dynamic parameters of the coal samples trea-
ted by inhibition foams were investigated using thermal analysis technique, and their synergistic effects
on inhibiting coal oxidation were explored.

� 2016 Published by Elsevier B.V. on behalf of China University of Mining & Technology.

1. Introduction

Coal is a chemically reactive organic material which can com-
bine with oxygen and generate heat. This low-temperature oxida-
tion of coal is the primary source of spontaneous combustion [1,2].
Chemical inhibitors are commonly used to prevent coal mine fires
[3,4]. At present, there are three general types of chemical inhibi-
tors, including chloride, ammonium, and alkalies [5]. The chloride
inhibitors (e.g., MgCl2, CaCl2) absorb moisture in the coal to retard
its spontaneous combustion through evaporative cooling. The
ammonium inhibitors (e.g., NH4Cl, NH4HCO3) reduce the coal sur-
face temperature by thermal degradation, with the release of inert
gases to lower the oxygen concentration around the coal. The alkali
inhibitors (e.g., Ca(OH)2) can attenuate coal oxidation. However, it
is difficult to apply chemical inhibitors to a designated area which
contains crushed coal and even some of them located high in the
goafs, and it seems that little progress is made in fire prevention
or extinguishing through chemical inhibitors. Recently, a new
way that combines the flowability of water foams with the high-
performance of chemical inhibitors has been used to prevent coal
spontaneous combustion [6]. Lu conducted an experiment on the
transportation characteristics of the inhibition foams in a colliery

goaf [7]. Shi et al. studied the decay process of the inhibition foams
in the porous media [8]. At present, abundant and miscellaneous
documents have been generated to evaluate the chemical inhibi-
tors and inhibition foams to prevent the coal spontaneous combus-
tion. Jiao et al. reported that three chemical inhibitors, including
sodium silicate, CaCl2 and gel, could improve the critical tempera-
ture of coal oxidation [9]. Cao measured the characteristic param-
eters of spontaneous combustion of coal treated by inhibition
foams using a temperature programmed oxidation device, and
investigated the inhibiting mechanism using Fourier transform
infrared spectrophotometer [10].

The inhibition foams consist of foaming agents and chemical
inhibitors. To date, how the chemical inhibitors affect the surface
active of water-based foam solution remains unsolved, while a
few researches focused on the interaction between the water-
based foams and chemical inhibitors. Thus, this paper aims to
examine the characteristics of inhibition foams (e.g., foamability,
stability and decay process) and evaluate the synergetic effect of
water-based foams inhibitors in retarding the coal oxidation.

2. Experimental apparatus and methods

The foam agent is sodium dodecyl sulfate (SDS), the selected
chemical inhibitors include MgCl2, CaCl2, NH4Cl and NH4HCO3

and all those chemical reagents are analytically pure.
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The surface tension of the solution is measured by automatic
surface tensiometer, BZY-3B. The foam performance was explored
by pressure measuring system which was described in detail in the
previous study [11]. It can obtain the quantitative data in the pro-
cess of foam decay, including gravity drainage coefficient and dif-
fusion drainage coefficient. The apparatus is improved in this
study. Fig. 1 shows a schematic drawing of the device. The surfac-
tant and chemical inhibitors are dipped into the experimental tube
3, and the reference tube 7 possesses the same volume of distilled
water. Two tubes are linked together with a differential pressure
transmitter 8. In the beginning, both tubes are blown with equal
amount of air through the sand filter plate 4. When the solution
mixed with the blowing air fully becomes the foams in the exper-
imental tube, the valve 6 is closed and air supply suspends. Then
the pressure in the experimental tube 3 increases with the decay
of the foams. The pressure sensor records the pressure differences
between the two tubes.

The inhibiting effects to retard coal oxidation were investigated
by using thermal analyzer, SDTQ600. Coal samples are lignite
which were collected from the Malan Colliery in Shanxi province.
The coal lumps were milled and sieved, and the fragments from
0.1 to 0.125 mm in size were used for experimental investigations.
The coal samples were dried in a cabinet dryer for 24 h at 35 �C.
The chemical inhibitors were then blended with the raw particles
in the beakers with mechanical stirring to produce coal samples
containing inhibition foams. All samples were sealed from air
and stored in a desiccator before measurements. The experimental
atmosphere is air. The coal samples were heated from room tem-
perature to 700 �C at a rate of 5 �C/min.

3. Results and discussion

3.1. Effect of chemical inhibitors on the surface activity of the SDS
solution

3.1.1. Critical micelle concentration
Fig. 2 presents the relationship of surface tensions and foaming-

agent concentrations. With the increase of SDS concentration, its
surface tension decreases distinctly, then falls to a minimal value
when the SDS concentration is about 0.008 mol/L, after which it
increases slightly. The concentration that corresponds to minimal
surface tension, is called criticalmicelle concentration (CMC). Added
chemical inhibitors can reduce the surface tension of SDS solutions
when their concentrations are less than CMC. This is because coun-
ter ions, including NH4

+, Ca2+, andMg2+, occur in the chemical inhibi-
tor solutions by ionization, and metallic cation Na+ arises in this
aqueous solution. The electrostatic interaction between counter
ions and metallic cation can reduce the electric double layer thick-
ness of the foaming-agent polar head. Thus, the chemical inhibitors
enhance the surface activity of the foaming-agent.

The relationship between counter ion concentration and CMC is
derived from logarithm, and four fitting lines that are shown in
Fig. 3. Based on the absolute values of line slopes, the descending
order of the capacities to lower the critical micelle concentrations
is as follows: Mg2+, Ca2+ and NH4

+.

3.1.2. Micelle thermodynamics mechanism of the inhibition foams
The micelle formation of the foam liquid which belongs to an

entropy increase process is essentially a spontaneous stabilization
way to mitigate repelling interactions between water molecules
and free radicals. The foaming solution is a thermodynamic equi-
librium system when kinetic equilibrium of the micelles is estab-
lished. At present, there are two approaches to analyze the
micelle thermodynamics mechanism: phase separation model
and mass-action model. The former is employed to analyze the
micelle generating process of the SDS solution under the influence
of chemical inhibitors.

When active ions of the micelle phase surface are combined
with the same amount of counter ions under constant tempera-
ture, Standard Gibbs free energy of the foam solution can be calcu-
lated [12,13]:

DGh ¼ 2RT ln cmc ð1Þ
where DGh is Gibbs free energy, kJ/mol; R the thermodynamic for-
mulation constant, 8.314 J/(mol k); and T the thermodynamic tem-
perature, K. The evaluated results of the foam solution under the
influence of chemical inhibitors are shown in Fig. 4.

The Gibbs free energy is negative, which confirms that the
micelle formation is spontaneous. The values of Gibbs free energy
for inhibition foams with ion Mg2+ or Ca2+ are less than that with
ion NH4

+. It indicates that the surface activity of inhibition foams
with bivalent inorganic ions is larger than that with monovalent
inorganic ions. The descending order of the capacity of the inhibi-
tors to reduce the critical micelle concentrations of the solution is
gained as follows: MgCl2, CaCl2, NH4HCO3 and NH4Cl.

3.2. Performance of the inhibition foams

3.2.1. Effects of the chemical inhibitors on foamability
The foamability of SDS solutions with varied concentrations of

inhibitors is shown in Fig. 5. The ammonium inhibitors can
enhance the foamability of SDS solutions when their concentra-
tions are larger than 2 g/L. while the foamability decreases with
chloride inhibitors added and remain steady when their concentra-
tions are larger than 2 g/L. The capacity of the four chemical inhi-
bitors to enhance the SDS solution foamability can be sorted in
ascending order as NH4Cl, NH4HCO3, MgCl2, and CaCl2.

3.2.2. Effects of the chemical inhibitors on foam stability
3.2.2.1. Foam liquid stability. The foam decay rates are depended on
parameter DV rupture/Ds, and its decay degree is DV rupture/V0 where
V0 is the initial foam volume, V the volume with time s, DV rapture

the decayed foam volume after a period of time Ds, namely
V0 � V. Thus, foam liquid stability (FLS) can be estimated as follows
[14]:

FLS ¼ V0

V0 � V
� Ds ð2Þ

The above-mentioned parameters were obtained by pressure
measuring system, and the results are shown in Fig. 6. The chem-
ical inhibitors can distinctly improve FLS, that is to say, enhancing
the foam stability, when their concentrations are less than 2 g/L.
Thus, the foam liquid stability (FLS) tends to slowly decrease when
their concentrations are larger than 4 g/L. We believe that the
concentration of counter ions increases in the chemical inhibitor
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Fig. 1. Schematic drawing of pressure measuring system.
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