International Journal of Technology 16(2) 496-511 (2025)

International Journal of Technology I

O
a

http://ijtech.eng.ui.ac.id

Research Article

Improving Fire Extinguishing Properties of Class B
Fire with Cellulose-Hydrogel from Water Hyacinth
(Eichhornia crassipes) Extract

Surachat Sinworn %, Nuttabodee Viriyawattana **

Department of Occupational Health and Safety, Faculty of Science and Technology, Suan Dusit University,
Bangplad District, Bangkok, Thailand, 10700,
‘Corresponding author: nuttabodee_vir@dusit.ac.th; Tel.: +66 4239429

Abstract: Cellulose can be processed into a hydrogel that enhances performance in extinguishing
Class B (oil) fire. This hydrogel has a significant increase in viscosity after exposure to high
temperatures. As the temperature increases, the viscosity rises, enhancing the ability of hydrogel to
coat the fuel surface and effectively prevent the production of flammable vapor. Therefore, this
study aimed to synthesize cellulose-based hydrogel by extracting water hyacinth to obtain cellulose
in the form of methylcellulose (MC) powder. Properties of cellulose hydrogel were tested using
Fourier Transform-Infrared Spectrometer (FT-IR), Scanning Electron Microscope (SEM), Energy
Dispersive X-Ray Spectroscopy (EDX), viscosity, Thermogravimetric Analysis (TGA), and gel
fraction analysis. To define its performance, fire extinguishing efficiency tests were performed by
comparing mono-ammonium phosphate (MAP) or ABC (control) and MAP+ cellulose hydrogel
(treatment). The data obtained were the radiation temperature, the time required to extinguish fire,
and characteristics of the fuel coating during combustion. The results showed that fire extinguishing
performance for Class B fire, in terms of radiation temperature, was lower for MAP+cellulose
Hydrogel at 284.67+39.28°C, compared to MAP at 368.10+51.46°C. Extinguishing time for the MAP+
Cellulose Hydrogel was 4.19 seconds faster than only MAP. Additionally, the coating properties
improved as the substance transitioned from powder to gel, effectively coating the fuel at high
temperatures. This was consistent with the results of the Gel Fraction Analysis and TGA, which
prevented fire spread and improved flame retardancy.
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1. Imtroduction

The growth of high-rise building is triggered by expensive land prices and the need for
construction of hotels, offices, and colleges. Besides the great benefits, high-rise building also has a
consequence of fire risk, mostly from Class A and B fire. (Nugroho et al., 2022). This risk is often
addressed by emergency protocols using portable dry chemical, containing mainly
Monoammonium Phosphate (NH;H,PO,) mixed with other compounds to make the powder
slippery, non-stick, and non-clogging when sprayed. Portable dry chemical is also known as ABC
Powder and is effective in extinguishing fire such as Nippon and Saturn brand, including
extinguishing Class A, B, and C. The concentration of the chemical depends on fire Rating of each
model. Class A includes fire from common combustibles such as wood, cloth, and paper. Class B
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comprises fire from oils and gases, while Class C is from electricity (Viriyawattana and Sinworn,
2023).

The selection of extinguisher is commonly based on the criteria of easy access, use, and basic
storage. Firefighting protocols use this extinguisher as a crucial first step in controlling an initial fire
before developing into a larger uncontrollable blaze. Presently, fire extinguishing agents are
required to be non-toxic and safe for humans as well as the environment (IHan et al., 2020). This is
in line with the Montreal Protocol, Paris Agreement, and other agreements between international
organizations and countries. Currently, there is increasing demand for environmental protection,
particularly for the development of circular or green economies, which focus on the quality and
accessibility of sustainable raw materials, including cellulose waste. These materials are renewable
sources of biomass for the ecological environment. Approximately 181.5 billion tonnes of cellulose
are produced annually worldwide (Sayara and Sanchez, 2019). Cellulose is particularly targeted
because it is derived from waste materials such as agricultural residues, forests, and grass. Waste
materials are primarily composed of polymers found in plant cell walls, including 40-50 wt%
cellulose, 15-35 wt% hemicellulose, and 20-40 wt% lignin (Yang and Lii, 2021). Cellulose derived
from biomass is biodegradable and renewable, making it a suitable alternative to synthetic
chemicals. This helps reduce global warming and the environmental impact of various chemicals
(Varma, 2019).

Cellulose, the most abundant biomass resource, originated from plants and microorganisms
such as algae and tunicate. (Harahap et al., 2023). Cellulose, a member of the polysaccharide family,
is the most prevalent organic component generated from biomass (Nurhayati et al., 2024). Cellulose
is the primary raw material for nanocellulose and can be used to develop products with diverse
properties such as insulating materials, nanocomposites, and nanohybrids. Particularly, derivatives
such as Carboxymethyl Cellulose (CMC) and Methyl Cellulose (MC) are cellulose ethers with
excellent film-forming properties, serving as potential materials for fabricating films from plant-
based cellulose (Rahman et al., 2021). These materials enhance the flow properties of substances in
fire extinguisher by improving their compatibility, as shown in the test of the compatibility of
starch-methyl mixes using oscillatory rheometry. Cellulose has also been reported to be a
biocompatible polymer (Ma et al., 2008). However, fire resistance can be enhanced by transforming
cellulose into nanocellulose forms, targeting the reconstruction of thin films, coatings, and aerogels
(Sen etal., 2022). Cellulose exists in various forms such as derivatives, regenerated, microcrystalline
cellulose (MCC), cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and other modified
types (Bangar et al., 2022; Alavi, 2019). The various forms have been explored for their fire-resistant
properties in thin films, coatings, and aerogels prepared from subcomponents (Jamsaz and
Goharshadi, 2023; Yadav et al., 2022). Additionally, cellulose ethers are non-ionic substances, such
as MC, which are widely used in water-based latex coatings and often formed into gel to retain
water in powdered materials (Kibar and Us, 2014). The coating film is derived from a gel produced
from MC, which primarily contains silicate.

Fire tests on various gel materials have shown that fire-extinguishing gel effectively self-inhibits
combustion (Boukind et al., 2022; Shi and Zhou, 2014). MC is an intriguing smart biomaterial that
forms a thermally reversible gel. When subjected to thermal stimuli, aqueous solutions containing
MC at critical concentrations form stable, physically cross-linked hydrogel to modify the chemical,
physical, and biomechanical properties. This thermal responsiveness plays a significant role
because physiological temperatures can act as a trigger point to control properties of MC. Hydrogel
is a polymer with a three-dimensional structure composed of large, cross-linked, and hydrophilic
molecules (Chai et al., 2017; Ebara et al., 2014; Yuan et al., 2013). Compared to pure water, hydrogels
offer superior advantages in terms of water retention, cooling, and sealing properties.
Currently, hydrogel is widely used for wildfire and coal mine fire prevention (Zhang et al., 2023).
Synthesized hydrogel with novel multiphase foam gels to improve fire- extinguishing performance
(Shi and Qin, 2019; Qin et al., 2014; Xi et al., 2014). The material was prepared by mechanically
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stirring fly ash (foaming agent), nitrogen (thickening agent), and a cross-linking agent. The gels
obtained through a mechanical foaming process show excellent fire-extinguishing properties.

Chemical foaming is another effective method for advancing the porous structure into gel. The
porous structure is derived from a mixture of specific chemicals that react with acids or decompose
at high temperatures to produce gas. These reactions create bubbles during the polymerization
process, producing a porous polymer structure (Wang et al., 2014). Kabiri et al. (2003) synthesized an
effective hydrogel with excellent absorbency using acetone and sodium bicarbonate (NaHCQO;) as
foaming agents (Kabiri et al., 2003). The results showed that gel responded immediately to
temperature changes, allowing approximately 90% of water to evaporate within 10 minutes,
making it an excellent cooling material for fire-damaged areas.

The hydrogel properties of cellulose have been used to enhance the effectiveness of dry chemical
fire extinguisher. This enhancement is achieved by adding MC derived from water hyacinth, a
prolific and problematic weed in public water bodies. The method can reduce the amount of water
hyacinth, serving as a natural, non-toxic substance in the products. The additive cellulose forms a
sticky film that coats the oil surface more effectively and has a low melting point, allowing quick
formation. The film has the characteristics of extinguishing Class B fire, which is different from Class
A made of solid materials such as wood and paper. The performance test of Mono Ammonium
Phosphate (MAP) combined with Cellulose Hydrogel fire extinguisher on Class B shows higher
efficiency in terms of faster extinguishing times compared to only MAP. The combination also
provides better fire resistance by coating a stagnant fuel surface and creating a slim adhesive layer
on the fuel surface (Evegren and Hertzberg, 2017).

Based on the description, this study aimed to investigate the preparation of hydrogel from
cellulose ether extracted from water hyacinth, a natural and substantial source of cellulose. The
properties of cellulose and hydrogel were evaluated using methods such as Fourier Transform
Infrared Spectrometer (FT-IR), Scanning Electron Microscope (SEM), Energy Dispersive X-Ray
Spectroscopy (EDX), viscosity, Thermogravimetric Analysis (TGA), and gel fraction analysis.
Furthermore, fire-extinguishing performance was evaluated by comparing the performance of the
MAP or ABC (control) agent with that of the ABC + cellulose hydrogel (treatment) agent+additive
(Water substitute reagent). The comparison included parameters such as radiation temperature,
extinguishing time, and coating performance of the burning fuel.

2. Methods
Synthesis of hydrogel fire extinguishing agents by extracting from water hyacinth has various

steps, as shown in Figure 1.
-
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Figure 1 Flow diagram for the production of hydrogel for extinguishing from methyl cellulose
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2.1. The Synthesis of Cellulose from Water Hyacinth

Samples of water hyacinth were initially washed thoroughly with clean water. This was followed by
washing with distilled water 4- 5 times, sun-drying, and placing in an electric oven at 100°C for 24
hours. After cooling, samples were cut into small pieces and ground into a fine material. The
material was boiled in Sodium Hydroxide (NaOH) (Merck, Germany) solutions at concentrations
of 8%, 16%, and 24% by weight, each using a volume of 100 ml to extract cellulose. The mixture was
boiled for approximately 1 hour until the material was thoroughly softened, and allowed to cool at
room temperature. Subsequently, the boiled material was washed four to five times with distilled
water to remove the sodium hydroxide, dried at 100°C in an oven for 3 hours, finely ground, and
chemically treated as shown in Figure 2A. This was followed by storing in a desiccator to absorb any
remaining moisture.

2.2. The Synthesis of Cellulose Ether from Water Hyacinth

A total of 5 grams of cellulose was placed into a 500 ml. beaker, added with 90 ml of isopropyl
alcohol (Merck, Germany), and stirred the mixture for 30 minutes. NaOH was added at
concentrations of 20%, 25%, and 30% to a volume of 50 ml, and the mixture was stirred for 1 hour.
Subsequently, 6, 8, and 10 grams of chloroacetic acid (C;H3ClO,) (Merck, Germany) were added,
maintaining the temperature at 60°C for 3 hours. The mixture was allowed to cool to room
temperature. Acetic acid (CH;COOH) (Merck, Germany) was added until the solution became
neutral. The mixture was filtered and washed with 70% (%v/v) ethanol (Oil Chemical & Supply,
Thailand) to obtain cellulose ether, and dried at 60°C for 12 hours. Finally, the samples were stored

in a desiccator (Figure 2B).
4

Figure 2 Product from cellulose from simmered water hyacinth finely blended (A), cellulose ether
from water hyacinth (B)

2.3. The Synthesis of MC from cellulose ether

A 1.0 mm mesh sieve was used to filter cellulose ether, which was reacted with chloroacetic acid
inisopropyl alcohol and 40% sodium hydroxide for 30 minutes. Subsequently, it was dried in an oven
at 55°C for 3.5 hours. The liquid portion was removed, and 70% methanol (Oil Chemical & Supply,
Thailand) was added to the gel-like portion. Neutralization was performed with 90% citric acid (Merck,
Germany) and the pH was tested with litmus paper to ensure neutrality. The gel-like portion was filtered
and washed with 70% ethanol for 10 minutes. This process was repeated five more times with methanol
and the material was left at room temperature overnight. The outcome was the powdered yield of MC
(Figure 3A).

2.4. Testing for Hydrogel Formation

MC powder was dried in an oven for 24 hours to achieve a 1.3% water-by-weight solution. This
was followed by the dissolution of MC powder in water at 60°C for 2 hours. Similarly, nanocalcium
silicate powder (1wt%) (Merck, Germany) was added to enhance the fluidity of the injection
system. Subsequently, Magnesium Chloride (MgCl2) (3 wt%)(Merck, Germany) and white sugar
(additive) (1 wt%) (Mitrphol, thailand) were added to the mixture. The mixture was stirred and allowed
to dissolve for 2 hours. In this study, hydrogel formation ability was tested in 20 ml of gasoline (PTT,
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Thailand) to determine the foaming pattern. This test was used to evaluate the performance of the fuel
coating for fire suppression (Figure 3B).

Figure 3 Product from Synthetic MC powder (A), Hydrogel in contact with gasoline (B)

2.5. Performance Testing
2.5.1. FT-IR Analysis
The functional group performance of cellulose hydrogel was analyzed using an FT- IR
spectrophotometer with a Nicolet 6700 analyzer (Thermo Scientific, USA). The analysis was

conducted over a wavelength range of 400-4000 cm1.

2.5.2. SEM and Energy Dispersive X-Ray Fluorescence Spectrometer (EDX-FS) Analysis
The morphology of cellulose extract was examined by SEM, JSM-6610 LV, JEOZ (Japan) at an electron
energy of 5 Kilovolt (kV). The elemental composition was analyzed using a Shimadzu EDX-FS instrument
(Model EDX-8000, Shimadzu, Japan).

2.5.3. Viscosity Analysis
The viscosities of cellulose hydrogel were measured using a viscometer (RVDV-E; AMETEK
Brookfield, USA). The test speeds were set at 1, 3, 5, 7, and 10 Revolutions per minute (rpm) using
spindle number 5, at temperatures of 20°C and 80°C.

2.5.4. Thermal Property Testing

The thermal properties were analyzed using TGA with a TGA/DSC3* STAR (Mettler Toledo,
USA). A sample weighing 10 mg was placed in an alumina crucible and tested in a temperature range of
30-700 °C under a nitrogen gas (Oxytech, Thailand) flow rate of 40 milliliters per minute (ml./min), with
aheating rate of 10 Degrees Celsius per minute (°C/min), to determine the decomposition temperature of
the sample.

2.5.5. Gel Fraction Analysis
Gel fraction analysis of cellulose hydrogel was conducted by freeze-drying the hydrogel. This
was followed by mixing in a solution of 10% sodium hydroxide (NaOH), 5% urea, and 85% distilled
water-by-weight at -12°C. The mixture was cycled to separate the insoluble parts, which were dried
to determine the gel fraction percentage according to Equation 1.

Gel Fraction = V‘yf—tll %100 (1)
where
Winiiar = Dry weight of original cellulose-hydrogel
Wina = Weight of insoluble solids in the mixed solution

2.5.6. Fire Extinguishing Test
Fire extinguishing performance test (Figure 4) was conducted using a standard dry chemical fire
extinguisher agent of MAP combined with cellulose powder from water hyacinth in an 80:20 ratio.
Meanwhile, a comparison was performed using only 100% MAP. Both samples were filled into 15
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pound (Ib) fire extinguisher that uses nitrogen gas at 195 psi to propel the chemical powder. The test
was conducted using Class B fuel with Fire Rating of 2B. The fuel, namely 25 liters of n-hexane (Merck,
Germany), was placed in a square steel tray measuring 676 mm x 676 mm and 6 mm thick. The
performance was measured in three aspects. These included 1) thermal radiation values, measured by
an infrared thermal camera before and after fire extinguishing, 2) extinguishing time, determining the
time from the start to the end of fire extinguishing process, and 3) fire coating performance,
evaluating the coating quality on the n-hexane fuel surface.
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Figure 4 Fire extinguishing performance test and the preparation for fire extinguisher illustration

3. Results and Discussion
3.1. FT-IR Analysis

As shown in Figure 5, distinctive peaks in red circles appeared due to the molecular vibrations of
cellulose hydrogel at positions 1,550 from 650 eml (Cellulose). These peaks correlate with the
characteristic bonds of O-H, C-H, C-O (secondary alcohol), and C-O (primary alcohol) bonds.

Additionally, the peak at 1727 cm™! shows the C=0 bond found in the hemicellulose structure (Sundari
and Ramesh, 2012). The generation of carbonyl groups (C = O) on cellulose surface occurs due to the
oxidization of free hydroxyl group.
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Figure5 The FT-IR approach is used to analyze the cellulose hydrogel's functional group performance

Consequently, the treated cellulose showed outstanding fire resistance due to its efficient, durable, and

restorable flame retardancy mechanism. The peaks at 1519 and 1245 eml correspond to the C=C and C-O
bonds of the aryl alkyl ether groups in the lignin structures, respectively (Wang et al., 2019). In comparison,
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the FT-IR spectrum of cellulose fibers from water hyacinth obtained through chemical processes showed a

reduction in the intensity of the peaks at 1727, 1519, and 1245 cm-1. This reduction shows a decrease in the
hemicellulose and lignin contents due to the chemical extraction process used on water hyacinth fibers.

Additionally, the spectrum correlated with the OH stretching vibration in the 3000-3500 cm! range, showing
the explicit absorption of the hydroxyl groups in MC attributed to their linkage interactions. The C-H

stretching vibrations were observed in the 29332901 cm! range and the C-O-C stretching vibration was

observed at 1120 cm™L. Figure 6 shows the transition from cellulose powder to hydrogel when exposed to
higher temperatures.

Hydrophobic interaction
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Figure 6 Transformation of Cellulose powder to Cellulose Hydrogel

3.2. Structural model analysis using SEM method of cellulose hydrogel

The isolation of cellulose for the transformation into cellulose ether has been successfully
conducted. Crystalline cellulose was obtained as a white powder from water hyacinth (Suryanti et
al., 2023). The results of the structural analysis using SEM are shown in Figure 7(A). At a
magnification of 5000x, cellulose hydrogel surface consisted of numerous overlapping fibers,
consistent with the physical characteristics. Cellulose was completely elongated with fibrils of
various lengths and thicknesses at higher magnification. The SEM micrograph showed that the
packed fibril structures were separated from each other. Furthermore, MC product showed twisted
and blunt flakes which were identical to the commercial MC. Figure 7(B) shows an image at 1000x
magnification, indicating the entire cellulose hydrogel as a mass of overlapping fibers. These fibers
were dispersed and separated at the micrometer level due to the removal of hemicellulose, lignin,
and other substances, causing adhesion during the chemical process (Chandra et al., 2016).

(@) (b)
Figure 7 Characteristic analysis of cellulose hydrogel surface using SEM method at Magnification
5000X (A) and 1000X (B)
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3.3. Results of elemental analysis of cellulose hydrogel substances using EDX method
According to the graphic and information from Table 1, the chemical composition analysis of
cellulose hydrogel showed the presence of carbon, oxygen, sodium, magnesium, aluminum,
silicon, phosphorus, chlorine, and calcium as components (Repon and Mikucioniene, 2021). The
proportions of carbon and oxygen were 54.77% and 35.66% respectively, while sodium was at
7.03% (Pullawan et al., 2014).

Table 1 Elemental analysis of cellulose ether using EDX method

Element Weight % Atomic %
C 44.53 54.77
@) 38.62 35.66
Na 10.94 7.03
Mg 0.32 0.19
Al 0.10 0.06
Si 0.20 0.11
P 0.81 0.38
Cl 2.98 1.24
Ca 1.49 0.55

3.4. Viscosity Analysis

The viscosity of gel was tested at various concentrations with temperatures of 20 and 80°C using
a DV-1 digital viscometer (Beijing Jingmeirui Technology Co., Ltd., Beijing, China). The initial
temperature at which 50% of fire extinguishing powder turned into a gel was 20°C. When the
temperature exceeded 80°C, the gel viscosity increased, with rising temperature. Each sample was
measured approximately 2-3 times, and the average values were used as the test results.
Subsequently, the viscosity of cellulose solution mixed with borax at different ratios was analyzed
and tested at various rotational speeds, with results shown in Figure 8.

According to Figure 8, when the temperature increased from 20°C to 80°C, the viscosity
significantly elevated at the higher temperature. At low temperatures, the partial hydroxyl groups
in the hydrogel molecular chains form hydrogen bonds between the molecules, leading to chain
entanglement at higher temperatures.
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Figure 8 Viscosity of cellulose hydrogel solution at 20°C and 80°C

As the thermal movement of the molecules intensified, the hydrogen bonds between the
molecular chains gradually broke down (Peterson et al., 2023), showing the properties of
pseudoplastic fluids. Additionally, the amount of NaOH in cellulose solution increases alongside
the viscosity. This is because the cross-linking between cellulose chains impedes the flow direction
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of the solution. The phenomenon shows an increase in the cross-linking of cellulose chains with the
addition of borax. At 20°C, the viscosity of hydrogel slightly increased. After heating to 80°C, the
hydrogel transitioned to a sol-gel, with a reduction in flow and an increase in viscosity as the
temperature rose (Deng et al., 2014). The increasing viscosity enhanced the adhesion of gel to the
surface of Class B fuels, contributing to cooling and preventing oxygen from contacting the fuel heat
(Jia et al., 2013). This suggested that the hydrogel enhanced the extinguishing performance of Class
B fire.

3.5. Thermal property test
The onset decomposition temperature (Tonset), the maximum decomposition temperature (Tmax),
and endset decomposition temperature (Tendset) were observed in this study. At temperatures
between 300 and 450°C, cellulose decomposition was rapid due to the high mass loss at such
temperatures. The percentage of char (% char) at 700°C of cellulose extracted from water hyacinth
by the chemical process is shown in Table 2 and Figure 9 A (supplementary).

Table 2 Data from TG and DTG thermograms of cellulose fibers extracted from water hyacinth
by the chemical process

Type Tonset (°C) Tendset (°C) Tax (CC) % char at 700 (°C)
Cellulose-Water 269 349 316 17.2

Hyacinth

(control)

Cellulose ether 330 380 354 10.3

According to Table 2, the initial and final decomposition temperatures of water hyacinth fibers
(control) were found to be 269°C and 349°C, respectively. In comparison, cellulose fibers extracted
from water hyacinth by the chemical process showed initial and final decomposition temperatures
of 326°C and 375°C, respectively. This difference suggests that water hyacinth fibers have lower
initial and final decomposition temperatures than cellulose hydrogel due to the presence of
amorphous components such as hemicellulose. Additionally, the char ash percentages of water
hyacinth and cellulose fibers extracted from water hyacinth were 17.2% and 10.3%, respectively.
Water hyacinth fibers showed a higher char ash content than cellulose hydrogel due to the presence
of pyrolytic char from lignin, hemicellulose, and some inorganic substances. This suggests that
cellulose fibers obtained by the chemical extraction process were purer, due to the removal of
hemicellulose and lignin (Thi et al., 2017).

The thermogram (Figure 9B in supplementary) shows the overlapping decomposition of
hemicellulose and lignin. Therefore, a DTG thermogram (Figure 10 in supplementary) was used to
determine the decomposition range. Water hyacinth fibers were found to lose their moisture within
the range of 41-121°C, with the maximum decomposition temperature in the first stage at 60°C. The
second stage included the decomposition of hemicellulose and cellulose within the range of 195-
387°C, with a maximum decomposition temperature of 316°C. In comparison, cellulose hydrogel
fibers extracted from water hyacinth by the chemical process showed only two stages of
decomposition. The first stage occurred within the range of 39-93 °C with a maximum
decomposition temperature of 48°C. Meanwhile, the second occurred at 220-402°C with a
maximum temperature of 354°C. The results showed that the maximum decomposition
temperature in the second stage of cellulose fibers extracted from water hyacinth by the chemical
process (354°C) was higher than water hyacinth (316°C). This was due to the reduction of
hemicellulose and amorphous components, which possessed lower decomposition temperatures.
The decomposition range of cellulose fibers was narrower than water hyacinth, as shown by the
narrower second-stage decomposition peak. This is attributed to the reduction in branched
structures, including hemicellulose, lignin, and amorphous components, which typically have a
broader decomposition range (Leesirisan, 2022).
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3.6. Gel Fraction Analysis

As presented in Figure 10 (supplementary), the MC powder extracted from water hyacinth
showed increasing gelation behavior with rising temperatures. Initially, at 20°C, cellulose powder
passed through gelation at only 2.2%. As the temperature increased incrementally by 50°C, the
gelation rate of cellulose powder rose to 17.3%. When the temperature further increased to 80°C, the
gelation rate reached 44.6%. The gelation continued to increase with rising temperatures, reaching
98.2% at 140°C. At 200°C, the gelation rate was 99.2%. This behavior is consistent with the viscosity
characteristics of the gel, which increases with temperature and enhances adhesion to the fuel
surface. The gelation process was proportional to the temperature increase. When the temperature
exceeded 200°C, the MC powder sprayed on the fuel surface fully transformed into a gel coating
(Huang et al., 2019; Deng et al., 2014).

3.7. Fire Extinguishing Performance Test

Thermal radiation values were measured using a thermal camera, as listed in Tables 3 and 4. The
temperature was measured twice for each sample before and after spraying the dry chemical fire
extinguisher powder. According to Table 3, thermal radiation before spraying fire extinguisher
from both only MAP and MAP+cellulose hydrogel fire-extinguishing agents were not significantly
different when comparing the average values from the three tests. However, the temperatures of
thermal radiation from the fuel during combustion after spraying only MAP and MAP+ cellulose
hydrogel fire-extinguishing agents showed statistically significant differences when comparing the
average values of all tests. The average lowest temperature of thermal radiation for MAP+ cellulose
hydrogel was 284.67+39.28 seconds, while only MAP was at 368.10+51.46 seconds. Based on
gelation analysis of hydrogel, when the fuel temperature exceeds 200°C, cellulose powder
transforms into a gel coating the fuel surface more effectively, and showing higher viscosity at
elevated temperatures.

Table 3 Temperature values of Thermal Radiation before spraying the dry chemical fire
extinguishing powder measured by the Thermal Camera

Thermal Radiation temperatures ~ Thermal Radiation temperatures from fuel combustion

from fuel combustion (°C) when spraying fire extinguishing agent (°C)
Test No. Fire Fire Fire Fire Extinguishing agent:
Extinguishing Extinguishing Extinguishing
agent:
agent: MAP MAP+Cellulose agent: MAP MAP+Cellulose Hydrogel
Hydrogel
1. 409.60 496.70 378.30 248.90
2. 504.40 503.60 413.70 326.70
3. 458.90 543.20 312.90 278.40
X+S.D. 457.63 £ 47.41c  514.50 + 25.09c 368.10 + 51.46b 284.67 + 39.28a

abeDifferent letters indicate statistically significant differences (P <0.05)

3.8. Extinguishing Time of Fire Extinguishing Agents

Extinguishing time for Class B fire was measured from the start of spraying the dry chemical
fire extinguisher until fire was completely extinguished (Figure 11A in in supplementary). The
measurement was performed three times, and the results are listed in Table 4. Based on the results,
the average extinguishing time for MAP was 8.70+1.96 seconds, while MAP+ cellulose hydrogel
was 4.51+0.97 seconds. The average extinguishing times for the two agents differed significantly.
The primary component of the MAP fire extinguishing powder, namely phosphate salts, formed a
glass-like layer on the surface of burning solid materials, isolating the fuel from the oxidizing agent.
This separation layer was from the thermal decomposition of phosphate salts and the formation of
polyphosphates (Li et al, 2019). MAP powder, containing ammonium dihydrogen phosphate
(NH4)HoPO,), interfered with the combustion of cellulose materials. Metaphosphoric acid (HPO3),
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with a low melting point, appeared when the powder came into contact with flames, leading to the
formation of a glass-like film on solid surfaces and cutting off oxygen contact in Class A fire that
burned with glowing embers (Li et al., 2022).

Table 4 Extinguishing Time of Fire Extinguishing Agents for Class B Fire

Extinguishing time (Seconds)

Test No. Fire Extinguishing agent: Fire Extinguishing agent:
MAP MAP+ Cellulose Hydrogel
1. 6.76 3.48
2. 10.67 4.62
3. 8.68 5.43
X+S.D. 8.70 + 1.96> 4.51 +0.97¢

abDifferent letters indicate statistically significant differences (P <0.05)

This process contributes significantly to fire suppression, with the dry powder showing a
cooling effect. The thermal energy required to decompose the dry chemical powder is related to its
tire-extinguishing performance. Therefore, all dry chemical agents must be thermally sensitive to
react chemically and absorb ("consume") heat. Spraying the dry chemical powder created a dust
cloud between the flame and fuel, which facilitated the removal of heat released from the fuel by
the flame (Fatsa Fire, 2022).

3.9. Characteristics of Fuel Coating
As presented in Table 5, MAP fire extinguishing agent covered the fuel surface with a yellowish-
white powder. MAP+ cellulose hydrogel extinguishing agent also effectively formed a gel-like
layer on the fuel surface. This coating functions by burning fuel, cutting off oxygen, and reducing
temperature, thereby extinguishing fire (Figure 11 B and C in supplementary).

Table 5 Fire coating characteristics

Type of Fire Extinguishing Agents

Test No. Fire Extinguishing agent: Fire Extinguishing agent:
MAP MAP+ Cellulose Hydrogel
1. Powder covering Fuel Gel coating Fuel
2. Powder covering Fuel Gel coating Fuel
3. Powder covering Fuel Gel coating Fuel

4. Discussion

The study found that cellulose hydrogel extracted from water hyacinth could enhance the
effectiveness of extinguishing class B fire, making it more effective than using only MAP. The use
of powder extinguishing agents to form hydrogel for extinguishing oil fire is a new method by
adding additives to facilitate gel formation on the surface of oil (class B fuel). Thermoresponsive
hydrogel possesses unique characteristics due to temperature sensitivity, which addresses the
shortcomings of traditional hydrogel. This versatile functional polymer material shows rapid phase
behavioral changes when the temperature reaches a specific value (Barros et al., 2014; Ruel-Gariepy
and Leroux, 2004), often referred to as the lower critical solution temperature (LCST). In some
previous studies, thermoresponsive hydrogel existed in a liquid state below the LCST and
solidified into a gel after exceeding the threshold (Dai et al., 2020; Klouda, 2015). The temperature
sensitivity of the hydrogel is related to the structures of hydrophilic and hydrophobic groups. At
room temperature, hydrogel has high fluidity and low viscosity but rapidly releases water and
forms an adhesive layer that coats the surface of the burning materials at high temperatures (Cheng
et al., 2017).
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Currently, thermoresponsive hydrogel is extensively explored in various fields such as medicine
and agriculture (Puspitasari et al., 2022; Lim et al., 2020; Jiang et al., 2018; Chatterjee et al., 2018).
For fire- extinguishing applications, hydrogel should show high viscosity and strong adhesion at
elevated temperatures. This shows that hydrogel should have significant thermal responsiveness
as the phase transition correlates with temperature changes. Most hydrogel used as fire-
extinguishing agents is thermally stable, including isopropylacrylamide and MC derivatives (Yang
etal., 2016; Hu et al., 2015). Hydrogel containing MC is used to extinguish various types of fire. As
the temperature increases, the viscosity begins to rise. At 80 °C, the substance nearly transitions
into a gel form, with samples containing a concentration of 5 wt% or higher showing a viscosity
greater than 20 Pa.s. In accordance with known information, this study selected 2-8 wt.% solutions as fire-
extinguishing agents.

For solutions with concentrations of 2 and 4% by weight, fire extinguishing times were 70 and 74
seconds, respectively. In solutions with concentrations of 6 and 8% by weight, fire extinguishing times
were 60 and 115 seconds, respectively (Ma et al., 2021). According to Yu et al. (2016), a scalable process was
developed to produce biocompatible hydrogel that could be used to extinguish wildfires. This included using
Hydroxymethyl cellulose (HEC) and MC at 1% by weight, supplemented with colloidal silica
particles (CSP) at 1% and 5% to deliver the best strength such as long-term stability (no syneresis
over one week). The target was achieved with the HEC: MC 80:20 system, regardless of the CSP proportions,
by using HEC at a high molecular weight (1.3 MDa) and MC at a low molecular weight (60 kDa). Based
on fire tests, various concentrations were used, namely 0.32 wt% HEC, 0.08 wt% MC, and 2 wt%
CSPs, with the addition of ammonium polyphosphate (Phos-Chek LC95A). Initially, TGA analysis showed
that there was no significant difference in the residue of wood samples coated with only ammonium
polyphosphate solution and the hydrogel system (approximately 45 wt%). Under simulated rain
conditions, the retardant solution washed away approximately 40 wt% of the initial weight, while
the hydrogel retained the retardant substance at 80 wt% (Yu et al., 2016). Based on further studies,
Yu et al., (2020) expanded to cover the retardant effects of hydrogel on grass and chip-burning
experiments. The results showed that hydrogel could be used as fire barriers for trees, particularly
in frequently burned areas, to protect highly preserved plantation areas (Yu et al., 2020).

5. Conclusions

In conclusion, this study found that cellulose hydrogel extracted from water hyacinth could
enhance the performance of the MAP + cellulose hydrogel fire-extinguishing agent in extinguishing
Class B fire. The hydrogel was more effective than using MAP alone, with a faster extinguishing
time of 4.19 seconds. Additionally, the hydrogel could effectively coat Class B fuel surfaces, which
reduced the amount of oxygen available for the chain reaction of fire and decreased the Limit
Oxygen Index (LOI). It could reduce the heat radiation after spraying MAP+ Cellulose Hydrogel
on Class B fire to 284.67°C while spraying only MAP produced a high heat radiation temperature of
368.10°C on Class B fire. This special feature prevented fire from reigniting after being extinguished
because of higher temperature was required for self-ignition.
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FT-IR Fourier Transform Infrared Spectrometer
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CMC Carboxymethyl Cellulose
MCC Microcrystalline Cellulose

CNC Cellulose Nanocrystals
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NaHCO3 Sodium Bicarbonate
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Ib. Pound
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Tonset Onset Temperature

Tendset Endset Temperature

Tmax Maximum Temperature

TG Thermogram

DTG Derivative Thermogram Analysis

NH4H2PO4 Ammonium Dihydrogen Phosphate
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