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Abstract: This study aims to evaluate water retention and flame-retardant pro-
perties of silica gel prepared using anionic polyacrylamide (HPAM), glucon-
ate-delta-lactone (GDL) and aluminum citrate (AlCit). Silica gel samples were 
synthesized with sodium silicate (8 wt. %), sodium bicarbonate (4 wt. %) and 
varying concentrations of HPAM (0.2–0.8 wt. %) and GDL (0.1–0.3 wt. %). 
The prepared gels were characterized using XPS, XRD, FTIR and TGA. Opti-
mal water retention capacity was achieved with 0.4 wt. % HPAM and 0.2 wt. 
% GDL. Compared to traditional gels, silica gel has more surface water mole-
cules due to the additional hydrophilic groups and the amorphous nature of 
silica. At high temperatures, silica forms a layer with the charcoal from treated 
wood combustion, inhibiting oxygen penetration and minimizing further com-
bustion. After combustion at 500 °C, the mass loss of wood treated with silica 
gel is 36–53 % less than untreated wood, indicating greater weight retention 
and demonstrating silica gel's effectiveness in preventing continued burning. 

Keywords: polyacrylamide; microscopic process; combustion morphology; mass 
loss; amorphous silica. 

INTRODUCTION 
Wood plays a vital role in human life due to its unique properties such as 

porosity, anisotropy, wet swelling, dry shrinkage, combustion and biodegrad-
ability.1 The wood processing industry in China encompasses several key sec-
tors, including sawn timber processing, wood chip processing, veneer processing, 
other wood processing, wood-based panel production and wood products manu-
facturing, with products like construction timber and wooden furniture. In 2022, 
China’s timber output reached 106.93 million m3, comprising 92.44 million m3 
of logs and 14.49 million m3 of fuelwood. 
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However, wood’s flammability poses risks in building, furniture and décor-
ative items, leading to fire spread and the production of smoke and gases such as 
carbon monoxide, which can be fatal. Treating wood with a fire retardant is 
crucial to reduce its combustibility.2 One of the oldest flame retardants, borates, 
is still in use due to its low toxicity and volatility. However, boron compounds’ 
tendency to leach from wood surfaces and interiors under specific conditions 
poses challenges.3 Surface coatings and fixation of pure boron compounds have 
shown limited effectiveness in reducing leaching.4 Additionally, metal salts can 
be used to reduce smoke production and flammability by promoting the form-
ation of charcoal and reducing tar products.5 However, these salts may also leach 
from treated wood, affecting their long-term efficacy.6  

Alkaline silicates like sodium silicate and potassium silicate, which form 
glass when applied to wood, have been used to retard fire.7,8 Research suggests 
that these silicates can react with cell walls and limit leaching.9 When ignited, 
these silicates create a protective glass layer, improving wood's thermal stability 
and fire resistance.10  

Silica gel, an example of a silicate fire retardant, offers benefits such as good 
water retention, cooling ability, non-toxicity, thermal and chemical stability and 
low cost.11–13 Silica gel can be used in inorganic and organic forms, with each 
having its advantages and drawbacks. Inorganic silica gel is inexpensive but has 
poor water absorption, while organic polymer gels offer excellent moisture ret-
ention and durability against heat but are expensive.14 In the field of fire protect-
ion, gel-based fire-retardant materials are commonly used in coal mines but are 
not often utilized for wood fire protection.15–18 Xue et al. have explored the use 
of gel-stabilized foam, created using water glass and sodium bicarbonate, to ext-
inguish coal mine fires.19 However, the water retention of this foam has not been 
extensively studied. Fan et al.13 have modified water glass gels with polymers to 
produce plastic gels with improved water absorption and thermal resistance. The 
outcomes demonstrated that the plastogel, with improved water retention, cools 
the coal body and prevents its oxidative breakdown. Additionally, silica foam has 
been developed to adhere to the surface of solid combustible objects, providing a 
strong fire-retardant effect, although its rapid self-hardening time limits its prac-
tical application.20,21 To enhance wood’s resistance to leaching and fire, Zhu et 
al. added nanosilica sol to fire retardants containing phosphorus.22 Despite these 
advancements, the flame-retardant mechanisms of these materials, including 
cooling, shielding and insulating, require further investigation.  

In this study, considering the chemical stability of polyacrylamide (HPAM), 
its non-reactivity with the substances separated during the gelation process and 
its stability against pH and temperature variations, HPAM was chosen to be 
added to silica gel prepared with aluminum citrate and water glass solution to 
investigate its impact on water retention. Sodium polyacrylate molecules can 
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interweave into the silicate hydrogel through intermolecular interactions, forming 
an inorganic–organic interpenetrating network gel system. Various analytical 
approaches were used to examine the flame-retardant mechanism of silica gel, 
including analysis of elemental composition, functional groups and silica gel 
treated with wood components. The combustion morphology and mass loss of 
silica gel-treated wood were also examined to understand its macroscopic mech-
anism. 

EXPERIMENTAL 
Preparation of materials 

Anionic polyacrylamide (HPAM, Shanghai Bidet Medical Technology Co., ltd., China), 
gluconate-delta-lactone (GDL, Sahn Chemical Technology Shanghai Co., ltd., China), alum-
inum citrate (AlCit, Beijing Enokai Technology Co., ltd., China), inorganic salt sodium silic-
ate solution (Sahn Chemical Technology Shanghai Co., ltd., China), sodium bicarbonate 
(McLean Reagent Chemistry Co., ltd., Shanghai, China) and deionized water mixed reaction 
made up the majority of the silica gel used in this study. 

In Table Ⅰ, one can see the ratios of different ingredients required to make silica gel for 
the tests. 

TABLE I. Quantities of HPAM and GDL for the synthesis of silica gels (m(AlCit) = 1.0 g, 
m(Na2SiO3) = 8.0 g, m(NaHCO3) = 4.0 g and m(deionized water) = 87g) 
No. GDL, g HPAM, g 
1 0.1 0.2 
2 0.1 0.4 
3 0.1 0.6 
4 0.1 0.8 
5 0.2 0.2 
6 0.2 0.4 
7 0.2 0.6 
8 0.2 0.8 
9 0.3 0.2 
10 0.3 0.4 
11 0.3 0.6 
12 0.3 0.8 

The process of preparing silica gel is outlined as follows: HPAM solutions were mixed 
with GDL (0.1, 0.2 and 0.3 wt. %) and AlCit (1.0 wt. %) at different concentrations (0.2, 0.4, 
0.6 and 0.8 wt. %). Sodium silicate and sodium bicarbonate concentrations of 8 and 4 wt. %, 
respectively, were chosen based on previous studies on silica gel gelation.23 The solution was 
stirred using a magnetic stirrer to ensure homogeneity. Sodium silicate was then added to the 
mixture to initiate the gelation process. The synthesized silica gel was vacuum-dried at 100 ℃ 
to remove excess water. 
Characterizations and calculation 

The water retention capacity of the silica gel was determined by placing the gel in a 100 
°C oven and weighing it hourly over a 12-h period. This process was repeated for each sample 
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set, with the changes in mass being monitored hourly. The average water retention capacity 
was then calculated based on these measurements. 

The following formula can be used to determine the water retention capacity of silica gel:24  

 1 2

1
100 M MW

M
−=  (1) 

where W is the water retention percentage of silica gel, M1 is the initial weight of silica gel 
and M2 is the gel weight after every hour of drying. 

XPS was used to analyze surface elements and their chemical states. The experiment 
used a homogeneous AlKα X-ray source at 1486.6 eV, with working pressure and analysis 
chamber vacuum levels set at 10-9 mbar and 5×10-7 Pa, respectively. 

XRD diffractometer analyzed phase proportion, with a range of 5 to 90° (2θ), step size of 
0.02° and settings of 40 kV, 40 mA and 5 °/min scanning speed. 

Wood@gel samples were prepared by mixing silica gel with 100–200 mesh wood.19 
Firstly, selected pine wood measuring 1 cm×1 cm×10 cm was dried in a vacuum drying oven 
at 70 °C for 12 h. The dried wood was then submerged in silica gel for ten minutes to enhance 
its fire resistance. For fire resistance testing, the samples were burned for one minute under 
the flame of an alcohol lamp. The percentage of weight loss was calculated to assess the fire 
resistance. 

Tensor 37 infrared spectrometer was used to analyze functional group differences, with a 
scan range of 400 to 4000 cm-1 and an estimated accuracy of 4 cm-1. 

The Mettler simultaneous thermal analyzer measured dimensions during degradation. 
TGA applied 20 ml/min of air, heating from 30 to 800 ℃ at 10.0 ℃/min using a 10.0±0.5 mg 
sample in a 70 μL alumina crucible. 

The total weight loss percentage (W) is calculated according to Eq. (1), with M1 and M2 
representing the sample’s mass before and after the combustion test, respectively. 

RESULTS AND DISCUSSION 

Principles of silica gel generation 
Silicic acid was created by the progressive combining of H+ with the ions 

that were negative in the sodium silicate solution and by adding NaHCO3. The 
silicic acids polymerize with each other, as shown in Fig. 1a, to form polysilicic 
acid, which then transforms into silica gel with a spatially organized structure 
consisting of Si–O–Si linkages. During silica gel formation, intermolecular inter-
actions between HPAM molecules and Si–O bonds can lead to the formation of a 
gel system with an organic–inorganic interpenetrating mesh structure (Fig. 1b). 
This increases the tensile strength of the silica gel. Additionally, the –COO– 
group of HPAM can coordinate with the polynucleated hydroxyl-bridged compo-
site ions created by aluminum (Fig. 1b), which helps to form a strong network 
structure in the system and enhances the ability of silica gel to retain water.17 

Water retention rate 
Figs. 2a–c indicate that silica gels, prepared with a 0.4 wt% concentration of 

HPAM, demonstrated the highest water retention capacity when varying concen- 
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Fig. 1. The principle of silica gel generation: a) formation and structure of polysilicic acid;  

b) structural formation process of multinuclear hydroxyl-bridged composite ionic coordination 
networks. 

trations of GDL (0.1, 0.2 and 0.3 wt. %) were utilized. Furthermore, at HPAM 
and GDL concentrations of 0.4 and 0.2 wt. %, respectively, the silica gel exhib-
ited superior water retention as shown in Fig. 2d. 

 
Fig. 2. Variation in silica gel water retention rates through heating time. 

HPAM contributes to water retention through its ability to form a three-dim-
ensional network that traps water molecules. At 0.4 wt. %, HPAM provides an 
optimal balance between viscosity and gel strength, ensuring sufficient network 
formation without overly increasing the viscosity, which could impede water 
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mobility within the gel. GDL acts as a gelling agent and pH adjuster. At 0.2 wt. 
%, GDL hydrolyzes to gluconic acid, gradually lowering the pH and facilitating 
the gelation process by promoting the cross-linking of HPAM chains. This con-
centration of GDL ensures a controlled and gradual gelation process, leading to a 
stable gel network. 

The active hydrolysis and deprotonation of some –CONH2 and –COOH 
groups in HPAM result in increased electrostatic repulsion and elongation of the 
polymer chain. The hydrolysis of HPAM converts amide groups (–CONH2) to 
carboxylic acid groups (–COOH), while deprotonation removes H+ from carbo-
xylic acid groups, forming carboxylate anions (–COO–). –COO– forms strong 
hydrogen bonds with water, enhancing the stability of the polymer chain con-
tacts. Therefore, the addition of the appropriate amount of HPAM contributes to 
the silica gel’s excellent water retention properties. 

XPS analysis 
The sample with the best water retention (HPAM and GDL concentration of 

0.4 and 0.2 wt. %) was analyzed using XPS. The results are displayed in Fig. 3a, 
revealing the composition of silica gel in terms of 1s and 2p electronic states. The 
1s orbitals include O, Na and C, while Si and Al are present in the 2p orbitals. 
The Si 2p peak at 103.08 eV indicates that Si exists in the form of silica in the 
solution. 

The C 1s spectrum of silica gel, illustrated in Fig. 3b, displays peaks corres-
ponding to various groups. The spectrum shows an overlap of peaks for C–C and 
C–H, with the highest peak representing C–O, followed by C=O and O=C–O. 
Previous studies have indicated that hydrophilic functional groups such as C–O 
and C=O, as well as hydrophobic functional groups like C–C and C–H, are the 
primary functional groups in silica gel.25 With 97 % or more of its functional 
groups being hydrophilic, the gel exhibits high hydrophilicity, enhancing its fire 
prevention effectiveness. The 97 % hydrophilic content was determined through 
XPS analysis of the C 1s spectrum. By integrating the peak areas for hydrophilic 
(C–O, C=O, O=C–O) and hydrophobic (C–C, C–H) groups, it was found that 
hydrophilic groups accounted for 97 % or more of the total peak area, indicating 
the gel's predominant hydrophilicity. 

XRD analysis 
Fig. 3c depicts the results of the X-ray diffraction analysis of the silica gel, 

with a broad peak at 22° indicating its typical amorphous state, consistent with 
the JCPDS phase identification card (PDF#27-0605).26,27 

Studies have shown that when silica gel is exposed to humid air, the hydro-
xyl groups of water molecules react with silica particles on its outermost layer, 
producing Si–OH groups.28 The surface of SiO2 has a high affinity for water 
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molecules due to the hydrophilic nature of hydroxyl groups. Additionally, the 
substantial surface area and small pores of silica facilitate the coverage of the 
entire outer layer by water molecules.29 Consequently, the water present in silica 
gel is a combination of chemically and physically adsorbed water. 

 
Fig. 3. Characterization of the microstructure of the samples: a) XPS wide energy scan 

spectrum of silica gel; b) C 1s XPS curve of silica gel; c) XRD graph of silica gel; d) FTIR 
testing of pure wood sample and silica gel-treated wood sample at ambient temperature;  

e) FTIR testing of pure wood sample and silica gel-treated wood sample at 500 ℃. 
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Furthermore, Fig. 3c reveals the presence of polysilicic acid (PDF#27-0606) 
and Na2CO3 (PDF#08-0448) in the produced silica gel. The presence of Na2CO3 
indicates the polymerization and reaction mechanism of silica gel discussed ear-
lier in the preparative synthesis section. In this process, H+ in the NaHCO3 
(PDF#15-0700) solution is absorbed by sodium silicate to produce polysilicate 
and sodium carbonate. Polysilicate helps the wood surface form a heat-stabilizing 
layer at high temperatures, thereby enhancing the wood’s fire resistance. There-
fore, silica gel is considered an effective fire retardant due to its ability to form 
such a protective layer: 
 SiO32– + HCO3– →nSiO2 + H2O + CO32– (2) 

FTIR analysis 
Hemicellulose, cellulose and lignin are the primary components of wood.30 

There are four sets of experimental samples: unignited natural wood, unignited 
natural wood treated with silica gel, wood ignited by a 500 ℃ heat source and 
wood treated with silica gel and then ignited by a 500 ℃ heat source. Fig. 3d 
shows the FTIR spectrum of unignited natural wood and unignited natural wood 
treated with silica gel. In the spectrum of unignited natural wood, the peaks at 
2930 cm–1 correspond to CH2 and CH3 groups. The C–H groups are distributed 
in three peaks at 1427, 1378 and 898 cm–1, which are the main absorption peaks 
associated with cellulose. The peak at 1738 cm–1 indicates the C=O stretching 
vibration, characteristic of hemicellulose. The three major absorption peaks of 
lignin are observed at 1634, 1510 and 1053 cm–1, representing the vibrations of 
the C–O stretching bond. 

In comparison, the FTIR spectrum of the silica gel–treated wood shows 
additional peaks at 553 and 669 cm–1. The peak at 553 cm–1 indicates the pre-
sence of silica gel in the wood, while the peak at 669 cm–1 corresponds to the 
Si–C stretching vibration, suggesting a chemical connection between silica gel 
and wood components. These additional peaks are not present in the untreated 
wood spectrum. The presence of Si–O and Si–C bonds in the treated wood leads 
to the formation of thick, highly heated charred layers, acting as a barrier that 
retards the burning process by limiting the dispersion of flammable volatile com-
ponents and heat transfer.31  

Fig. 3e displays the FTIR results of wood samples ignited by a 500 ℃ heat 
source, including the both untreated and silica gel-treated samples. In the spec-
trum of untreated wood ignited at 500 ℃, only the 1427 cm–1 cellulose absorp-
tion peak remains, while the peaks of hemicellulose and lignin vanish or are red-
uced. This indicates that lignin pyrolysis is essentially complete at 500 ℃, with 
the system continuing to pyrolyze and deoxygenate, forming charcoal progressively. 

In comparison, the FTIR spectrum of the silica gel-treated wood heated at 
500 ℃ shows that the cellulose retains an absorption peak at 898 cm–1, demon-
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strating improved thermal resilience. The lignin peak at 1510 cm–1 is only 
partially lost and new peaks at 715 and 976 cm–1, characteristic of the Si–C and 
the Si–O–C bonds, respectively. In addition to the Si–O and the Si–C bonds des-
cribed above, the thermal stability of Si–O–C has been also demonstrated in the 
literature.32 Hence, the presence of these bonds indicates the formation of char-
red layers at high temperatures, effectively halting the decomposition and burn-
ing of wood. Therefore, silica gel exhibits excellent fire-retardant properties, as 
the treated wood still contains cellulose and lignin that are not completely broken 
down 500 ℃. 

TGA-DTG analysis 
To evaluate the thermal resistance, charring prospects and decomposition 

rate of wood, TGA analysis can be employed. TGA analysis was conducted to 
investigate the thermal stability, charring ability and degradation rate of wood, 
silica gel and wood@gel in an air atmosphere (Fig. 4). The thermogravimetric 
(TG) and differential thermogravimetric (DTG) analyses in Fig. 4 reveal three 
phases in the thermal degradation of wood. The initial stage (30–130 ℃) involves 
the evaporation of water molecules, causing a 6 % mass loss. In the second char-
ring stage (160–360 ℃, peak at 317 ℃), the weight decreases significantly from 
94 to 33 % as hemicellulose and cellulose decompose into char residues, releas-
ing CO2, CO, CH4, CH3OH and C2H5OH.2 The third stage (360–500 ℃, peak at 
437 ℃) involves calcination, with a residual percentage of 4.9 % due to the 
decomposition of lignin and oxidation of char residue from the second stage.33  

The wood@gel sample exhibits a 5 % mass loss in the first stage (30–130 ℃) 
due to water evaporation. In the second stage (130–500 ℃), wood@gel shows a 
high residual carbon rate of 56 %, attributed to the oxidized breakdown of cellu-
lose and hemicellulose. Compared to pure wood, wood@gel loses weight more 
slowly in this phase, indicating the protective effect of silica gel. The maximal 
breakdown temperature of wood@gel in the second stage is 263 ℃, according to 
the DTG curve (Fig. 4b) and the third stage breakdown can reach 580 ℃, sug-
gesting silica gel’s involvement in wood decomposition. In contrast, the dehyd-
ration of surface Si–OH groups on silica gel is principally responsible for the 
third stage mass loss of wood@gel, which results in a residual carbon rate that is 
41 % greater than that of pure wood. The preservation of cellulose and delay of 
pyrolysis reaction in wood are attributed to the charred layer produced by silica 
gel during combustion, as noted by Rowell, Miyafuji and Saka, which obstructs 
blazing and smoldering combustion by limiting oxygen and combustible product 
access.34,35  

The flame-retardant mechanism of wood@gel involves the formation of 
multi-coordination organosilicon compounds with polyhydroxy cellulose at high 
temperatures, hindering thermal movement between cellulose macromolecular 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



242 FEI et al. 

 

chains, reducing the pyrolysis rate and enhancing thermal stability.36 Additionally, 
the creation of a protective carbonized layer with Si–O, Si–O–C and Si–C linkages 
between the silicon-containing compound and wood improves thermal stability. 

 
Fig. 4. Wood, silica gel and wood@gel samples’ TG (a) and DTG (b). 

Fire resistance analysis 
Using natural wood (sample 1#) and wood treated with silica gel (sample 2#), 

we investigated silica gel’s ability to delay flames on wood. Both samples were 
exposed to the flame of an alcohol lamp as described in the fire resistance ana-
lysis section. The results depicted in Fig. 5 indicate that sample 1# ignited after 6 
seconds and even though the alcohol lamp was removed after 60 s, it took 197 s 
for the flame to extinguish. This prolonged burning was mainly due to the com-
plete decomposition of the active ingredients present in wood, such as cellulose, 
hemicellulose and other wood elements. Conversely, under the same flame con-
ditions, sample 2# did not exhibit any combustion phenomena for 60 s after ignit-
ion, as shown in Fig. 5. The presence of silica gel on the wood’s surface led to 
the development of a protective charred coating that effectively prevented further 
burning. 

Table Ⅱ presents the mass loss of samples before and after combustion. 
Samples 1# and 2# experienced total mass losses of 76 and 23 %, respectively. 
The addition of silica gel reduced the mass loss rate by 70 % in sample 2#, attri-
buted to the formation of a protective layer via Si–O, Si–O–C and Si–C linkages 
on its external layer during burning. This coating enhances the wood’s fire res-
istance. 
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Fig. 5. Experiment testing the resist-
ance to fire. 

TABLE Ⅱ. Burning mass reduction velocity at the fire resistance test 
Sample 1# 2# 
Pre-burning, g 4.72 4.84 4.80 4.95 4.97 4.99 
Post-burning, g 1.10 1.24 1.09 3.90 3.73 3.84 
Mass loss rate, % 76.69 74.38 77.29 21.21 24.95 23.05 
Average mass loss rate, % 76.12 23.07 

CONCLUSION 

In this investigation, various ratios of HPAM and GDL were utilized to 
assess the water retention and flame-retardant properties of silica gel on wood. 
Maximum water retention was observed at 0.4 wt. % HPAM and 0.2 wt. % GDL. 
To better understand these properties, we conducted combustion experiments and 
microscopic mechanism studies. 

The combustion experiments show that silica gel forms a barrier that isolates 
oxygen and heat from reaching the wood surface. Additionally, silicon increases 
the thermal stability of the carbon layer during the wood carbonization process, 
acting as a flame retardant. Microscopic mechanism studies show that hydrophilic 
groups C–O and C=O on the surface of silica gel contribute to its excellent hyd-
rophilicity. After the wood combustion, the formation of Si–O, Si–O–C and Si–C 
bonds on the surface increases the thermal stability of the carbon layer, revealing 
the flame-retardant mechanism of the carbon layer. The results demonstrated sil-
ica gel reduces mass loss in treated wood at high temperatures by 36 % (TG ana-
lysis) and 53 % (fire resistance testing) respectively, showing its efficacy as a fire 
retardant. 
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И З В О Д  

ПОВЕЋАЊЕ ОТПОРНОСТИ ДРВЕТА НА САГОРЕВАЊЕ ПОМОЋУ СИЛИКА ГЕЛА СА 
ВЕЛИКИМ ЗАДРЖАВАЊЕМ ВОДЕ: ОБЕЋАВАЈУЋЕ РЕШЕЊЕ ЗА УСПОРАВАЊЕ 

САГОРЕВАЊА 

ZHONGBIN FEI, YINGNAN ZHANG, ZHI WANG, YILING DUAN и BIN ZHANG 

International Center for Chemical Process Safety, Nanjing Tech University, Nanjing, 211816, China 

У овом раду је испитивано задржавање воде и могућност успоравања сагоревања си-
лика гела припремљеног коришћењем анјонског полиакриламида (HPAM), глуконат- 
-делта-лактона (GDL) и алуминијум-цитрата (AlCit). Узорци силика гела су синтетисани 
коришћењем натријум-силиката (8 mas. %), натријум-хидрогенкарбоната (4 mas. %) и раз-
личитих количина HPAM (0,2–0,8 mas. %) и GDL (0,1–0,3 mas. %). Гелови су окаракте-
рисани следећим техникама: XPS, XRD, FTIR и TGA. Оптимално задржавање воде је пос-
тигнуто при 0,4 mas. % HPAM и 0,2 mas % GDL. Овај гел садржи, у поређењу са 
традиционалним геловима, више површинске воде захваљујући већем броју хидрофилних 
група и аморфној природи. На високим температурама силика гел формира слој са угље-
ником који настаје сагоревањем дрвета, спречавајући продирање кисеоника, што мини-
мизира даље сагоревање. Након сагоревања на 500 °C, губитак масе дрвета третираног 
силика гелом је 36–53 % мањи у поређењу са нетретираним дрветом, што указује на ефи-
касност силика гела у спречавању даљег сагоревања. 

(Примљено 14. априла, ревидирано 10. јуна, прихваћено 23. августа 2024) 
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