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ABSTRACT

Gas leakage seriously threatens the safety of workers in coal mines. Spraying the
gas-sealing coating is one of the effective methods to relieve gas leakage.
However, the hydrophobic property of coal makes it difficult for the gas-sealing
coating to penetrate the coal. The effect of surfactants on the properties of the
hybrid organic-inorganic, gas-sealing coating was systematically studied.
Analysis of the influence of different surfactants on the contact angle of coating
and coal shows that the contact angle reduction of tributyl phosphate (TBP) is
unaffected by the emulsion concentration. The reduction is more than 30%,
which effectively improves the wettability of the coal surface. Further, TBP
addition can optimize the micro-morphology, internal microstructure, and
bonding strength. TBP addition can also facilitate a close contact on the inter-
face, thus achieving effective penetration within the coal sample and enhancing
the gas-sealing performance of the coating. In addition, this study explores
preliminarily the curing mechanism and synthetic model of the coating, pro-
viding a new theoretical basis for the development of gas-sealing coatings.
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No detailed research has been conducted on actual
material application [4, 5]. Coal has strong

Introduction

Coal is currently an essential element of China’s
energy portfolio. To promote safe coal production, an
effective method for sealing underground coal mines
is a top safety priority [1, 2]. In recent years, China
has made great efforts to develop effective gas-seal-
ing materials in coal mines [3]. The research on the
gas-sealing material is mainly focused on the basic
material ratio, mechanics, and airtight performance.

hydrophobic property. As such, when the sealing
material is sprayed on the coal wall, the hydrophobic
property of coal will impede the penetration of
sprayed material into coal [6]. The relatively complex
application environment in underground coal mines
also exerts important influence on the actual appli-
cation of the gas-sealing materials [7]. In this regard,
improving the chemical properties of the coating and
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coal wall surface and making the coating penetrate
well into the coal wall and closely bond with it is of
great importance in improving the comprehensive
gas-sealing performance in actual material
applications.

Some functional additives are often added for
coating preparation. These additives are mainly used
for inhibiting the production of bubbles during
coating production and optimizing the micro-pore
structure inside the coating or adjusting the coating
property [8]. The wettability of coal and the coating
liquid usually depends on their surface tension and
contact angle, whose measurement has also been
widely used in the evaluating the wetting behaviour
on the coal surface. In this regard, studies have
shown that adding sodium dodecyl sulphate in
deionized water can significantly improve the wet-
ting behaviour of coal [9]. Adding sodium dodecyl
benzene sulphonate in water for a multicomponent
combination and then spraying the mixture on the
coal particles can reduce the contact angle with the
coal and slow down the emission of gas from coal
pores [10]. Therefore, adding appropriate surfactant
in the gas-sealing coating is expected to be an effec-
tive way to improve the wettability of materials on
the coal surface, which is worthy of further study.

In general, many different surfactants exist,
including silicone oil-based defoamer, mineral oil-
based defoamer and phosphate-based defoamer.
Defoamers based on silicone are more effective, but
they are too expensive [11] and they do give rise to
the ‘much dreaded silicone oil spots’ [12], so they are
not suitable to the gas-sealing coating in coal mines.
The efficiency of non-silicone defoamers (mineral oil-
and phosphate-based defoamers) are lower than that
of silicone defoamers; however, they are significantly
inexpensive as compared to silicone-based defoa-
mers; therefore, they are commonly used in the
middle-grade or low-grade coatings. As such, con-
sidering the requirements for wettability, dispersion,
stability, and other performance metrics as well as
safety, efficiency, and economy, three surfactants
suitable for water-borne styrene-acrylic emulsion
system were selected in this study. They were the
phosphate-based defoamer TBP and two mineral oil-
based defoamers SD202 and F202, respectively.

In this study, the hybrid organic-inorganic gas-
sealing coating prepared with ultrafine fly ash (UFA)
and cement in previous research [13] was used as the
basic coating formula. The suitable surfactant
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concentrations were determined based on the most
wettability between the coating and the coal wall. For
the purpose, the effect of different surfactants on the
surface tensions and contact angles between the
emulsion of series concentrations and the coal wall
was investigated. The micro-permeability of the gas-
sealing material and the pore structure were also
analysed. In addition, this study proposed a curing
mechanism and a synthesis model, which will pro-
vide a theoretical foundation for the actual applica-
tion of the gas-sealing coating.

Materials and methods
Materials

The main materials were styrene-acrylic emulsion
5400F (Basf Company), UFA (Shanxi Huatong Com-
pany) and Portland cement (325#, Taiyuan Cement
Company). Their particle sizes were measured by the
Particle Size Analyser (Eyetech/CIS, Ankersmid B.V.,
Holland). Their average sizes were around 0.2 pm,
22 ym and 18.1 pm, respectively. Aluminium
hydroxide (analytical reagent, Tianjin Guangfu),
Antimonous oxide (Sb,Oj3, analytical reagent, Tianjin
Guangfu), 70# chlorinated paraffin (analytical
reagent, Tianjin Guangfu), zinc borate (analytical
reagent, Tianjin Guangfu), graphite (analytical
reagent, Tianjin Guangfu), conductive carbon black
(analytical reagent, Tianjin Guangfu). Surfactants
include two mineral oil-based defoamers, SD202
(Industrial-grade, Shanghai Wenhua) and F202 (In-
dustrial-grade, Zhejiang Linan), and one phosphate-
based defoamer TBP (Analytical reagent, Tianjin
Hengxing).

Experimental method
Method for measuring the surface tension

The surface tension of the solution was measured
with the surface tension meter (QBZY, Fangrui,
Shanghai) using the plate insertion method. The
emulsion—water mixture solution with the emulsion
concentration of 0.1 g L™" was prepared at 20 °C. Its
surface tension was measured to be 72.92 mN m™".
Then, different surfactants were added in the mother
solution and mixed evenly to prepare a series of
solutions. The solutions were moved to the energy-

@ Springer



15144

saving intelligent thermostatic bath (DC-2006, Xinzhi,
Zhejiang) at 20 °C for testing.

Method for measuring the contact angle

Large coal was cut, ground, and sanded to obtain
relatively horizontal coal samples with smooth upper
and lower surfaces. Surfactants were added to pre-
pare different solutions for testing. The contact angles
between the droplets and the coal surface were
determined at room temperature with the contact
angle meter (JC2000X6, Zhongchen, Shanghai) using
the hanging drop method [14, 15]. The contact angle
between the flow interface and the solid interface at
the junction of three phases was automatically mea-
sured by the tangent method on the droplet images,
which was also the contact angle between the droplet
and the coal.

Method for preparing and testing of coating

The preparing procedures of coating in this study
were outlined in previous research. Water was added
to the styrene-acrylic emulsion. After well-mixed
with a glass rod, the emulsion was mixed in a dis-
perser (KS-370, Shanghai) for 1 min. Subsequently,
solid powder that was already well-mixed was added
and mixed up by a glass rod. The viscosity of mixture
was monitored by a digital viscometer (STM-IVB,
Shanghai) and was maintained about 80KU by add-
ing water, and then the admixture was stirred by
disperser at 600r/min for 5 min. After sitting for
2 min, the mixed coating materials were poured into
a template, ageing for 7 days and ready for using
[13].

The bonding strength was measured by a SW-
6000C bond strength tester with high precision (Bei-
jing Shengshi).

A gas permeation meter (VAC-V1, Languang,
Ji'nan) was used to determine the air permeation of
these coating samples. The air permeation testing
method was in reference to the national standard
Determination for Gases Permeability of Vulcanized
Rubber or Thermoplastic (GB/T7755-2003). Mean-
while, the appearance of samples was observed and
elemental analysis was investigated by SEM-EDS
(Tabletop Microscope TM3030, Hitachi, Japan).
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Results and discussion

Critical micelle concentration (CMC)
of different surfactants

The surface tensions of the surfactants of different
concentrations in the emulsion-water solution at the
emulsion concentration of 0.1 g L™' were measured
to obtain the concentration value of the surfactants
with the maximum reduction of the contact angle
between the coating and the coal wall. The results
shown in Fig. 1 indicate that the surface tension of
the solution is reduced after adding the surfactant.
However, when the surfactant concentration increa-
ses beyond a certain level, an obvious turning point is
observed. At this concentration, which is called the
critical micelle concentration (CMC), the solution
begins to form micelles [16]. The CMC is determined
by the intersection of two straight lines on the relation
graph between the concentration and the surface
tension [17]. After measurement, the CMC value was
0.08% for TBP, 0.02% for F202, and 0.16% for SD202.

Contact angle of coal

Usually, the contact angle value is used to represent
the wettability of the liquid to the solid. Small contact
angle means good wettability of the liquid to the
solid surface. The wetting contact angle between coal
and water is generally 60° to 85° [18]. Coal is a kind of
substance with strong hydrophobic property. There-
fore, adding appropriate surfactants in the liquid to
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Figure 1 Effect of different surfactants and different adding
amounts on the surface tension of the solution.
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modify its behaviour, and thus improve the wetta-
bility of the coal and enhance the adhesive ability
between the coating and the coal, is feasible. By
testing, the stable contact angle between coal and
water was 65°, indicating that the coal showed typical
wettability and can be used to carry out the follow-up
experimental research.

To investigate the effect of this modification and
adaptability of the surfactant on the coating, a com-
parison was performed on the contact angles between
the solutions and the coal after adding TBP, F202, and
SD202 and those without surfactant addition. The
dynamic contact angle values within 2 min were
recorded by continuous photography method, as
shown in Fig. 2. In the figure, the emulsion concen-
tration of 1.7 g mL™" represents the real proportion
for coating preparation, and 29 g mL™' is the
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maximum proportion which may be selected in
actual operations in the future.

Figure 2 shows that the contact angles between the
solutions of different concentration and the coal
change significantly within 20 s and then become
stable after 60 s. For the solutions without the sur-
factant in Fig. 2a, the initial contact angles between
the solution and the coal increased with the increase
in the emulsion concentration. However, when the
contacting time was longer than 1 min, the contact
angles between different solutions and the coal all
maintained 60° angle and became stable. This phe-
nomenon indicated that wetting and penetration of
the coal surface were difficult for the solutions of
different emulsion concentrations, which affected the
gas-sealing effect of the coating on the coal wall
during application to some extent. Therefore, the
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Figure 2 Change of the contact angles between the coatings of different emulsion concentrations and the coal over time.
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material wettability on the coal wall must be
improved.

The reduction amplitudes of different surfactants
on the contact angle between the solution and the
coal can be calculated by Eq. (1), and the results are
shown in Fig. 3.

AQ = (Qinitial — Qrap)/ Qinitiat X 100% (1)

Here, AQ is the reduction amplitude of contact
angle; Qinitia1 1S the contact angle of initial emulsion-
water solution to coal; Qrgp is the contact angle of
solution with TBP.

Figures 2b and 3 show that the reduction perfor-
mance of TBP was not affected by the emulsion
concentration of the solution. TBP not only reduced
the initial contact angles between the materials of
different emulsion concentrations and the coal wall
significantly but also kept the contact angles at 40°-
42.5° after stability in Fig. 2b. The reduction ampli-
tude of contact angle was up to 30-40%, reflecting the
good wetting effect on the coal surface. This result
indicates that TBP exhibits good adaptability in
actual application. From the comparison of the con-
tact angles (red dot and red line) in Fig. 2a, b, the
contact angle was reduced from 60° to approximately
41° by TBP addition. TBP is poorly soluble in water;
the TBP solubility at 20° in the pure water was
approximately 0.095% [19]. In this study, when the
added TBP concentration was 0.08%, TBP is fully
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Figure 3 Reduction amplitude of different surfactants on the
contact angles between the coatings of different emulsion
concentrations and the coal.
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mixed in the solution. Thus, when TBP was added,
the contact angles between different materials and
the coal wall after stability were not affected by the
emulsion concentration, and they can all be kept at a
low range.

According to Figs. 2¢, d and 3, after adding F202
and SD202, the reduction amplitude in the contact
angle between the coating and the coal was greatly
affected by the emulsion concentration. Those two
materials showed a consistent trend for the reduction
effect of the contact angles with different emulsion
concentrations. When the emulsion concentration
was low, they both exhibited no obvious reduction in
the initial contact angles and those after stability.
With the rise in the emulsion concentration, both
initial contact angles began to reduce, and the
reduction amplitudes increased. This phenomenon
may be occurring because F202 and SD202 are mainly
composed of hydrophobic components and aliphatic
mineral oil, which are extremely difficult to dissolve
in water but exhibit good solubility in the styrene
acrylic emulsion. Meanwhile, low emulsion concen-
tration is not conducive to the dissolution and dis-
persion of F202 and SD202. With the rise in the
emulsion concentration, their solubility in the mixed
solution is greatly increased, thus changing the
material wettability on the coal wall.

Effect of TBP on bonding strength of coating

According to the apparent property, water adsorp-
tion ratio, mechanical property, flame retardation and
antistatic properties, the basic formula for gas-sealing
coating (50 g emulsion, 60 g UFA, 20 g cement, 5 g
chlorcosane, 3 g aluminium hydroxide, 4 g zinc
borate, 3 g antimonous oxide, 3 g graphite, 2 g con-
ductive black and 29 ml water) was given in the
previous research [13]. This work studies the effect of
TBP based on this coating formula. The bonding
strength of the samples at 7 days with and without
TBP is shown in Fig. 4. The bonding strength of the
coating samples with TBP was all larger than that
without TBP. TBP addition can significantly improve
the wettability of the coatings on the surface of the
substrate and promote the materials to penetrate the
substrate effectively. Thus, the bonding strength of
the coatings improved significantly.

Meanwhile, increasing the amount of added UFA
from 0 to 60% increases the growth rates of the
strength to 32.5%. When the added UFA amount was
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Figure 4 The bonding strength of the coatings without TBP and
with TBP (curing 7d).

60%, the bonding strength after 7 days of curing was
close to that of complete cement. This finding may be
because the even distribution of UFA and ordinary
cement promoted good gradation in the coating.
Further, TBP addition can improve the liquidity and
wettability of the coating and promote the pozzolanic
UFA reaction inside the coating. The dual function of
TBP promoted the bonding strength of the coating
and improved it significantly.

The bonding strength of the coating aged for
14 days will be higher than that of all cement coating
[13]. However, given that fast curing is expected in
actual applications, the study simply compares the
curing effect after 7 days. In addition, UFA addition
can reduce the sealing cost with projections of good
quality. Thus, the formula of 60% UFA at 7 days of
curing will be selected.

Effect of TBP on the air tightness of coating
and the microscopic analysis

Effect of TBP on the air tightness of coating

Tests and analyses were conducted on the effect of
TBP on the air tightness of full-cement coatings and
those containing 60% UFA. According to Table 1,
TBP significantly improved the air tightness of the
coatings. This outcome was mainly because TBP
eliminated the bubbles created during coating
preparation, avoided the formation of large holes,
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and improved the liquidity of various powder par-
ticles in the coatings. This condition results in uni-
form and dense internal structure of the coatings after
curing and thus improving the air tightness of the
coatings. It has been reported [20] that the material
possesses good air tightness when the permeability
coefficient is in the order of magnitude 10~'°. The
permeability coefficient of 60% UFA samples with
TBP was 184 x 107"’ ecm’emm™2s™' cmHg .
When this coating is sprayed on the wall of under-
ground coal mine, it could effectively prevent the
leakage of gas by increasing the mass transfer
resistance.

Effect of TBP on the coating microstructure

The pore structure of materials is a direct factor in
affecting their airtight performance. Good pore
structure is critical to the gas-sealing performance of
the materials [20]. Scanning electron microscopy
(SEM) was used to conduct the analysis on the sur-
face and inner microstructure of the coatings con-
taining 60% UFA with and without TBP to explore
the effect of TBP on the microstructure of the coatings
and explain its influence on the air tightness of the
coatings.

Surface microstructures in Fig. 5 show that the
surface of the sample without TBP was very uneven.
During curing, several shrinkage cavities were
formed because of bubble bursting. No obvious
shrinkage cavity was observed on the surface of the
sample with TBP. The surface of the sample was flat
with only a small number of fine lines on it after
curing. This finding indicated that TBP can prevent
the defects on the surface of the coating and effec-
tively improve the apparent performance of the
material.

The gas-sealing coating was a dispersion of many
different materials suspended in water and stabilized
by surfactants. These surfactants can also stabilize
foam, so some holes are observed in the samples
without TBP (Fig. 6a). No large holes were observed
in the samples with TBP (Fig. 6b), and the structure
was uniform and dense, indicating that TBP can
optimize the pore structure inside the materials,
improve the density, effectively prevent the forma-
tion of large holes in the materials, and play the role
of eliminating bubbles. It had been reported that TBP,
a polar an odourless liquid, was highly efficient and
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Table 1 The impact of TBP

J Mater Sci (2018) 53:15142-15156

on air tightness

Items Permeability coefficient (cm® cm m™2 s~! emHg ™))

All cement samples

60% UFA + 40% cement samples

Without TBP
With TBP

10.67 x 10710
5.68 x 10710

3.84 x 1071°
1.84 x 1071°

suitable for use as an ideal antifoaming agent and as
an adhesive in many industries [21, 22].

Effect and analysis of TBP
on the combination effect of coating
and coal samples

Effect of TBP on the penetration of coating in coal samples

In construction, the coating needs to not only be fully
bonded with the coal wall after being sprayed on it,
but it also needs to penetrate the coal seam to ensure
its long-term gas-sealing effect [23, 24]. To investigate
coating penetration, a spraying simulation

@ Springer
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Figure 6 SEM images of the inner structure of containing 60% UFA samples (a without TBP; b with TBP).

experiment was performed in the laboratory. Two
500-ml empty reagent bottles with tops removed
were employed. Then, the same amount of coal par-
ticles with the size of 1 mm to 5 mm (washed and
dried) was added in the reagent bottles. The bottles
were moderately shaken to make the inner structure
of the coal samples compact and flat on the top. Up to
60 mL of coatings with and without TBP was placed
in the bottles. After cultivation for 7 days, the reagent
kits were cut axially. The coal particles, which were
not bonded, were shaken off gently to obtain the
coating permeability inside the coal samples, as
shown in Fig. 7.
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Coating

o

Figure 7 Penetration situation of different coatings in the coal
samples (a with TBP; b without TBP).

For the samples without TBP, the penetration was
not deep. Obviously, most of the coatings still accu-
mulated on the external surface of the coal without
achieving the effective penetration. In this case, the
coating represented wasted material not good for the
long-term application effect. The sample with TBP
not only formed a layer of curing coating on the
surface of the coal, but it also penetrated well into the
coal system with many coal particles bonded and
deeply penetrated. This was because TBP played a
key role of fluidizing agent in the coating. It
decreased the surface tension and viscosity of the
coating, and then increased the fluidity of coating
[25]. As such, the coating could penetrate deeply and
promote the actual gas-sealing application of the
coating on the roadway wall of the coal mine.

Figure 8 Photographs of the
microscopic penetration and
combination of different
coatings in coal (a without
TBP and b with TBP).
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Effect of TBP on the microscopic combination
and penetration of coatings

The coatings bonded with coal in Fig. 7a, b were
selected for SEM analysis (Fig. 8) to observe the
microscopic combination and penetration conditions
with coal. Given that the coatings, which were
smooth, can be made into the qualified samples for
SEM test, the coatings in Fig. 8 are below and the coal
particles are above.

In Fig. 8a, the coatings without TBP are mostly
gathered at the contact interface between the coal
sample and the material rather than penetrating from
the interface to the internal coal particles. Only a
small number of coal particles bonded on the surface
of the contact surface are observed, and the coatings
are poorly bonded with the coal particles with obvi-
ous gaps. Figure 8b clearly shows that the coatings
with TBP bonded several coal particles. In addition,
no blank space was basically observed at the bonding
place. TBP enhanced the overall liquidity of the
coating on the surface of coal particles and inside
them. TBP promoted the coating to penetrate the coal
and fill the holes between coal particles to make the
internal structure of coal compact and improve the
gas-sealing performance of the coating.

In order to investigate the coating properties, the
main coating and interface coating in Fig. 8b were
taken for FT-IR analysis. The main peak shapes of
both samples in Fig. 9 are basically the same, indi-
cating that their main components are the same.
However, there are some differences in details. Both
peaks of O-H and C=0O in carboxyl group (-COOH)
have weakened (http://www.science-and-fun.de/
tools/). It might be the polycondensation reaction
between -OH and some groups on the surface of coal.
Although the exact explanation remains to be
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interface coating
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Figure 9 FT-IR spectra of main coating and interface coating.

studied, the existing experimental results show that
interface coating can bond the coal particles well.

The effect analysis of TBP on the gas-sealing
coating

TBP is hydrophobic oil (Fig. 10), and it could act as
antifoamer and defoamer. The P(V) in TBP has strong
complexation, which makes it easy to be adsorbed in
the water—air surface. As such, the Marangoni effect
was hindered, and the contact angle was decreased,
which controlled the formation of foam. So in this
way, TBP acted as a deaerating wetting agent.
However, its low solubility in water made it form
small droplets and be dispersible in the coating sys-
tem and thus transport TBP droplets from bulk to the

Hydrophilic

Figure 10 The structure of a single TBP molecule (yellow—P,
red—O, grey—C, white—H).
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bubble interface (Fig. 11a). TBP had a low surface
tension (27.79 mN m™!, 20 °C), so it tended to flow
towards the liquid forming foam with high surface
tension. TBP particles could break through the acti-
vation barrier to push aside the surfactants, and then
they could easily enter the air/water interface
(Fig. 11b), which brings about dewetting at the same
time. TBP particles constantly spread on the bubble
surface (Fig. 11c), which made the local surface ten-
sion of the bubble decreased and led to a thinning
film (Fig. 11d). Further, the bubbles exerted a strong
drag on the underlying layers of water which causes
the bubbles to ruptured subsequently (Fig. 11e)
[26, 27].

Investigating the curing mechanism
of the gas-sealing coating

Above experimental results indicated that during the
curing of fly ash-cement-modified coating, a series of
inorganic and organic chemical reactions may occur
among water, emulsion, cement, and UFA in the raw
material. It should be noted that functional additives
were omitted in the study of this model.

1. Free Ca®" of Ca(OH), and calcium silicate
hydrate (C-S-H) gel were produced after hydra-
tion of the cement. In styrene acrylic emulsion
(SAE), many carboxyl groups, which can react
with ionized calcium, were observed, and
[RCOO~1Ca**[RCOO™] and inorganic-organic
compound gel were produced [28-30]. Possible
interactions between these particles in this system
are shown in Fig. 12.

First, a hydration reaction occurs in an alkaline
environment.

C10H11COOH + OH — C10H11COO_ + HzO (R])

Second, the bridged linkage structure with Ca**
can be formed after a reaction between the hydrated
SAE and Ca®" [31, 32]:

2C;0H1;COO™ + Ca**

R2
— [C1pH;CO0™]Ca®"[C1oH;;COO7] (R2)

Figure 12 indicates that two carboxylate groups
can be linked by one calcium ion. Two carboxylate
groups from one SAE chain, such as in Fig. 12a, can
be considered a self-link of the polymer chain.
However, if two carboxylate groups belong to two
SAE chains, two SAE chains should be chemically
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Surfactant in emulsion

Figure 11 Defoaming mechanisms of TBP, a contacting, b entering, ¢ spreading, d film thinning, e bubble rupture.

OH @9

)-' ®-Cc @0
(—H @—-Ca

N

S

(a) (b)

Figure 12 Schematic representation of Crosslinking reaction process between SAE and ionized calcium. a Self-link of polymer chain, b
cross-link of plymer chains.

bonded together, which can be stated as a crosslink. 2. In addition, chemical interactions can also occur
As shown as in Fig. 12b, more crosslinks indicate between SAE polymer chains and the activated
strong bonding of two SAE chains [33, 34]. groups of cement, fly ash or coal.
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SAE polymer chain can react with C-5-H gel pro-
duced by cement hydration. Figure 13a is the sche-
matic representation of the basic structural unit of the
C-5-H phase, which is the layer of coordinated Ca
sandwiched in between SiO, tetrahedral chains. The
upper part shows an octamer silicate chain, whereas
the lower part illustrates the incorporation of Al in a
bridging site in the silicate chain structure [35]. Fig-
ure 13b is the schematic of polymer-modified C-5-H
nanostructure.

The incorporation between SAE polymer chains
and cement hydrate/cement grains also can be
demonstrated as in Fig. 14. Thus, SAE particles can
adhere firmly to cement grains/hydrates. As the
concentration of calcium ions is relatively high
around cement grains, the crosslinking between SAE
chains would build a polymer network around
cement hydrates [34]. As a result, the chemical
bonding will enhance the attraction between SAE
particles and cement hydrates/grains.

Many activated SiO, groups in fly ash can react
with polymer chains through ionized calcium, and
the crosslinked product bonded to the surface of UFA
[39]. Figure 15 illustrates the polymer bonding to fly
ash surface through the carboxylate group and the
activated SiO, group. Additionally, coal possesses
several activated -OH and -COOH groups on the
surface. These groups would exhibit crosslinking
reaction with the carboxylate group of polymer chain
through ionized calcium. Then, the products bind to
the surface of coal similar to that in Fig. 16. Similarly,
these chemical bonding will enhance the attraction
between SAE particles and UFA or coal.

Given the above findings, some chemical reactions
may occur between the particle surfaces of SAE and,
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Figure 14 Schematic illustration of reaction between SAE and
cement hydrates/grains.
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Figure 15 Schematic illustration of reaction between SAE and
fly ash.

.—O C—H

or cement, fly ash, and coal through calcium ions
(Ca®*) as illustrated in Figs. 14, 15 and 16. In addi-
tion, these reaction products formed the net structure
accumulated on the surface of these solid particles.
Such reactions are expected to improve the bond
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Figure 13 Schematic of a the basic C—S—H unit and b two simplified C—S—H modified by polymer [36-38].
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Figure 16 Schematic illustration of reaction between SAE and
coal.

between polymer and solid particles and to improve
the properties of sealing coating [39].

Some researchers mentioned that surfactant addi-
tion can further raise the solid-liquid ratio at the
interface improving the interfacial bond by pore
refinement and grain refinement. Gao et al. [40]
reported that polyacrylate emulsion can react with
cement hydrates and forms an interpenetrated net-
work with large molecules composed by ion bond,
therefore densifying the cement hydrates.

Model of the microstructure of the sealing
coating and the composite mechanism

Sakai et al. [41] suggested a composite mechanism for
the polymer-modified cement (PMC) mortar,
wherein ethylene vinyl acetate and cement were the
main materials. An improved four-step model was
proposed to describe the forming of the microstruc-
ture of PMC mortar [42]. Considering the chemical
reactions between cement hydrates and polymer
latex, the corresponding influence of polymer latex
on cement mortars was represented in the model. An
improved model of the composite mechanism of SAE
coating may be summarized as shown in Fig. 17.

1. After SAE was mixed with water, cement and fly
ash, the mixtures were poured into coal particles.
The spherical polymer particles independently
distributed on the interface between solid parti-
cles due to their ‘ball bearing’ action of the
polymer particles, the entrained air, and the
dispersing effect of surfactants in the polymer
latexes [39]. TBP adding also decreased the
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surface tension and viscosity of the coating, then
increased the fluidity of the [RCOO~]Ca**[-
RCOO™] gel, and exhibited an excellent perme-
ation into solid particles.

2. Then with hardening, the generated inorganic

hydrates produced by cement and fly ash, and
the organic product reacted between ionized
calcium and polymer, fly ash, cement and coal.
These products deposited and crowded around
these solid particles. The large pores in the
coating could be filled or sealed with these
continuous reaction products. Additionally, a
crosslinking film and membranes formed at the
coating surfaces. Consequently, the adhesive
property and crack resistance of the coating
materials to coal increased, which provided a
considerable increase in sealing property, includ-
ing gas-sealing, water tightness, chemical
resistance.

In order to partially validate the model, the FT-IR
analysis was performed for the styrene-acrylic
emulsion (polymer particle in Fig. 17a) and the
coating after hardening shown in Fig. 18. There are
obvious characteristic peaks of -COOH group in the
infrared spectra of styrene-acrylic emulsion sample,
while they are weakened in the coating after hard-
ening. It might be the crosslinking reaction between
SAE and other materials. But for the time being, there
is no more accurate experimental verification. This
will be our next important task.

Conclusions

Adding appropriate amount of surfactants in a coal-
sealing coating can reduce its surface tension and
improve the wettability with the contact interface.
The efficacy of F202 and SD202 is affected by the
emulsion concentration, while that of TBP is not
affected obviously, and the contact angle reduction is
always around 30-40%. These results indicate the
strong modifying effect of TBP and its applicability.
Specifically, TBP can reduce the defects of the coating
surface and prevent the formation of large holes
inside the coating to optimize its microstructure.
Secondly, TBP effectively improves the wettability on
the surface of the coal and makes the coating bond
with the coal closely at the contact interface and
penetrates deeply into the coal. Thirdly, TBP
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Figure 17 Schematic illustration of the composite mechanism model for sealing coating. (a before hardening; b after hardening).
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Figure 18 FT-IR spectra of SAE and coating after hardening.

obviously improves the liquidity of the inorganic-
organic composite gel product and promotes the
coating to penetrate the internal particles of coal and
fill in the gaps between particles. As such, the gas
flow resistance increases, and the permeability
decreases sharply and reduces the gas emission
strength and effectively improves the gas-sealing
effect of the coating.

In this paper, an improved model for the composite
mechanism of gas-sealing coating was proposed, but
the verification for this model was not enough. In
future, the NMR, SEM-EDS and other methods will
be used to try to verify the gelation reaction and the
bridge effect of the free Ca®" in this model.

The sealing coating can be used in coal mine for
improving the safety of underground mine workers.
Fly ash as the main filler has a number of advantages

@ Springer

including the reduction in the coating cost, solid
waste utilization and protecting the environment.
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