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ABSTRACT

To solve the fire accidents caused by coal combustion, this work prepared four hybrid hydrogel materials using
bio-based polymers, flame retardants, and inorganic materials. Compared to pure water and 3.5 wt% MgCl2 solu-
tion, the as-prepared hydrogel presents good fire prevention performance. In addition, it is found that CO and
CO2 are not produced by coal when the pyrolysis temperature is lower than 200°C. During low-temperature pyr-
olysis, CO is more likely to be produced than CO2, indicating inadequate pyrolysis behavior. At the same time, the
addition of fire-preventing hydrogel can not only decrease the maximum CO2 concentration before the critical
temperature but also prolong the corresponding time. In addition, based on the cone calorimeter test, the inhibi-
tion effects of pure water, magnesium chloride solution, and four hybrid hydrogels on heat release behavior are
evaluated. It is demonstrated that different dosages of different hydrogels affected the fire prevention effect. Phos-
phorous-modified cellulose/silica and carrageenan/DMMP/vermiculite composite hydrogels have the weakest fire
prevention effect at 20 g, which is weaker than that of water. However, the fire prevention effect of carrageenan/
DMMP/vermiculite composite hydrogels exceeded that of water at 40 and 60 g. Additionally, the fire prevention
effect of the sodium alginate/sepiolite/ammonium polyphosphate composite hydrogel is most significant in com-
mon tests, attributed to the intumescent flame retardant system.
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1 Introduction

Coal is a crucial strategic resource that has played a significant role in supporting the livelihoods of
individuals and the growth of industries worldwide. However, the frequent occurrence of spontaneous
combustion incidents in coal mines presents a significant threat to the safety of coal production [1]. The
primary concentration of spontaneous combustion incidents is found in the goaf’s coal loss zone, making
the prevention and control of air leakage in the goaf a crucial task in mitigating the risk of spontaneous
combustion. To prevent spontaneous coal combustion, various techniques, such as grouting, colloid
injection, three-phase foam injection, aerosol inhibitors, pressure-equalizing fire prevention, solidification
of foam, and air leakage blocking, have been employed both domestically and internationally [2]. Despite
these efforts, current fire prevention and extinguishing materials suffer from several limitations, including
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poor plugging effects with yellow mud irrigation, difficulties in recycling cement mortar, and inadequate
strength and shelf life of ordinary gel plugging materials [3]. It is therefore imperative to develop more
effective mine fire prevention and extinguishing materials to control existing fire areas and prevent new
fires from occurring.

Hydrogel materials, as one type of significant polymer material, possess a unique three-dimensional
network structure and hydrophilic polymer chains, allowing them to absorb and retain substantial
amounts of water [4]. Beyond their remarkable water absorption and retention properties, hydrogel
materials also exhibit good biocompatibility, temperature sensitivity, and pH responsiveness, among other
distinctive characteristics [5,6]. As a result of these advantages, hydrogel materials have seen rapid
development and widespread use in various areas, including drug delivery, tissue engineering, health care,
and hygiene products [7]. Furthermore, hydrogel materials have been identified as an important class of
fire-preventing materials. However, the use of pure hydrogels as fire-extinguishing materials is limited by
issues such as low melting point, high viscosity, and poor liquidity [8]. Hence, further chemical
modification of hydrogel-based fire-extinguishing materials is necessary to enhance fire prevention and
extinguishing performance. Despite this, there is a scarcity of studies on inorganic–organic hybrid
hydrogel materials for fire prevention [9]. It is thus imperative to prepare a hybrid hydrogel with superior
performance, low cost, high water absorption, and high fire prevention performance.

Fire-preventing and fire-extinguishing hydrogel materials combine the properties of plugging, cooling,
resistance, and consolidation of water [10]. By drilling, a colloidal solution can be gelled at the designated
location and applied to the surface of high-temperature coal, thereby inhibiting the supply of oxygen and
reducing the temperature [11,12]. The composition and ratio of raw materials in different colloidal
materials will result in varying fire prevention performance and application conditions. In addition, the
underlying mechanism of action is similar [10]. Essentially, when the hydrogel materials are introduced
into high-temperature areas, the water within some un-gelled materials will be rapidly vaporized, leading
to a quick reduction in coal surface temperature. The residual solids after the evaporation of water will
form an insulation layer, preventing coal from coming into contact with oxygen. Meanwhile, another
portion of the slurry will solidify into a colloid as the temperature decreases and cover the surface of the
coal, isolating oxygen and inhibiting the spontaneous combustion of coal until the fire subsides. As
reported in previous literature, our research group has prepared three kinds of hydrogel-based fire-
extinguishing agents, presenting desirable effects on the extinguishing of wood combustion [13,14]. In
these works, it was revealed that phosphorus-containing flame retardants and inorganic layer materials
can promote the fire-extinguishing effect of bio-hydrogels [13–15].

Therefore, this study aimed to improve the fire-extinguishing effect in current hydrogel-based materials
through the application of molecular design, interface control, and other methods. The combination of
synergistic flame-retardant principles and nanocomposite technology was employed to design and
produce high-performance hydrogel-based fire-extinguishing materials that were then modified with
inorganic nanoparticles to broaden their range of applications. The physical properties of inorganic–
organic hybrid hydrogel materials, including fire safety, water absorption, and fluidity, were studied.
Meanwhile, the impact of the functional modification on the fire resistance and physical-chemical
properties of the hybrid hydrogel materials was explored. The relationship between the chemical
structure, composition, and fire prevention performance of hybrid hydrogel materials was analyzed.
Meanwhile, the goal of preparing a hybrid hydrogel material with superior fire prevention performance
and low cost was achieved.
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2 Experimental

2.1 Materials
In this study, four hydrogels were used as presented in Table 1: (1) Hydrogel A comprised of

1 wt% phosphorous-modified cellulose, 1 wt% fumed silica and 98 wt% water; (2) Hydrogel B made of
2 wt% sodium alginate, 2 wt% sepiolite, 1 wt% water-soluble ammonium polyphosphate (APP) and
95 wt% water; (3) Hydrogel C consisting of 1 wt% carrageenan, 2 wt% dimethyl methyl phosphate
(DMMP), 4 wt% vermiculite and 93 wt% water; and (4) Hydrogel D comprised of 1 wt% sodium
polyacrylate, 1 wt% polyacrylamide, 2 wt% montmorillonite (DK4) and 1 wt% water-soluble APP and
95 wt% water. The preparation methods of hydrogels A, B and C were performed according to previous
works reported by our groups [9–11]. The coal was mixed with water of varying qualities and aqueous
solutions containing magnesium chloride, as well as the four hydrogels, through mechanical stirring.

2.1.1 Preparation of Hydrogel A
The synthesis of phosphorous-modified cellulose was conducted by adding 8.05 g of 9,10-dihydro-9-

oxa-10-phosphoxanthine-10-oxide and 22.72 g of methylcellulose (MC) into a round-bottomed flask
fitted with a mechanical stirrer. A total of 1.38 g of potassium carbonate and 200 mL of DMF were
added to the mixture, which was then stirred at 100°C for 12 h. The unreacted monomers and DMF were
subsequently removed through vacuum filtration. The final product was obtained by drying the
synthesized material to a constant weight in a vacuum oven at 70°C.

2.1.2 Preparation of Hydrogel B
The required quantities of sodium alginate, water-soluble APP, and sepiolite were mixed with 93%water

in a beaker. The mixture was stirred dramatically until a homogenously dispersed solution was achieved.

2.1.3 Preparation of Hydrogel C
A ternary hydrogel material composed of carrageenan, vermiculite and DMMP was synthesized using

the one-pot method. The components were precisely weighed and added to water, and a uniform hydrogel
was obtained through vigorous mechanical agitation accompanied by sonication for 1 h.

2.1.4 Preparation of Hydrogel D
A composite hydrogel material was prepared by the one-pot method with the composition of 1% sodium

polyacrylate, 1% polyacrylamide, 2% DK4, and 1% water-soluble APP in 95% water. The ingredients were
accurately weighed and added to water, and the mixture was subjected to intense mechanical agitation
accompanied by sonication for 1 h.

Table 1: The formula of water, MgCl2 solution, and four hydrogels

Sample Water Flame retardant Polymer Inorganic flame retardants

Water 100% 0 0 0

MgCl2 96.5% 3.5% MgCl2 0 0

Hydrogel A 98% 0 1% cellulose 1% SiO2

Hydrogel B 95% 1% APP 2% sodium alginate 2% sepiolite

Hydrogel C 93% 2% DMMP 1% carrageenan 4% vermiculite

Hydrogel D 95% 1% APP 1% sodium polyacrylate and
1% polyacrylamide

2% DK4
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2.2 Test Method
The concentration and type of combustion gases were determined using a Fourier transform infrared

(FTIR) detector from the United Kingdom. The measurements were conducted under various
temperatures and formula ratios. The heat release rate and total heat release of drying hydrogel materials
were evaluated using a micro calorimeter. In addition, the fire hazards of coal mixed with hydrogel-based
fire-preventing materials are evaluated by cone calorimeter tests.

3 Results and Discussion

3.1 Analysis of Gas Generated by Combustion of 20 g Coal
The results from Fig. 1 indicate that the concentrations of carbon monoxide (CO) and carbon dioxide

(CO2) generated during coal combustion are negligible when the temperature is below 200°C. At
temperatures above 200°C, an increase in temperature results in an advanced generation of CO and CO2,
with a concurrent increase in the maximum concentration of these combustion by-products. This implies
that higher temperatures result in more intense coal combustion and a corresponding rise in the
concentration of CO and CO2. The times corresponding to the maximum concentrations of CO at 250°C
and 300°C are close. However, a slightly delayed phenomenon is presented at 350°C. Meanwhile, the
time corresponding to the maximum concentration of CO2 is slightly promoted with increasing
temperature. This suggests that the process of coal combustion is relatively consistent and that the times
of peak CO and CO2 concentrations are nearly the same. The CO and CO2 release behaviors of 20 g coal
were further investigated with a mixture of 90 g pure water and 90 g 3.5 wt% MgCl2 solution (Figs. 2
and 3). The production rules of CO and CO2 in 20 g coal mixed with 90 g pure water and 90 g 3.5 wt%
MgCl2 solution are similar to those in pure 20 g coal, including time and temperature. However, the
addition of pure water and 3.5 wt% MgCl2 solution obviously changed the concentrations of CO and
CO2. For example, the highest concentrations of CO and CO2 at 350°C in pure 20 g coal are close to
3000 ppm and 1.80%, respectively. Obvious reductions were presented in the CO concentration of 20 g
coal mixed with 90 g pure water and 90 g 3.5 wt% MgCl2 solution, as confirmed by a CO concentration
of ~2300 ppm. In addition, incorporating pure water and 3.5 wt% MgCl2 solution cannot reduce the CO2

concentration. CO2 concentrations close to 1.85% are presented in three samples combusted at 350°C.
These phenomena indicate that CO2 is the main product of coal combustion, similar to previous
literature [16].

Figure 1: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal at different
temperatures
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According to Fig. 4, the concentrations of CO and CO2 generated by the mixture combustion prepared
by 20 g coal and 90 g hydrogel C are also investigated. The maximum concentration of CO2 at 350°C is
obviously decreased, close to 1.70%. The same addition of pure water or 3.5 wt% MgCl2 solution is not
capable of presenting a similar suppression effect on CO2 release. Meanwhile, the maximum
concentration of CO is reduced to ~1650 ppm, much lower than the results of pure water and 3.5 wt%
MgCl2 solution. Obviously, the suppression effect on CO and CO2 release is attributed to 90 g of
hydrogel C. A control experiment investigating the CO and CO2 release behaviors of 20 g of coal mixed
with 45 g of 3.5 wt% hydrogel C was carried out to confirm this view. The maximum CO and CO2

concentrations in this sample are up to 2250 ppm and 2.0%, respectively. Compared to 90 g 3.5 wt%
hydrogel C, the concentrations of CO and CO2 are all slightly increased, indicating a weaker suppression
effect in 45 g hydrogel C. Meanwhile, the CO and CO2 concentrations of 20 g coal mixed with 45 g
hydrogel C are much lower than those of pure coal, close to those of 20 g coal mixed with 90 g water
and 90 g 3.5 wt% MgCl2 solution. These results indicate that, compared to pure water and 3.5 wt%
MgCl2 solution, hydrogel C is a superior fire-preventing material. The good fire-extinguishing effect in
hydrogel C may be due to the flame retardant effect of P and S and the barrier function of vermiculite [17,18].

Figure 2: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal added with 90 g water
at different temperatures

Figure 3: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal with 90 g 3.5 wt%
MgCl2 solution at different temperatures
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3.2 Analysis of Gas at 250°C, 300°C, and 350°C
Fig. 5 shows that at 250°C, the concentrations of CO and CO2 produced by 20 g coal combustion are the

highest. After adding water, MgCl2 and hydrogel, the concentrations of CO and CO2 produced by coal
combustion decreased accordingly. Among them, the concentrations of CO and CO2 produced by coal
combustion are ranked as follows: coal >90 g water >45 g 3.5% gel >90 g 3.5% MgCl2 and 90 g
hydrogel C. At the same time, the time sequence of coal combustion to produce CO and CO2 is coal
<45 g 3.5% hydrogel C <90 g water <90 g 3.5% MgCl2 <90 g hydrogel C. The addition of additives
greatly reduces the concentrations of CO and CO2 produced by coal combustion. At the same dosage, the
effect of hydrogel C is slightly better than that of the 3.5 wt% MgCl2 solution. The further increase in
combustion temperature also brings a shorter time for CO and CO2 release (Figs. 6 and 7). For example,
the time corresponding to the maximum CO2 concentration is near 75 min in 20 g coal mixed with 90 g
3.5 wt% MgCl2 or 90 g hydrogel C. However, the increase in heating temperature to 300°C from 250°C
decreases the time corresponding to the maximum CO2 concentration to 50 min. Meanwhile, the
temperature increase obviously promotes the release of CO and CO2, presenting a twofold increase in
maximum concentration. Interestingly, the heating temperature of 350°C does not increase the maximum
concentration of CO2 in 20 g pure coal compared to that of 300°C. This result indicates that 20 g pure
coal has been burned fiercely near 300°C and that higher temperatures do not contribute to the further
combustion of 20 g pure coal [15]. Nevertheless, obvious increases in CO2 release are presented in other
samples, and the maximum concentration of CO2 is close to 1.75% (from 300°C to 350°C). These results
indicate that a further temperature increase will suppress the fire-extinguishing effect of hydrogel C.

The above research and analysis show that coal hardly burns at temperatures below 200°C. With a
heating temperature of ~250°C, the degree of coal combustion increased with increasing temperature.
Below 300°C, the addition of pure water and 3.5 wt% MgCl2 solution will inhibit coal combustion, and
the effect of 3.5 wt% MgCl2 solution is better than that of pure water. In addition, a heating temperature
of 300°C does not increase the CO2 concentration of pure coal, demonstrating that a complete
combustion process occurs below 300°C [19]. Meanwhile, the maximum CO2 concentration at 350°C is
similar in different samples. This result indicates that the combustion process of all samples at 350°C is
complete. It was also found that the addition of hydrogel C and 3.5 wt% MgCl2 can delay the release of
CO and CO2 even with a heating temperature of 350°C, showing a desirable suppression effect [20].

Figure 4: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal with 90 g hydrogel C
at different temperatures
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Figure 6: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal with different fire
extinguishing agents at 300°C

Figure 7: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal with different fire
extinguishing agents at 350°C

Figure 5: Concentration of (a) CO and (b) CO2 produced by combustion of 20 g coal with different fire
extinguishing agents at 250°C
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3.3 Cone Calorimeter Test of Coal with 20 g of Hydrogel
The cone calorimeter test is a widely used technical approach to study the combustion behaviour of

materials and can obtain a large amount of combustion-related data, including the heat release rate
(HRR), average heat release rate (avHRR), peak heat release rate (PHRR), total heat release (THR), and
total smoke release (TSP) [21–23]. The PHRR value of coal reaches 70 kW/m2 (Fig. 8 and Table 2). In
addition, the order of PHRR of 20 g coal with 20 g different additives is hydrogel A (110.0 kW/m2) >
hydrogel C (94.3 kW/m2) > water (82.6 kW/m2) > hydrogel D (76.9 kW/m2) > hydrogel B
(56.2 kW/m2). Among them, the PHRR of coal with 20 g hydrogel B is 56.2 kW/m2, which is 49%
lower than that of coal with 20 g hydrogel A and 32% lower than that of coal with 20 g water. This
shows that 20 g hydrogel B can present the best effect on preventing coal combustion, effectively
reducing the heat release and inhibiting coal combustion. The fire prevention effect of water and
hydrogels is hydrogel B > hydrogel D > water > hydrogel C > hydrogel A. Even, the fire prevention
effect of hydrogel A and hydrogel C is worse than that of water. Meanwhile, the order of THR size
is hydrogel A (25.22 MJ/m2) > water (20.92 MJ/m2) > hydrogel C (17.82 MJ/m2) > hydrogel B
(17.03 MJ/m2) > hydrogel D (16.21 MJ/m2) (Fig. 8). The minimum THR value of coal with 20 g of
hydrogel D is 16.21 MJ/m2, which is 36% lower than that of coal with 20 g hydrogel A and 23% lower
than that of coal with 20 g water. The THR of coal with 20 g hydrogel B is decreased by 32% and 19%
compared with coal with the addition of 20 g hydrogel A and 20 g water, respectively.

Figure 8: (a) HRR, (b) THR and (c) TSP curves of 20 g coal with 20 g fire extinguishing agents
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The order of avHRR size is hydrogel C (41.3 kW/m2) > hydrogel A (40.0 kW/m2) > hydrogel D
(40.0 kW/m2) > water (34.0 kW/m2) > hydrogel B (31.2 kW/m2). In general, hydrogel B shows the best
effect on inhibiting coal combustion, simultaneously reducing PHRR, THR, and avHRR. The fire
prevention effect of hydrogel D is also desirable, effectively reducing the PHRR and THR. However, the
suppression effect of hydrogels A and C is worse than that of pure water. The order of TSP values is
hydrogel A (8410.0 m2/m2) > water (8041.4 m2/m2) > hydrogel B (6041.3 m2/m2) > hydrogel C
(3616.4 m2/m2) > hydrogel D (242.9 m2/m2). Among them, the lowest TSP of coal with the addition of
20 g hydrogel D is 242.9 m2/m2, far lower than that of coal with other additives.

The TSP of coal with the addition of 20 g hydrogel D is 97% lower than that of coal with 20 g hydrogel
A, 97% lower than that of coal with 20 g water, 96% lower than that of coal with 20 g hydrogel B, and 93%
lower than that of coal with 20 g hydrogel C [24]. This result shows that the addition of hydrogel D can
effectively suppress the smoke generated by coal combustion, presenting good smoke suppression
performance [25,26]. The addition of hydrogels B and C also presents a certain degree of smoke
suppression, while the fire prevention effect of hydrogel C is better than that of hydrogel B. In addition,
the fire prevention effect of hydrogel A is worse than that of pure water (Table 1).

3.4 Cone Calorimeter Test of Coal with 40 g Hydrogel
The cone calorimetric results of 20 g coal with 40 g of different additives are presented in Fig. 9. The

order of PHRR is hydrogel A (119.6 kW/m2) > water (92.1 kW/m2) > hydrogel C (80.1 kW/m2) > hydrogel B
(77.9 kW/m2) > hydrogel D (60.8 kW/m2) (Table 3). Among them, the minimum PHRR of coal combustion
presented by the addition of 40 g hydrogel D is 60.8 kW/m2, lower than that of coal added with 40 g hydrogel
A (49%) and 40 g pure water (34%). This result shows that 40 g hydrogel D has the best suppression effect on
coal combustion, effectively reducing the heat released from coal combustion and reducing the intensity of
coal combustion. The fire prevention effect of additives is hydrogel D > hydrogel B > hydrogel C > water >
hydrogel A. The order of THR is hydrogel A (23.12 MJ/m2) > water (21.22 MJ/m2) > hydrogel C
(17.72 MJ/m2) > hydrogel B (14.58 MJ/m2) > hydrogel D (14.51 MJ/m2). The minimum THR of coal
combustion is presented by adding 40 g hydrogel D, close to 14.51 MJ/m2. Meanwhile, the THR of coal
combustion with 40 g hydrogel D is the same as that of coal with 40 g hydrogel B and lower than that of
coal with 40 g hydrogel A (36%) and 40 g water (23%). The order of avHRR value is hydrogel A
(49.0 kW/m2) > water (44.5 kW/m2) > hydrogel C (40.8 kW/m2) > hydrogel B (40.0 kW/m2) > hydrogel
D (35.5 kW/m2). In general, coal added with hydrogel D has the best effect on inhibiting the combustion
process, effectively reducing PHRR, THR and avHRR. The fire-extinguishing effect of hydrogel B is
slightly less than that of hydrogel D. In addition, the fire-extinguishing effect of hydrogel C is worse but
better than that of pure water. The fire-extinguishing effect of hydrogel A is worse than that of pure
water. The order of TSP values is water (7375.9 m2/m2) > hydrogel C (1776.2 m2/m2) > hydrogel A
(1059.7 m2/m2) > hydrogel D (779.8 m2/m2) > 40 g hydrogel B (595.2 m2/m2).

Table 2: Cone calorimeter data of coal combustion with 20 g different fire extinguishing agents

Sample PHRR (kW/m2) THR (MJ/m2) avHRR (kW/m2) TSP (m2/m2)

Without 73.6 16.90 32.9 988.9

Water 82.6 20.92 34.0 8041.4

Hydrogel A 110.0 25.22 40.0 8410.0

Hydrogel B 56.2 17.03 31.2 6041.3

Hydrogel C 94.3 17.82 41.3 3616.4

Hydrogel D 76.9 16.21 40.0 242.9
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Among them, coal with 40 g hydrogel B presents a TSP as low as 595.2 m2/m2, far lower than that of
other samples containing other additives. Reductions of 92%, 66%, 44%, and 24% were presented compared
with coal added with 40 g water, 40 g hydrogel C, 40 g hydrogel A, and 40 g hydrogel D. This result shows
that the addition of hydrogel B can effectively inhibit smoke production with coal combustion. The addition
of hydrogel D also presents a certain degree of smoke suppression but is slightly worse than the addition of
hydrogel B. In summary, the addition of hydrogel Awill not inhibit the combustion of coal but will promote
the combustion of coal. The addition of hydrogel B can effectively inhibit coal combustion, reducing the
combustion intensity and preventing smoke suppression. The addition of hydrogel C can properly prevent
the combustion of coal and has certain smoke suppression, but the comprehensive effect is not good. The

Figure 9: (a) HRR, (b) THR and (c) TSP curves of 20 g coal with 40 g fire extinguishing agents

Table 3: Cone calorimeter data of coal combustion with 40 g different fire extinguishing agents

Sample PHRR (kW/m2) THR (MJ/m2) avHRR (kW/m2) TSP (m2/m2)

Without 73.6 16.90 32.9 988.9

Water 92.1 21.22 44.5 7375.9

Hydrogel A 119.6 23.12 49.0 1059.7

Hydrogel B 77.9 14.58 40.0 595.2

Hydrogel C 80.1 17.72 40.8 1776.2

Hydrogel D 60.8 14.51 35.5 779.8
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addition of hydrogel D can inhibit coal combustion and reduce the combustion intensity slightly better than
that of hydrogel B. Hydrogel D has the best comprehensive performance.

3.5 Cone Calorimeter Test of Coal with 60 g Hydrogel
The heat release behaviors of 20 g coal with 60 g different additives are also investigated with a cone

calorimeter test (Fig. 10). The order of PHRR values is hydrogel A (120.0 kW/m2) > water (105.5 kW/m2)
> hydrogel D (64.2 kW/m2) > hydrogel C (27.2 kW/m2) > hydrogel B (27.2 kW/m2). The coal with 60 g
hydrogel B presents a PHRR of 27.2 kW/m2, which is lower than that of the other samples. The reduction
in PHRR of coal with 60 g hydrogel B is equivalent to that of 60 g hydrogel C, 77% lower than that of
60 g hydrogel A, and 74% lower than that of 60 g pure water. This result shows that 60 g hydrogels B and
C have the best effect in effectively reducing the heat release behavior. The fire prevention effect of
additives is hydrogel B and hydrogel C > hydrogel D > water > hydrogel A. The fire prevention effect of
hydrogel A is worse than that of water. The order of THR is hydrogel A > hydrogel D (21.96 MJ/m2) >
water (20.37 MJ/m2) > hydrogel C > hydrogel B (5.65 MJ/m2). The THR of coal added with 60 g
hydrogel B presents reductions of 74% and 72% compared with coal added with 60 g hydrogel D and pure
water. The fire prevention effect of 60 g hydrogel C in coal combustion is slightly worse than that of 60 g
hydrogel B. The order of avHRR values is hydrogel A (47.2 kW/m2) > water (45.8 kW/m2) > hydrogel D
(32.0 kW/m2) > hydrogel B (12.7 kW/m2). In general, hydrogel B has the best effect on inhibiting coal
combustion, simultaneously reducing PHRR, THR and avHRR. The order of TSP values is hydrogel D
(5693.6 m2/m2) > water (2999.8 m2/m2) > hydrogel B (402.9 m2/m2). Compared with coal added with
60 g hydrogel D and pure water, the TSP of coal added with 60 g B was decreased by 93% and 87%,
respectively (Table 4). In summary, the addition of hydrogel A will not reduce the heat release from coal
combustion. Hydrogel B can significantly suppress heat release and smoke formation compared to other
hydrogels. The addition of hydrogel C will significantly inhibit heat release. Hydrogel D can hinder heat
release, but it is not capable of suppressing smoke formation.

Figure 10: (a) HRR, (b) THR and (c) TSP curves of 20 g coal with 60 g fire extinguishing agents
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In summary, hydrogel B can effectively inhibit the combustion of coal, reduce the combustion intensity
of coal, and inhibit the generation of smoke. The more hydrogel D is added, the worse the fire prevention
effect is. Hydrogel D is composed of polyacrylate and polyacrylamide which are inflammable. Therefore,
the higher loading of hydrogel D incorporation, the worse the fire protection. 20 g and 40 g of hydrogel
C had no effect, but 60 g of hydrogel C had a good effect on inhibiting combustion. Hydrogel A has no
fire prevention effect at all and is even weaker than water.

3.6 MCC Characterization
The water content of the four kinds of hydrogel materials was completely removed after being dried in

an oven at 80°C. The combustion process and heat release behavior of four kinds of hydrogels were studied
based on a micro calorimeter test (Fig. 11). Below 250°C, four kinds of hydrogels had slight heat release,
which was due to the weak thermal stability of hydroxyl and acetate groups within the structure of the
hydrogel material [27]. In addition, hydrogel A made of 1 wt% phosphorus-modified cellulose+1 wt%
fumed silica+98 wt% water showed significantly earlier heat. This result shows that the thermal stability
of phosphorus-modified cellulose is weaker than that of sodium alginate, sodium polyacrylate, and
carrageenan. Compared with the high heat release peaks of hydrogels A, C, and D, hydrogel B only
showed a relatively flat heat release curve, indicating that hydrogel B had high flame retardancy. The
above phenomenon may be attributed to the potential intumescent flame retardant system [28]. Sodium
alginate as a bio-based carbon-forming agent and ammonium polyphosphate (both as gas and acid
sources) significantly promote the formation of a protective carbon layer. The two obvious heat release
peaks in hydrogel D are due to the coexistence of sodium polyacrylate and polyacrylamide [29]. In the
THR curves, hydrogel B had the best flame retardancy after being dried. A reliable flame retardancy
mechanism is proposed. After being sprayed onto the surface of coal, the hydrogel first plays a fire
extinguishing effect with the absorption of heat and evaporation of water. Then, sodium alginate
decomposes into unsaturated carbon-based pyrolysis products to react with the thermal decomposition
products of ammonium polyphosphate [30,31]. The reaction between unsaturated carbon-based pyrolysis
products and phosphorus-containing free radicals will promote the formation of the char layer.
Meanwhile, the NH3 from the thermal decomposition of ammonium polyphosphate will promote the
swelling of the char layer and dilute the inflammable products (Fig. 12).

Table 4: Cone calorimeter data of coal combustion with 60 g different fire extinguishing agents

Sample PHRR (kW/m2) THR (MJ/m2) avHRR (kW/m2) TSP (m2/m2)

Without 73.6 16.90 32.9 988.9

Water 105.5 20.37 45.8 2999.8

Hydrogel A 120.0 – 47.2 –

Hydrogel B 27.2 5.65 12.7 402.9

Hydrogel C 27.2 – – –

Hydrogel D 64.2 21.96 32.0 5693.6
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4 Conclusion

This study finds that under 200°C, coal cannot be ignited and produces CO and CO2. Above 250°C,
there is an obvious CO and CO2 emission peak, demonstrating a critical heating temperature. At the same
time, the temperature rise of the external heat source is conducive to the earlier release of CO and CO2.
Compared with water and 3.5 wt% MgCl2 solution, hydrogel C has a better fire-extinguishing effect on
coal combustion. A further increase to 350°C from 300°C will increase the maximum CO2 concentration
in coal with additives; however, a similar phenomenon is not presented in pure coal. This result confirms
that the critical heating temperatures for the complete combustion of pure coal and coal with additives are
different, near 300°C and 350°C, respectively. Even with the same CO2 concentration at 350°C, the
corresponding time for the peak value of CO2 concentration is effectively prolonged by the addition of
hydrogel C. Meanwhile, the fire prevention effect of four hydrogels is also studied for coal combustion.
Hydrogels composed of sodium alginate, water-soluble APP, and sepiolite present the highest fire
suppression effect, showing a positive relation to additive increase. The MCC results from dried
hydrogels indicate that the high suppression effect of hydrogel B can be attributed to the formation of an
intumescent flame retardant system. Hydrogel B can effectively inhibit the combustion of coal, reduce the
combustion intensity of coal, and inhibit the generation of smoke, presenting the most effective fire
extinguishing performance.

Figure 11: HRR and THR curves of four hydrogels after being dried

Figure 12: The fire suppression mechanism of hydrogel B
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