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Inorganic solidified foam (ISF) is a novel material for preventing coal fires.This paper presents the preparation process and working
principle of main installations. Besides, aqueous foam with expansion ratio of 28 and 30min drainage rate of 13% was prepared.
Stability of foam fluid was studied in terms of stability coefficient, by varying water-slurry ratio, fly ash replacement ratio of cement,
and aqueous foam volume alternatively. Light microscope was utilized to analyze the dynamic change of bubble wall of foam fluid
and stability principle was proposed. In order to further enhance the stability of ISF, different dosage of calciumfluoroaluminate was
added to ISF specimens whose stability coefficient was tested and change of hydration products was detected by scanning electron
microscope (SEM).The outcomes indicated that calcium fluoroaluminate could enhance the stability coefficient of ISF and compact
hydration products formed in cell wall of ISF; naturally, the stability principle of ISF was proved right. Based on above-mentioned
experimental contents, ISF with stability coefficient of 95% and foam expansion ratio of 5 was prepared, which could sufficiently
satisfy field process requirements on plugging air leakage and thermal insulation.

1. Introduction

Coal fires are difficult, persistent, and costly problems world-
wide in coal mining processes [1, 2]. They lead to serious
environmental issues, safety problems, and considerable
economic losses [3]. Meanwhile, spontaneous combustion
of coal and heat transfer occurs more frequently due to
subsidence and increased channels of air leakage in the
goaf. Air leakage prevention and thermal insulation can
lower effectively the spontaneous combustion risk of coal
[4, 5]. Based on the various techniques for control and
extinguishment of coal fires developed and applied over past
60 years [6–8], materials with pore structure are drawing
growing attention because of their characteristics involving
heat insulation, fire resistance, lightweight, superior fluidity,
environmental friendliness, and so on [9, 10].

In this work, a novel material, ISF, with high closed
porosity and uniform pore distribution was prepared via
mixing aqueous foam and composite slurry consisting of
fly ash, cement, and compound additives. In this process of

preparation, the following two points are worthy of consider-
ation. Firstly, stable aqueous foam is required for ISF to plug
air leakage in mining applications. Furthermore, the stability
of foam may be affected by foam generator parameters, sur-
factants, and their concentration [11]. Selection of surfactants
has an impact on the properties of foam as it affects the sur-
face tension and gas-liquid interfacial properties. Secondly,
the foam slurry after mixing is a three-phase system (gas-
liquid-solid), which should be uniform and stable. But few
scholars have studied the foam formation and stabilization
in this kind of system. Current researches mainly focus on
the stabilization of two-phase foam (aqueous foam or other
liquid foam) [12]. Just a few scholars such as Gonzenbach
et al. [13], Hunter et al. [14], Sethumadhavan et al. [15], and
Vijayaraghavan et al. [16] carried out experimental studies
andmechanism analyses on solid particles stabilized aqueous
foam.

In this paper, as a first step, we studied the preparation
process of ISF and analyzed the working principles and the
effects of key devices. As a next step, the aqueous foam with
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low drainage rate and high expansion ratio was prepared
based on sodium dodecyl sulfate (SDS) solution and mod-
ified by the foam stabilizers such as cetrimonium bromide
(CTAB), sodium chloride (NaCl), and lauryl alcohol (LA).
Then the factors influencing the stability coefficient and foam
expansion ratio of ISF were investigated. At last, through
the observation on drainage of the bubble wall and the
hydration products accelerated by calcium fluoroaluminate,
the stabilization mechanism of foam fluid was proposed.

2. Experimental

2.1. Raw Materials. Constituent materials are listed below.

(1) Portland cement (PC) with the compressive strength
of 64.5MPa at 28 days, conforming toBSEN 197-1 type
I cement [17].

(2) Fly ash (FA) with a median particle size of 35 𝜇m and
loss on ignition (LOI) of 5.0%, conforming to BS EN
450 [18].

(3) Calcium fluoroaluminate (11CaO ⋅ 7Al
2
O
3
⋅ CaF
2
): it

influences the rate of cement hydration, leading to a
reduction in setting time.

(4) Redispersible polymer powder (PP): it is a kind of
polymeric powder which can be easily reemulsified
in water to reform liquid emulsion with essentially
identical properties to the original emulsion.

(5) Water (W): its percentage was fixed in order to satisfy
both the workability criterion and the controlled low
strength materials (CLSM) recommendations for the
insulation materials [19].

(6) Lauryl sodium sulfate (SDS), Cetrimonium Bromide
(CTAB), NaCl, and lauryl alcohol (LA). They were
diluted with water in different ratios.

2.2. Preparation Process of ISF. The basic preparation process
can be divided into three parts including mixing the com-
posite slurry, preparing aqueous foam, andmixing composite
slurry, accelerator, and aqueous foam. We admixed cement,
fly ash, and redispersible polymer powder together and got
the blend of these three basic raw materials. Then, part
of water was injected into the blend and composite slurry
formed under the work of stirrer. The water-solid ratio was
controlled slightly less than preset ratio. At the same time,
the rest of the water was used to dilute the surfactant. Then,
high pressure air was pumped into the foam generator and
aqueous foam was produced. The next procedure was to mix
composite slurry with aqueous foam in a self-made mixer,
with some compound additives added. At last, foam fluid
was produced and evolved into ISF at room temperature.
The specific preparation procedures of ISF are schematically
shown in Figure 1. The main installations are shown in
Figure 2.

2.3. Test Procedure

2.3.1. Drainage Rate Test. We chose the drainage rate to be 30
minutes since aqueous foam was produced, to reflect foam
stability. After generation of aqueous foam, the initial foam
mass, 𝑚, was measured immediately and then poured fully
into a Buchner funnel. A measuring cylinder was placed
under the Buchner funnel, and the mass of liquid drained
from aqueous foam, 𝑚

𝑑
, was calculated every ten minutes,

until 30 minutes. Drainage rate, 𝑑
𝑡
, can be expressed by

𝑑
𝑡
=
𝑚
𝑑

𝑚
× 100%. (1)

2.3.2. Stability Coefficient Test. The test instrument was one
cylindrical gauge whose inner diameter was 100mm and
measuring rangewas 315mm.The test procedure is as follows:
(i) pour the fresh ISF into the test instrument and record the
initial height, ℎ

0
; (ii) measure the final height (ℎ

𝑖
) when ISF

turns into solidification state. The stability coefficient, 𝜓, can
be calculated according to the following:

𝜓 =
ℎ
𝑖

ℎ
0

× 100%. (2)

2.3.3. Foam Expansion Ratio Test. Test procedure for foam
expansion ratio of aqueous foamor foamfluid is as follows: (i)
fill a container (volume and mass are known and designated
by 𝑉
𝑐
, 𝑚
𝑐
, resp.) with surfactant solution or cement slurry,

weigh the total mass, 𝑚
𝐿
, and calculate the density of

surfactant solution or cement slurry, 𝜌
𝐿
, by (3); (ii) overfill the

aforementioned container with aqueous foam or foam fluid
and strike off the excess foam, weigh the total mass, 𝑚

𝐹
, and

calculate the density of aqueous foam or foam fluid, 𝜌
𝐹
, by

(4); (iii) calculate the foam expansion ratio of aqueous foam
or foam fluid, 𝐸

𝐹
, by (5) as follows:

𝜌
𝐿
=
𝑚
𝐿
− 𝑚
𝑐

𝑉
𝑐

, (3)

𝜌
𝐹
=
𝑚
𝐹
− 𝑚
𝑐

𝑉
𝑐

, (4)

𝐸
𝐹
=
𝜌
𝐿

𝜌
𝐹

. (5)

2.3.4. Microscopy Observation. The microstructure of aque-
ous foam and ISF fluid were observed by a Nomarski-type
phase contrast interferencemicroscope equipped with a digi-
tal camera, which can be used to take photomicrograph of the
samples and the foams. A drop of sample was brought onto
a microscope slide and the structure of bubble was observed.
The bubble wall of ISF was investigated by scanning electron
microscopy (SEM) (FEI QuantaTM 250 SEM system) with
the size of test specimen being 10 × 10 × 10mm3 prism.

2.3.5. Particle Contact Angle Measurement. The water and
surfactant solution contact angle on the particles was mea-
sured using the gravimetric version of theWashburnmethod.
The method is based on measuring the penetration rate of
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Figure 1: The schematic of the preparation of ISF.
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a wetting liquid into a packed bed of particles, which lead to
the following equation [20]:

𝑀
2
= 𝑡 ×
𝛾LG𝛿
2 cos 𝜃
𝜇
×
𝑟𝑆
2
𝜀
2

2
, (6)

where𝑀 is the measured mass of the penetrated liquid; 𝑡 is
the penetration time; 𝛾LG is the gas-liquid surface tension; 𝛿
is the liquid density; 𝑆 is the cross-sectional area of the tube;
𝜀 is the void fraction of particles; 𝜇 is the viscosity of liquid; 𝑟
is the mean radius; 𝜃 is the contact angle.

2.4. Test Design. In order to investigate the influencingmech-
anism of aqueous foam volume (FV), fly ash replacement
for cement (FA), and water-solid ratio (W/S) on the stability
of ISF, we conducted tests on different specimens. FV was
controlled to vary from 2V to 10V with the increment being
2V, FA changed as 10%, 20%. . .50%, andW/S increased from
0.3 to 0.5with every difference quantity being 0.05. According
to this design, we conducted 125 tests.

3. Results and Discussion

3.1. The Key Devices. To develop fine, uniform, and stable
inorganic solidified foam, the following two points deserve
consideration. Firstly, the foam generator should be able to
produce aqueous foam with uniform pore structure, high
expansion ratio, and a certain stabilization time. Secondly,
aqueous foam and composite slurry should contact thor-
oughly and then form stable foam fluid during the mixing
process in themixer.The schematic of key devices was shown
in Figure 3.

The main process of generating foams by the home-
made foam generator is as follows: once foaming agent
solution and high pressure air flow through the T-shape
conduit of foam generator, the turbulent eddy is formed
after mixing and enhanced by the porous medium which
can be composed of multilayer meshes, powdered metal,
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or spherical glass particles, causing greater pressure drop
due to their impediment. The more homogenous and denser
aqueous foam is produced from down to up as the porosity
of porous medium increases stepwise. The aqueous foam
produced by mechanical agitation and home-made foam
generator was as shown in Figure 4.

Mixer consists of chamber and hollow spiral pipe inside
it. The high-speed composite slurry drives the impellers to
rotate, and then foam slurry is stirred and delivered by hollow
spiral pipe with helical blades. Vortex streets in this process
can completely go into turbulence and cause vortex according
to certain frequency. The loss of kinetic energy acts on the
mixtures and a large number of foam fluids are formed.
Aqueous foams pass into the mixer from the left body of
hollow spiral pipe equipped with five aqueous foam outlets
with an interval angle. Aqueous foams are added to slurry step
by step, which reduce the broken rate of foam and increase
foam slurry contact areas. This kind of mixing chamber can
weaken the shock caused by larger flow of aqueous foam and
is conducive for gas-liquid-solid to mix thoroughly.

3.2. Preparation of Aqueous Foam. From viewing of the
technology process for preparing the ISF, the stability is
mainly dependent on that of aqueous foam. Generally
speaking, foam expansion ratio of aqueous foam should be
more than 20. SDS is a widely used surfactant with strong
foaming ability. Its change trends of 30min drainage rate and
foam expansion ratio with different SDS concentrations are
depicted in Figure 5.

From Figure 5, with increasing concentration of SDS,
foam expansion ratio increases firstly and then decreases,
for the reason that the surface tension of surfactant solution
decreased firstly and then increased due to formation of
surfactant micelle, and the largest foam expansion ratio is 24

under a concentration of 2.5%.Drainage rate of aqueous foam
presented a reverse trend compared to that of foam expansion
ratio, whose minimum is 35% under a concentration of 2%.
This is for the reason that more micelles formed and their
shape changedwith the increase of SDS, contributing tomore
stable foam films and less drainage rate. However, in the
other limit, that is, above 2%, the violation of the law at
highermicelle concentrations is related to the appearance of a
freezing transition in foam films [21]. Considering the above
two indexes, the optimal SDS concentration is 2.5%.

In order to strengthen stability of aqueous foam, CTAB,
NaCl, and LA were utilized as foam stabilizers. We studied
modification effects on SDS aqueous foam under different
concentrations of foam stabilizers ranging from0.5% to 4.0%,
whose concrete effects on foam expansion ratio and drainage
rate are shown in Figure 6.

From Figure 6(a), the change trends of foam expansion
ratio for three foam stabilizers are different, and with increas-
ing concentration, that of CTAB declines and NaCl increases
slightly, while LA elevates. In Figure 6(b), from the viewpoint
of drainage rate, three foam stabilizers wholly could diminish
the drainage rate of aqueous foam, specifically, with the
increase of concentration; the drainage rate firstly falls off
sharply and tardily goes up later. The minimums of drainage
rate and the critical concentrations for CTAB, NaCl, and LA
are (20%, 2.5%), (26%, 1.0%), and (13%, 2.0%), respectively.
The reasons accounting for the trends mentioned above are
special as follows.

Under the condition that the concentration of SDS is
2.5%, its foam expansion ratio decreases with the increas-
ing concentration of CTAB. Because CTAB is a cationic
surfactant while SDS is an anionic one, when these two
surfactants are mixed, phase separation will occur due to
intense electrostatic interaction and condensation of surfac-
tant molecules [22], followed by the ascent of surface tension.
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Figure 4: The optical microscopic analysis diagram of aqueous foam.

D
ra

in
ag

e r
at

e (
%

)

Drainage rate

100

80

60

40

20

Fo
am

 ex
pa

ns
io

n 
ra

tio

Foam expansion ratio

25

20

15

10

5

0

SDS concentration (%)
0.0 0.5 1.0 1.5 2.0 2.5 3.0
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with different concentrations.

With the increase of CTAB concentration, the drainage
rate of aqueous foam decreases firstly and then increases,
which is 20% and the least under a concentration of 2.5%.
Compared with the individual SDS system, the SDS+CTAB
mixed system had a synergic effect on foam stabilization [23].
Surfactant mixtures could create a mixed surfactant layer
at gas/liquid interfaces. When two bubbles are approaching
each other to form a thin liquid film, this mixed surfactant
layer can confer disjoining pressures to hinder this approach-
ing.

The foam expansion ratio enlarges with the increase of
NaCl concentrationmainly because homo-ion could not only
diminish the Critical Micelle Concentration (CMC) of the
surfactant but also reduce surface tension of the solution
and develop its foaming ability. The drainage rate decreases
firstly and then ascends with the increase of NaCl concen-
tration, the minimum of which is 26% at a concentration
of 1.0%. The addition of NaCl to SDS solution enlarged its
foaming ability to some degree and reduced its drainage
rate, which could be explained that there is a threshold
of added electrolyte on stratification phenomenon of foam
film, above which the phenomenon is not observed [24].

Based on our experimental results, we believe that 1.0%
was just the threshold. Above 1.0% concentrations of NaCl,
bubbles ruptured asynchronously owing to different surface
concentrations of NaCl; thus the drainage rate of foam rose
slightly with the increased concentrations of NaCl.

The addition of LA could both prominently improve
the foam expansion and greatly enhance the stability of
aqueous foam. This is because the iceberg structure (a
perfectly ordered structure formed by the LA molecules
and water molecules) around the hydrocarbon chain in the
alcohol makes it a spontaneous process for the alcohol to
participate in the formation of micelle and thus bubble films
are consolidated. The drainage rate of foam film will slow
down with the rise of surfactant micelles in certain range of
concentrations [25].

The prepared foam-forming solution containing SDS
concentration of 2.5% and LA concentration of 2% possesses
excellent foam expansion ratio with the value being 28 and
the aqueous foam derived from the solution acquires the best
stability with the value being 13%.

3.3. The Stability of ISF

3.3.1. Aqueous FoamVolume, Fly Ash Replacement for Cement
and Water-Solid Ratio. According to the results of 125 tests,
it can be concluded that when FV is 8V, FA is 30% and W/S
is 0.4, and the ISF is in the best state with its foam expansion
ratio and stability coefficient being 5V and 90%, respectively.
At the same time, some other test data was shown in Figure 7.

From Figure 7(a), it can be seen that when FV increased,
foam expansion ratio and stability coefficient of ISF show
different variation trends. As the aqueous foam volume
increases, the slurry system becomes more disperse and the
filmbecomes thinner, which lead to the bursting of liquid film
even if the drainage volume is not big. Besides, cement and fly
ash particles cannot form a continuum and the setting and
the hydration are slowed down. So, foam stability decreases
as a function of increasing aqueous foam volume. When ISF
is used in field, ISF is requiredwith high foam expansion ratio
and desired stability coefficient. But, in fact, these two targets
cannot be achieved simultaneously.Therefore, we expect that,
under the limit of foam expansion ratio which is not less than
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Figure 6: Modifying effects of foam stabilizer on drainage rate and foam expansion ratio.

4 V according to the technological requirements, the stability
coefficient should be improved as high as possible.

To reduce cost, we use a small quantity of fly ash to replace
cement. Figure 7(b) shows the variation in foam expansion
ratio and stability coefficient with FA. The foam expansion
ratio and stability coefficient both reach themaximumswhen
the FA is 30%.This phenomenon can be explained as follows.
When the cement particles are irregular geometry, there are
many spherical particles (glass beads) in fly ash. Glass beads
function like ball bearing reducing the friction among cement
particles and increasing the liquidity of foam slurry, thus
making bubbles disperse evenly. But the hydration velocity
of fly ash is slower than cement. If the fly ash replacement
level is too high, it can cause reduction of the early hydration
products and rupture of bubbles and reduce the stability
coefficient of ISF.

It is observed from Figure 7(c) that, with the increase
of water cement ratio, foam expansion ratio and stability
coefficient exhibit the same change trend. A possible reason
for this is that, at a too low W/S level, cement hydration
consumes the water of foam, leading to bubble rupture and
foam slurry instability. However, when the W/S is too large,
solid particles may sink and foam can float upward, which
causes the uneven component of foam slurry and affects the
stability of ISF.

3.3.2. The Enhancement of the Stability. The maximum sta-
bility coefficient is 90% based on the results of 125 groups
of experiments. There are certain changes in its internal
structure of foamfluid during the solidification from the fresh
state. For amore in-depth study on the changes in the internal
structure of the bubble, the fresh state of foam fluid (Figure 8)
was observed by optical microscopic system.

Figure 8 shows that there are two distinct cases with
respect to the cement particles’ location. Most of the particles

are present only inside the film and just a few particles are
firmly attached to the film surface. In the first case, solid
particles at sufficiently high concentration can form a layered
structure inside the thinning film and thus stabilize it by the
so called oscillatory structural force. In the second case, a
few particles irreversibly adsorb at the gas-liquid interface
and significantly increase the interfacial elasticity needed
to prevent the film rupture and bubble coalescence. The
foam stability has been quantitatively assessed by the particle
hydrophobicity measured in terms of the contact angle, 𝜃,
which is related with the energy, 𝐺, required to remove the
small particles (radius being 𝑅

𝑠
) from the interface by the

following [26]:

𝐺 = 𝜋𝑅
𝑠

2
𝛾LG(1 − cos 𝜃)

2
. (7)

According to Binks, the optimum contact angle for foam
stabilization is about 90∘, as at this value the energy to
remove the particle from the interface has the highest value.
Experimentally, the optimumcontact angle interval, ensuring
the highest foam stability, was found between 40 and 70∘ [27]
and 75 and 85∘ [28] (see also results in [29]). Based on (6),
our measurements give a contact angle of 166∘ and 78∘ for
the particles in water and surfactant solution, respectively.
Therefore, the aqueous foams can be stabilized by solid
particles. The adsorption of CTAB and LA molecules on
the surfaces of the particles changes their hydrophobicity.
The partially hydrophobic particles are able to attach to the
interfaces, which play a crucial role in the high foam stability
reported here [30]. For further investigation, the bursting
process of an unstable bubble was shown in Figure 9.

From Figure 9(a) to Figure 9(b), this phenomenon was
called limited coalescence and was observed with emulsion
stabilized by the same type of particles [31]. After a drainage
period the site where the liquid drained is clear (as compared
with the dispersions which are turbid), and the foam evolves
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Figure 8: The fresh state of foam fluid.
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Figure 9: The bursting process of an unstable bubble.

little with time. If initially after creation the bubble surfaces
are not sufficiently covered by particles, upon coalescence, the
surface to volume ratio of the created bubbles decreases and
hence eventually the coalescence proceeds [32, 33].

Based on the previous analysis, the apparent high stability
against disproportionation is themost significant result, even
considering the coagulated nature of the particles. Also, as
with foam fluid, partial coagulation of particle networks on
the surfaces of the bubbles is found to be advantageous for
stability. It should be noted that the rate of drainage from the
bubble wall is much faster than the rate of precipitation of the
hydration products. So promoting the formation of hydration
products is the correct way to delay and stop the burst of
bubbles.

3.3.3. The Dynamic Changes of Bubble Wall after Adding
Calcium Fluoroaluminate. Accelerators influence the rate of
cement hydration, leading to particles with a high degree
of internetworking against disproportionation and to occur-
rence of greater retardation. So we conduct experiments
on the concentration of calcium fluoroaluminate (11CaO ⋅
7Al
2
O
3
⋅ CaF
2
) on the foam stability coefficient as shown in

Figure 10. Foam stability first increases and then decreases
with the content increase of 11CaO ⋅ 7Al

2
O
3
⋅ CaF
2
and the

maximum stability is 95% under the value of concentration
being 12%.

In cement-based materials (e.g., ISF), the transformation
process from a paste phase into a solid phase can be
understood from the properties of their constituents. When
11CaO ⋅ 7Al

2
O
3
⋅ CaF

2
is added to ISF system, Al

2
O
3
,

coming from the admixture, could react with gypsum to form
immediately ettringite crystals ([Ca

2
(Al, Fe)(OH)

6
]
2
⋅ X
3
⋅

𝑛H
2
O), which will attach to the particle surface. At the same

time, the consumption of gypsum accelerates the pace of
tricalcium silicate (3CaO ⋅ SiO

2
) hydration, forming a small

amount of fibrous C–S–H filling among the cement particles.
The chemical reaction consists in the transformation of
11CaO ⋅ 7Al

2
O
3
⋅CaF
2
into [Ca

2
(Al, Fe)(OH)

6
]
2
⋅ X
3
⋅ 𝑛H
2
O

via a dissolution precipitation process by (8). The dynamic

Concentration (%)
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Figure 10: The foam stability coefficient versus concentration of
accelerators.

changes of bubble wall in the stabilization and solidification
process were shown in Figure 11. Consider

3 (11CaO ⋅ 7Al
2
O
3
⋅ CaF
2
) + 33CaSO

4
+ 382H

2
O

→ 11 (3CaO ⋅ Al
2
O
3
⋅ 3CaSO

4
⋅ 32H
2
O)

+ 3CaF
2
+ 10 (Al

2
O
3
⋅ 3H
2
O)

(8)

In the SEM image obtained from the sample after solid-
ification, the evolution of the primary cement hydration
products is obvious. We can observe the formation of
ettringite as rod-like crystals massively fill capillary pores.
Surface products such as C–S–H gel can be observed as the
major ISF microstructure component. CH as a pore product
with a polycrystalline shape is another dominant cement
hydration product. The SEM shows that the cement and
fly ash particles are more connected and cement hydration
products completely surround the particles.

4. Conclusions

(1) This paper presents the manufacturing process of
ISF which consists of mixing the composite slurry,



Advances in Materials Science and Engineering 9

Solidification

Ettringite

CH
C–S–H

200𝜇m

Figure 11: The SEM images of bubble wall.

preparing aqueous foam, and mixing them with
accelerator.The foamgenerator can produce homoge-
nous and dense aqueous foams due to the turbulent
eddy which is formed and enhanced by the porous
medium.A large number of foamfluids are formed by
the self-made mixer in which turbulence and vortex
were generated, and then aqueous foams were added
stepwise to slurry.

(2) The aqueous foam with expansion ratio of 28 and
30min drainage rate of 13% was obtained as a func-
tion of 2.5 wt.% SDS and 2wt.% LA. The effects of
FV, FA, and W/S on stability coefficient and foam
expansion ratio were studied. And the results show
that the optimum values of foam expansion ratio and
stability coefficient were 5V and 90%, respectively, by
value of FV being 8V, FA being 30%, and W/S being
0.4.

(3) The adsorption of CTAB and LA molecules on the
surfaces of the particles changes their hydrophobic-
ity with the contact angle from 166∘ to 78∘. The
mechanism concerning accelerating the hydration
and reducing the drainage was proposed and verified
based on the analysis of dynamic change of bubble
wall.

(4) At last, ISF with stability coefficient of 95% and
foaming expansion ratio of 5 was fabricated, which
could sufficiently satisfy field process requirements of
air sealing and thermal insulation.
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