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Abstract: Hydrogels, as an emerging extinguishant, exhibit outstanding performance in forest fire
rescues. However, the near-zero freezing point limits their application at low temperatures. Herein,
a sensible candidate commercial extinguishant was selected for analysis, and its freezing point was
modified based on the evaluation of water absorption rate, agglomeration, viscosity, and water
dispersibility. Notably, the introduction of different antifreeze and flame retardant exhibited a
significant disparate impact on the viscosity representative factor. Ten orthogonal experiments
were performed to optimize the specific formulation. When ethylene glycol, urea and ammonium
bicarbonate, and xanthan gum were applied as antifreeze, flame retardant, and thickener, with the
addition amounts of 5 mL, 0.08 g and 0.04 g, and 0.12 g, respectively, the hydrogel extinguishant
with 1% ratio in 50 mL of ultra-water featured the remarkable performance. Compared with the
original extinguishant, the freezing point of the modified sample decreased from −0.3 to −9.2 ◦C.
The sample’s viscosity was improved from 541 to 1938 cP, and the flame retardance time was more
than 120 s. The results of corrosion and biotoxicity show that the optimized hydrogel extinguishant
satisfies the national standards. This understanding provides a deeper insight into the application of
low-temperature extinguishants in forest fires.

Keywords: hydrogel extinguishant; modification; freezing point; formula optimization; environmental-
friendly

1. Introduction

Each year, several hundred thousand forest fires break out, destroying forest resources
over a surface area of several million hectares around the world [1]. Forest fires in turn
produce large amounts of CO2, which contributes to global warming [2]. Furthermore,
the greenhouse effect has raised atmospheric temperatures, increasing the number of
fires and burnt areas to a certain extent [3]. Forest fires in different areas have different
characteristics. For example, during both periods from 1900 to 1934 and from 1988 to 2003
in the U.S. northern Rockies, regional-fire years were ones wherein warm springs were
followed by warm, dry summers [4]. In contrast, several regions in China featured low
rainfall, dry, and windy weather conditions. Thus, it should be noted that the fire season in
southern and southwestern China is mainly in winter and spring [5]. Notably, the lower
temperature in winter limits the potential for fire rescue. Therefore, the development and
use of extinguishants is crucial for the control of forest fires at low temperatures.
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At present, the types of extinguishants vary and are still being updated, and many
of them are not suitable for dealing with forest fires. Early measures to control forest fires
mainly included spraying water over burning areas using a helicopter [6]. In Canada,
planes can also drop thousands of liters of water on a fire every few minutes from a nearby
lakes or rivers to fight fires [7]. The suppression effect of water on forest fires is not ideal,
especially at the typical height of trees [8]. Besides, the extinguishants known as halons
were also commonly used in the early days. However, they were gradually replaced due
to their composition containing alkyl halides, which has been found to destroy the ozone
layer [9,10]. Regarding other types of extinguishants, dry powder extinguishant features a
poor cooling capacity for large combustible areas, which can easily cause reignition [11].
On the other hand, aerosol extinguishants are typically applied to indoor fire extinguishing
and can generate high temperatures during use [12]. Water mist extinguishants were not
persistent, which induced fires to easily rekindle after use [13,14]. The storage of an inert
gas extinguishant requires excessive space and equipment, which is costly [15]. Foam
extinguishants are expensive and have a short shelf-life duration [16,17]. Water-based ex-
tinguishants are relatively cheaper and have excellent fire extinguishing performance [18],
but their long-term storage could potentially corrode metal containers. In addition, heavy
metals are commonly added to water-based extinguishants as additives [19], which in-
evitably produce a toxic effect on the environment. Based on these disadvantages of current
extinguishant types, it is imperative to exploit a lower-cost and more environmentally
friendly extinguishant that can effectively target forest fires.

Hydrogels are a new type of extinguishant that exhibit excellent water retention
capacity, greater heat capacity, and cooling ability [20]. Hydrogels are highly absorbent
materials with a three-dimensional (3D) network structure. The unique structure can
effectively enhance their water retention capacity and prevent the combustion of solid
combustibles [21–23]. Thus, hydrogels greatly improve the shortcomings of low water
adhesion and easy reignition after use. In the early days, hydrogel extinguishants were
mainly used in coal mine fire prevention and control [24]. Li et al. [21] developed a
novel hydrogel extinguishant with high water absorption and high resistance, which can
effectively control coal mine fires. Later, they started to apply to buildings and forest
fires. It is reported that hydrogel can reduce the amount of water used and significantly
improve the efficiency of firefighting [25]. However, the freezing point of the hydrogel
extinguishant on the market is generally close to 0 ◦C, which is not appropriate for use in
cold conditions. Accordingly, developing an effective extinguishant with a low freezing
point is of significant importance for the control of forest fires in cold seasons.

The most effective method to decrease the freezing point of solution is to add an
antifreeze. If the glycol content of the drilling fluid is 60%, the freezing point of the solution
can reach −50 ◦C at least [26]. However, the addition of certain additives may affect
other properties of the extinguishant. Glycol is usually used as an antifreeze in sprinkler
systems of large-scale rack-storage [27], but a high concentration addition can easily lead
to the solution burning due to its flammability. As another additive, gellan gum is a
common gel agent that can promote the formation of stable colloid solutions, but the water
content of extinguishants first increases and then decreases with an increase in the content
of the gellan gum [28]. Based on these studies, it can be concluded that extinguishant
effectiveness is closely related to the type of additives and their proportions [29]. Notably,
to improve the fire extinguishing performance, it has become common for flame retardants,
stabilizers, thickeners, and other additives to be added [30]. However, to the best of
our knowledge, there has been little research regarding the freezing point modification
of extinguishants. Accordingly, the effect of freezing point modification on the other
properties of extinguishants urgently needs further study.

This study aims to determine appropriate modifications for the hydrogel extinguis-
hant currently on the market, so that it can be improved to exhibit excellent fire-fighting
properties under low-temperature conditions, making it suitable for the effective control
of forest fires. To achieve this, the physicochemical properties of commercial hydrogel
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extinguishants, including the dispersion property, water absorption rate, viscosity, and
freezing point, were tested and compared. Then, a series of modification experiments were
carried out based on the selected extinguishant with the best performance. Antifreeze,
flame retardants, and thickeners were further added to extinguishants to optimize the base
formulation. The effect of different types and proportions of additives on the performance
of the extinguishant was investigated through an orthogonal experimental method. In ad-
dition, the corrosion and toxicity of the extinguishant after optimization were tested to
evaluate the impact of the hydrogel extinguishant on the environment. This study could
play a positive role in improving the efficiency of forest fire fighting and reducing casualties
and economic losses.

2. Materials and Methods
2.1. Chemicals

Two hydrogel extinguishants, hereinafter referred to as extinguishants #1 and #2,
were purchased from the extinguishant production factory, and the recommended ratio
for both extinguishants was 0.5%. For the flame retardants, APP was obtained from
the Tianyao Chemical Industry (Yunnan, China), and urea, ammonium bicarbonate, and
potassium acetate were supplied by Jiangtian Chemical Co. (Tianjin, China). Xanthan gum
was obtained from Solaibao Technology Co. (Beijing, China), while lithium chloride and
glycerol were acquired from Yuanli Chemical Co. (Tianjin, China), and ethylene glycol
was purchased from Tianjin Jinke Reagent Co. (Tianjin, China). All reagents used in this
experiment are analytically pure. Finally, ultrapure water was used in all of the experiments.

2.2. Characterisation of Commercial Hydrogel Extinguishant

The water absorption rate, particle size, freezing point, water dispersion, and viscosity
of the #1 and #2 hydrogel extinguishant solutions were characterized. All experiments
were performed in triplicate to ensure repeatability of the results, and the average values
were used. The appropriate extinguishant was selected for the following performance
optimization experiment.

2.2.1. Particle Size Test and Water Absorption Rate Test

The #1 and #2 extinguishant powders were evenly tiled onto the glass slides and
observed under a digital microscope (M5000, EVOS, Waltham, MA, USA). Then, 1 g of
powder was added to 1000 mL of ultrapure water. After soaking for an interval of 10 s, the
solution was filtered through a 300-mesh sieve, and the mass of the remaining gel on the
sieve was weighed. The absorption rate was calculated using Equation (1):

Q = (Wt − W1)/Wt (Q unit : g/g, Wt, and W1 unit : g) (1)

where Q is the absorption rate, Wt is the mass of the powder after absorbed water, and W1
is the original mass of the powder. The water absorption rate at a specific moment was
then calculated. The shortest time for the water absorption rate to reach equilibrium was
recorded as the water absorption equilibrium time.

2.2.2. Water Dispersion Test

A certain amount of extinguishant powder was added to the ultrapure water to prepare
a standard hydrogel solution with concentrations of 0.5% and 1%. After 10 min, the degree
of flocculation of the powder was observed to reflect its water dispersibility.

2.2.3. Viscosity Test

The temperature of the electro-thermostatic water bath (DF-101S, YUHUA, Shanghai,
China) was maintained at 26 ◦C. Appropriate rotors and speeds were selected to match the
samples. A rotary viscosimeter (DV1, BROOKFIELD, Middleboro, MA, USA) was used to
measure the viscosity of each sample.
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2.2.4. Freezing Point Test

The freezing point test was carried out in reference to the national standard GB
(15308) [31]. For this test, the temperature of the freezing point meter (KD-T002, CADONH-
KHAICR, Beijing, China) was set at −25 ◦C. The depth of the tubes containing the samples
in the cold trap was not less than 100 mm. The flow of the samples was observed after
the temperature of the samples dropped to 0 ◦C. The samples were taken out at every
1 ◦C-drop in temperature to determine their fluidity. No flow occurred after the tubes
containing samples were held horizontally for 5 s, and the temperature at that moment was
recorded as the freezing point.

2.3. Modification of Hydrogel Extinguishant
Effects of Various Additives on Properties of the Hydrogel Extinguishant

To test the effect of antifreeze on the performance of the extinguishant, 5 mL of
potassium acetate, lithium chloride, ethylene glycol, and glycerol were added separately to
four samples of 95 mL standard #1 hydrogel extinguishant solutions (0.5%). To explore the
influence of flame retardants on the performance of the extinguishant, 2 g APP, 2 g urea, and
1 g ammonium bicarbonate were added into the 45 mL of standard hydrogel solution (0.5%).
After adding the additives, the viscosity and freezing point of the samples were tested using
methods at Sections 2.2.3 and 2.2.4. To modify the selected extinguishant and determine
the best material ratio, the hydrogel extinguishant powder, antifreeze, flame retardants,
and thickener were added to 50 mL of ultrapure water in sequence. Then, the viscosity,
freezing point, adhesion, and flame-retardant ability of each sample were recorded.

2.4. Evaluation of Modified Hydrogel Extinguishant
Adhesion and Flame Retardant Performance Tests of the Modified Hydrogel Extinguishant

This experiment simulated the adhesion of a hydrogel extinguishant solution on a
wood surface and its resistance to flame. The experimental method of adhesion performance
was as follows: wood strips with dimensions of 40 × 40 × 150 mm were selected and
weighed. Five grams of each sample were evenly coated on the rectangular section of the
wood strips. After being set at a 45◦ incline for 20 min, the wood strips after the static
were weighed, and the residual mass of the samples on the surface of the wood strips was
calculated, as shown in Equation (2):

∆M = M2 − M1 (M units : g) (2)

where M1 and M2 are the masses of the original wood strips and the wood strips after
tilting for 20 min, respectively. The flame retardant experimental in this paper refers to the
test method of GB 12441-2018 (Decorative Fireproof Coating) [32]. The strips were then
situated horizontally and subjected to a flame-thrower with a central flame temperature of
~1300 ◦C to burn the surface coated with samples at a distance of 6 cm until a blackened
spot of 10 mm in diameter appeared on the wood surface, and the burning time was
recorded. Untreated wood strips were set as blank control group.

3. Results and Discussion
3.1. Characterisation of Commercial Hydrogel Extinguishant
3.1.1. Particle Size and Water Absorption Rate of #1 and #2 Extinguishants

It is known that the water absorption rate of hydrogel extinguishant powder is related
to its structure and particle size, which is an important index for measuring the performance
of water absorption and water retention. As shown in Figure 1, the particle size of powder
#1 was mainly concentrated in the range of 50–150 µm, which was smaller than that of
powder #2, 150–250 µm. It is thought that a smaller particle size exhibits some excellent
surface properties, such as a large specific surface area or high chemical activity, which can
help the particles diffused more widely to some extent [29,33]. Also, smaller particle sizes
can help the extinguishant absorb water faster and exhibit less agglomeration under the
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same time conditions. Since the action mechanism of hydrogel extinguishant mainly relies
on its own unique structure to quickly absorb and keep a large amount of water attached
to the surface of the object, so water absorption rate and the time to reach equilibrium are
important indicators to judge the performance of hydrogel extinguishant [22]. Figure 2
presents the water absorption rates of the two hydrogel extinguishant powders. The water
absorption rate of powder #1 was faster at first, within 0–30 s, and then gradually slowed
down until balance was achieved at 50 s. The water absorption rate was 260 g/g. For
powder #2, the speed of water absorption was relatively stable within 0–50 s. Its balance
absorption was obtained at 60 s, which was slower than that of powder #1. In contrast, its
water absorption rate was lower at 230 g/g. This result indicates that powder #1 had a
better water absorption capability.

Figure 1. Microscope image of (a) #1 and (b) #2 hydrogel extinguishant powders.

Figure 2. Water absorption rate of #1 and #2 hydrogel extinguishant powders.

3.1.2. Freezing Point and Viscosity of #1 and #2 Extinguishants

The freezing point of the extinguishants determines the lowest temperature at which
they can work properly. As depicted in Table 1, the freezing points of hydrogel solutions #1
and #2 were −0.3 ◦C and −0.5 ◦C, respectively, which did not change with the concentration
of the hydrogel solution. Viscosity, as a physical property that measures the glutinousness
and fluidity of a fluid, was also considered. Fluids with low viscosity have good fluidity and
less adhesion to objects. Increasing the viscosity of the fluid could facilitate its attachment,
whereas a decrease in its fluidity is not conducive to ejection from the device. Therefore, to
effectively control forest fires, it is critical to choose the appropriate viscosity based on the
nature of the hydrogel extinguishant itself. The viscosity of hydrogel solution #1 was 33.6%
and 30.8% higher than that of hydrogel solution #2 at the two concentrations, respectively.
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The viscosity of the samples increased with the addition of the two extinguishant powders.
By comparison, the viscosity of hydrogel solution #1 was higher than that of solution #2
and modest at 0.5% concentration. Notably, the freezing points of the two extinguishants
were close, while neither of these two extinguishants were suitable for the cold conditions.

Table 1. The freezing point of the experimental hydrogel solutions #1 and #2.

Material Freezing Point (◦C) Voscosity (cP)

0.5% solution #1 −0.3 541
1.0% solution #1 −0.3 4386
0.5% solution #2 −0.5 405
1.0% solution #2 −0.5 3354

3.1.3. Water Dispersion of #1 and #2 Extinguishants

Water dispersibility determines whether the extinguishant powder can form a stable
and effective solution in water, and is typically determined by the degree of flocculation of
the powder. As shown in Figure 3, both 0.5% and 1.0% concentrations of hydrogel solution
#1 were uniform gels and had no obvious power flocculation. Nevertheless, significant
powder flocculation was observed at 0.5% and 1.0% concentrations of hydrogel solution
#2. In addition, hydrogel solutions #1 and #2 could both flow easily when they were
placed at an inclination of 45◦ at a concentration of 0.5%. However, when the added
amount of the two extinguishant agents was doubled, the viscosity of the formed hydrogel
solutions increased by approximately 8 times and hardly flowed (Table 1 and Figure 3).
This suggests that solution #1, with a powder concentration of 0.5%, had a better water
dispersion performance, which could facilitate the addition of various additives to form
a more uniform solution. Accordingly, based on the aforementioned results, the smaller
particle size helps absorb water faster and less agglomeration. Extinguishant #1 showed
a better water absorption rate, less agglomeration, and had appropriate viscosity and
water dispersibility. Thus, it is a sensible candidate for improving the freezing point and
other properties.

Figure 3. Different concentrations of hydrogel sample dispersion status: (a) 0.5% and (b) 1.0%
concentration of hydrogel extinguishant solution #1; (c) 0.5% and (d) 1.0% concentration of hydrogel
extinguishant solution #2.

3.2. Effect of Freezing Point and Flame Retardant Performance Modifications on Viscosity of
#1 Extinguishant

As mentioned above, the addition of antifreeze and other additives may change the
performance of the extinguishant. Of the related performance indicators, viscosity is
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considered the main indicator for evaluating fire extinguishing ability. Accordingly, the
viscosity of the hydrogel extinguishant solution was chosen to preliminarily explore the
effects of antifreeze and flame retardants. Inorganic salts and polyols are the main types of
antifreeze that can significantly reduce freezing points [26,34]. Extinguishant #1 performed
best in the previous experiments. Therefore, four group extinguishant #1 were used to test
the influence of potassium acetate, lithium chloride, ethylene glycol, and glycerol on the
viscosity of the hydrogel solution. According to result in Table 2, the viscosity of hydrogel
solution decreased from 541 cP to 9.6 and 10.2 cP, respectively, after adding potassium
acetate and lithium chloride. This might be attributed to the significant destruction of the
hydrogen bond network formed between the hydrogel extinguishant and water by the
inorganic salts. In contrast, the viscosity of the hydrogel solution markedly increased from
541 cP to 8310 and 7985 cP, respectively, after the addition of ethylene glycol and glycerol.
This indicates that the addition of polyol-type antifreeze effectively improved the viscosity
of the hydrogel extinguishant solution. We consider that the hydroxyl in polyols is a good
hydrogen bond receptor and donor, working in synergy with the extinguishant to build
solid hydrogen bond network. Accordingly, ethylene glycol was the preferred antifreeze
selected from our study.

Table 2. Viscosity of hydrogel extinguishant solution #1 after the addition of additives.

Type Additives Concentration
(%)

Viscosity
(cP)

Extinguishant #1
(0.5%)

_ _ _ 541

Antifreeze

Potassium acetate 5.0% 9.6
Lithium chloride 5.0% 10.2
Ethylene glycol 5.0% 8310

Glycerol 5.0% 7985

Flame
retardants

APP, urea, ammonium
bicarbonate 10% 13.2

Thickener Xanthan gum 2% 80.4

It has been reported that nitrogenous flame retardants and phosphonium flame re-
tardants can synergistically enhance the flame retardant effect [35]. The flame retardant
mechanism of APP is that after heat dehydration, APP is decomposed to polyphosphoric
acid, facilitating the dehydration carbide of organic matter surface. Additionally, the non-
volatile phosphorus oxide and polyphosphoric acid could cover the surface of objects and
cut off air to achieve the purpose of flame retardant [36]. In addition, urea and ammonium
bicarbonate release non-combustible gas when heated, blocking the supply of oxygen.
Therefore, in addition to antifreeze, the influence of three common flame retardants, APP,
urea, and ammonium bicarbonate, on the viscosity of extinguishant was also investigated
in this study. After addition of the three retardants into one set of 1# extinguishant solution,
the viscosity of the hydrogel solution significantly reduced from 541 cP to 13.2 cP. Since
low viscosity of the hydrogel solutions can weaken the adhesion and extinguishing effects,
several substances should be added to improve the viscosity of the hydrogel extinguishant.
The non-covalent bond (mainly hydrogen bond) between the side chain and main chain
of xanthan gum can stabilize the whole structure [37]. Xanthan gum has a network struc-
ture in aqueous solution, which can limit the fluidity of water, so it has good thickening
performance. For this, the common thickener xanthan gum was selected for its unique
rheological properties and compatibility. After adding 0.1 g of xanthan gum, the viscosity
of the hydrogel solution increased from 13.2 cP to 80.4 cP. Therefore, the viscosity of the
hydrogel solution was effectively adjusted by adding xanthan gum.
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3.3. Formulation Optimisation of Various Additives

Based on the results in Section 3.2, the improvement of individual property for ex-
tinguishants might have a negative impact on its nature. More importantly, it has been
reported that the ratio of different additives also has a significant effect on the performance
of extinguishants [27]. Therefore, extinguishant #1 was modified to balance each perfor-
mance. The order of different additives added into the solution was shown in Figure 4.
Firstly, a certain amount of xanthan gum, then APP, urea and ammonium bicarbonate,
ethylene glycol. Finally, powder #1 was combined with the solution. To further optimize
the amounts of various additives, single-factor experiments with ten groups were designed,
and the results are listed in Table 3.

Figure 4. The order in which different additives were added to the solution.

Table 3. Single factor experiment of the modified hydrogel extinguishant formulation.

Sample Ultrapure
Water (mL) APP (g) Urea (g) Ammonium

Bicarbonate (g)
Xanthan
Gum (g)

Ethylene
Glycol (mL)

Extinguishant
Powder #1 (g)

No. 1 50 0.08 0.08 0.04 0.04 5 0.5
No. 2 50 0.08 0.08 0.04 0.04 5 0.35
No. 3 50 0.08 0.08 0.04 0.04 5 0.2
No. 4 50 0.08 0.08 0.04 0.04 3.6 0.5
No. 5 50 0.08 0.08 0.04 0.04 7 0.5
No. 6 50 0.08 0.08 0.04 0.08 5 0.5
No. 7 50 0.08 0.08 0.04 0.12 5 0.5
No. 8 50 0.08 0 0.04 0.12 5 0.5
No. 9 50 0 0.08 0.04 0.12 5 0.5

No. 10 50 0.08 0.08 0 0.12 5 0.5

Notably, Figure 5 presented the test process of adhesion and flame retardant perfor-
mance of each group. In addition, the time from the beginning of the flame retardant
test to the appearance of distinct black spots on the wood was recorded and used as an
index to evaluate the flame resistance performance. In order to intuitively compare the
degree of performance improvement of different samples, the adhesion and flame retardant
performance of the control group with pure wood strip and the wood strip coated 0.5%
concentration of 1# extinguishant solution were measured, as shown in Table S1. The
blank control group featured the shorter fire-retarding time with 4.3 s. Figure 6 depicted
the results of freezing point and viscosity, as well as adhesion and flame retardant perfor-
mance of ten modified samples, respectively. Based on the results of No. 1, No. 2, No. 3,
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it can be found that the content of extinguishant had no obvious effect on freezing point.
While viscosity, the residual mass on the wood strips and flame retardant performance
of hydrogel extinguishant were enhanced with the increase of its powder content from
0.2 g to 0.5 g. Thus, the appropriate powder content of the extinguishant was set to 0.5 g.
Whereafter, the doped amount of antifreeze could be identified according to the results of
the No. 1, No. 4, and No. 5 samples. Results indicated that the freezing point of the samples
decreased with the increase of ethylene glycol content. When the addition of ethylene
glycol was 7 mL, the freezing point of No. 5 was the lowest of the 10 samples with −12.6 ◦C.
Nevertheless, its flame retardant time decreased from 58.7 s to 44.5 s when compared with
No. 4 sample. The viscosity and residual quantity of these three groups were comparable
and undesirable. The results show that adding ethylene glycol can reduce freezing point
and flame retardancy. After a comprehensive comparison, the best content of ethylene
glycol is 5 mL. Then, the dosage of xanthan gum was optimized, as shown in No. 1, No. 6,
and No. 7 in Table 3. According to the test results in Figure 6, there is no obvious change in
freezing point and residual quantity of these three groups. Comparatively, the viscosity
was elevated from 361 cP to 677 cP when the addition of xanthan gum increased from 0.04 g
to 0.12 g. Meanwhile, the flame retardant time also increased from 46.0 s to 51.7 s. Xanthan
gum can effectively improve the viscosity and enhance the burning resistance. Thus, the
doping amount of xanthan gum was set as 0.12 g. To further extend the flame retardant
time, the different combinations between various agents were experimented, being marked
as samples No. 7, No. 8, No. 9, and No. 10, respectively. Based on their performance on
various tests in Figure 6, it could be noted that the freezing points of the four groups of
samples are relatively close, within the range of −8.7 ◦C and −9.4 ◦C. The performance
is not optimal when all three flame retardants were added (APP, urea and ammonium
bicarbonate). Notably, when 0.08 g urea and 0.04 g ammonium bicarbonate were combined,
No. 9 had the best all-around performance. Compared with the original #1 extinguishant
(Table S1), the freezing point of No. 9 decreased from −0.3 ◦C to −9.2 ◦C, which can cope
with forest fires in most cold areas. The viscosity of No. 9 reached up to 1938 cP and the
fire-retarding time was increased from 42.8 s to 121.8 s. The adhesion mass on the wood
surface was raised from 3.15 g to 4.8 g and the hydrogel solution applied to No. 9 almost
entirely adhered to the woodblock (Figure 5). Therefore, urea and ammonium bicarbonate
were selected as the flame retardant combination in this study. The comprehensive perfor-
mance of the optimized hydrogel extinguishant is significantly improved compared with
the original #1 extinguishant.

3.4. Safety Performance Evaluation of Modified Hydrogel Extinguishant

The storage and transportation equipment of the extinguishants are mainly com-posed
of metals. It is known that some additives may cause corrosion in storage and delivery
devices. Hence, corrosion is an important index for evaluating the safety performance of
extinguishants. In this study, the safety test referred to the national standard (GB 15308)
was conducted [31]. Four pieces of steel sheet (Q235 steel) and aluminum sheet (LF21
aluminum) were chosen and weighed. After removing the oxide film, the surface area
was calculated. Then, the metal sheets were placed into two conical flasks containing the
modified No. 9 solution and the original 1# hydrogel extinguishant solution, as shown in
Figure 7a,b. The conical flasks were placed in a drying oven for 21 days. The mass of each
metal sheet was weighed after removing the surface corrosion products. The degree of
corrosion was calculated according to the formula in Equation (3):

C = 1000 × (m1 − m2)/(21 × A) (3)

where C is the corrosion rate, mg/(d·dm2), m1 is the original mass of each metal sheet (g),
m2 is the mass of each metal sheet after being soaked in the sample (g), and A is the surface
area of each metal sheet (dm2).
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Figure 5. (a) Original wood strips and (b) wood strips after adhesion test. (c) Wood strip at the begin-
ning of the flame retardant test and (d) state of wood strip after completion of flame retardant test.

Figure 6. Comparison of the 10 samples of modified hydrogel extinguishant solutions: (a) freezing
point; (b) viscosity; (c) adhesion mass and flame retardance time on wood strips.
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Figure 7. (a) Metal sheets being corroded in the hydrogel solution. (b) Metal sheets before corrosion
and (c) after corrosion.

The specific results were presented in Table 4. The corrosion rates of solution No. 9 to
the steel sheet and aluminum sheet were 1.8 and 0.9 mg/(d·dm2), respectively, while those
of extinguishant #1 were 0.5 and 0.2 mg/(d·dm2), respectively. The corrosion rate of the
samples corresponding to both metal sheets was less than 15 mg/(d·dm2), indicating that
the corrosion performance of the modified hydrogel extinguishant satisfied the national
standard (GB 15308) [31].

Table 4. The corrosion rate of the two tested samples on steel and aluminum sheets.

Sample
Corrosion Rate of Metal (mg/(d·dm2))

Steel Sheet Aluminum Sheet

Extinguishant #1 solution (0.5%) 0.5 0.2
No. 9 solution 1.8 0.9

Besides the corrosion, water was used as the matrix for the modified hydrogel extin-
guishants, and it is inevitable that the extinguishant will remain in the environment after
use. Therefore, toxicity to aquatic organisms is an important index for evaluating envi-
ronmental safety. In this study, the toxicity test standard referred to the national standard
(GB 17835) [38]. For this, a standard diluted solution was first prepared, then aerated until
the dissolved oxygen concentration reached the air saturation value and maintained a pH
of 7.8 ± 0.2. Then, 12 mL of the recommended concentration of sample solution and 25 mL
of standard dilution solution were contained to 2000 mL. Subsequently, 10 healthy zebrafish
were put into the solution at 21–25 ◦C for 96 h to evaluate the toxicity of the hydrogel
extinguishant. The number of fish in each beaker was recorded daily. The experiments
involving zebrafish were approved by the Institutional Animal Care and Use Committee of
the Research Center of Eco-Environmental Sciences, Chinese Academy of Sciences.

The toxicity results were shown in Figure 8. Overall, for both original and modified
hydrogel solution, the zebrafishes had good vital signs, and no poisoning symptoms were
observed during the experiment, such as loss of balance, respiratory rate, slow movement,
or color change. All zebrafish of the two samples were alive after 96 h. This mortality rate,
being ≤50%, demonstrates that the toxicity of the hydrogel solution #1 (0.5%) and No. 9
solution meets the national standard (GB17835) [38].

Figure 8. The state of zebrafish after 96 h in (a) hydrogel solution #1 (0.5%) and (b) No. 9 hydrogel solution.
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4. Conclusions

In this study, the modification of the freezing point for commercial hydrogel extin-
guishant and its effect on the comprehensive properties of forest fire rescue was systemati-
cally studied.

The freezing points of the original extinguishants #1 and #2 were similar, at −0.3 and
−0.5 ◦C, respectively, indicating that neither of the solutions was suitable for the cold
condition. By comparison, extinguishant #1 featured a smaller particle size, a fast ab-
sorption rate, and better water dispersion performance. Thus, it was selected for further
modification. The addition of antifreeze and other agents effectively changed the extin-
guishing performance. Ethylene glycol, as an antifreeze, exhibited the most obvious effect
on viscosity improvement.

A series of orthogonal experiments further explored the effect of each additive on
the comprehensive properties of the selected hydrogel extinguishant. The results showed
that the viscosity, adhesion, and flame retardant performance of samples were improved
with the increased concentration of extinguishant. Excessive ethylene glycol remarkably
enhanced the frost resistance, yet it had an adverse effect on the fire-retarding performance.
Among the three flame retardants, the combination of urea and ammonium bicarbonate
had the most significant improvement on the adhesion and flame-retardant performance.
In addition, both the viscosity and flame retardant time increased with the addition of
xanthan gum. However, there was no significant change in the freezing point or adhesion
ability. Of the 10 tested sample solutions, sample solution 9 exhibited the most outstanding
comprehensive performance, which was significantly elevated compared to the original
hydrogel extinguishant #1. For sample solution 9, the freezing point and viscosity were
−9.2 ◦C and 1938 cP, respectively. On the adhesion test, the mass retention rate was greater
than 97%. Notably, the flame retardance time was greater than 120 s. Therefore, the corre-
sponding optimal formula amounts of ultrapure water, hydrogel extinguishant powder #1,
ethylene glycol, urea, ammonium bicarbonate, and xanthan gum were determined to be
50 mL, 0.5 g, 5 mL, 0.08 g, 0.04 g, and 0.12 g, respectively. The corrosivity and biotoxicity of
the modified No. 9 solution were consistent with the national standards. This indicates
that the modified hydrogel extinguishant determined by this study is not only adaptable to
lower ambient temperatures but is also more environmentally friendly.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14020752/s1, Table S1: The Characterization of the data of
blank and 1# hydrogel extinguishant.
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