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Abstract: A biomass fire suppression gel foam (FSGF) with outstanding thermal 14 

stability and fire resistance performance was synthesised to improve the flame 15 

retardancy of foam agents on liquid fuel fires. The foam comprehensive index, 16 

microstructure, thermal stability, fire resistance and extinguishing properties of the 17 

FSGF were benchmarked against aqueous film-forming foam (AFFF). Subsequently, 18 

reactive forcefield (ReaxFF) molecular dynamics (MD) simulations were performed on 19 

the FSGF to study the thermokinetic properties. Based on the experimental results, a 20 

porosity layer was found on the external film of FSGF, which enhanced the thermal 21 

stability of the foam. The gelling mechanism of the foam is the formation of an O–Ca–22 

O bond. Through MD simulations it was discovered that the remained calcium 23 

oxide/hydroxide species when deposited on fuel surfaces would promote char 24 

formation as they capture H/O atoms via dehydration. Alternatively, the foam showed 25 

better thermal stability than that of AFFF due to a lower weight loss rate and longer 26 

collapse time. The extinguishing performance tests demonstrated that the fire 27 

extinguishing time and resistance time of FSGF respectively are 72 s and 801 s, 28 
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showing a significant potential to suppress the re-ignition of tank fires.  29 

Keywords: Gel foam, Liquid fuel fires, Thermal stability, Fire suppression, ReaxFF, 30 
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Nomenclature 32 

tα  the expansion time of foam 

tβ the collapse time of foam layer where the thermocouple is located 

Acronyms 33 

AES sodium alcohol ether sulphate 

AFFF aqueous film forming foam 

EDS energy dispersive spectrum 

FCI foam comprehensive index 

FIRS Far-infrared radiation system  

FSGF fire suppression gel foam 

FTIR Fourier transform infrared spectroscopy 

MD molecular dynamics 

 

 

ReaxFF reactive forcefield  

SEM scanning electron microscopy 

TGA thermogravimetric analysis  

XPS X-ray photoelectron spectrometry 

1. Introduction 34 

Liquid fuels including crude oil and petroleum refined products continue to be one 35 

of the major sources of energy generation in our society while playing a significant role 36 

in today’s world economy. At present, large-scale crude oil storage tanks still exist 37 

everywhere around the world readily to support our infrastructure and transportation 38 

systems demands [1,2]. Inevitably, such storage tanks pose massive fire risks as they 39 

carry large weights of fire load during a fire outbreak, which can potentially cost 40 

immense economy and casualties at any time [3,4]. For instance, a crude storage tank 41 

fire occurred in Cuba in August 2022, it took about six days to suppress the fire due to 42 

strong flame flux radiation and a large burning area, leading to the loss of 40 % of 43 

Cuba’s fuel reserves [5]. To date, the AFFF is considered one of the most efficient 44 

extinguishing agents for tank fires because of its good spreading performance on liquid 45 

fuel surfaces [6,7]. Nevertheless, the drainage and coalescence rate of AFFF is rapidly 46 

exposed to strong flame radiation due to poor fire resistance and thermal stability, which 47 

may result in the re-ignition of tank fires [8]. Meanwhile, the toxic fluorocarbon 48 



 

 

surfactants consist in AFFF pose a great threat to the environment and firefighters [9,10]. 49 

Therefore, it is essential to develop good thermal stability, fire resistance and 50 

environmental-friendly extinguishing agents to control liquid fuel fires and suppress 51 

the associated re-ignition risks. 52 

To enhance the comprehensive performance of foaming agents, functional particles 53 

were incorporated into foaming agent chemical compounds in recent years. This 54 

includes nanoparticles [11,12], and polymers [13-15]. For example, Qiao et al. 55 

developed a microcapsule-based inhibitory foam with sodium dodecyl sulfate and 56 

found that the expansion ratio and half-life of the foam can reach up to 14 and 123 min 57 

respectively [16]. Ou et al. developed a foaming agent utilising carbon nanotubes and 58 

xanthan gum and found that the maximum initial foam height and 25 % drainage time 59 

can reach 192 mL and 347 s respectively [17]. Meanwhile, gel-based foams were 60 

developed to enhance the foam’s comprehensive performance [18-21]. Xi and Shi 61 

synthesised a high-water-retaining gel foam with microbial polysaccharide, 62 

galactomannan biopolymer and organic boron complex. The half-life of the gel foam 63 

can reach up to 121.8 h, and the expansion ratio of the foam is 5.8 [22]. Zhao et al. 64 

developed a double-crosslinked gel foam for inhibiting coal spontaneous combustion 65 

and found that the half-life of gel foam can be enlarged from 1 day to 45 days [23]. 66 

Although the gel system can significantly enlarge the half-life of foam, the flow 67 

performance of foam is inhibited due to the high density of gel particles. The poor flow 68 

properties of foam will limit the dispersion when depositing on the liquid fuel surface. 69 

Therefore, it is essential to develop a foaming agent with a lofty half-life and enhanced 70 

fluidic properties such as diffusiveness and dispersioness. 71 

The thermal stability of foaming agents is one of the key performance indicators to 72 

validate its comprehensive performance, which has been studied by some researchers 73 

in recent years [24-27]. Fan et al. prepared a compound gel foam and investigated the 74 

weight loss rate of foam via TGA. They found that the maximum weight loss rate of 75 

the coal could be decreased by 7.55% [28]. The team led by Shi (2022) synthesised a 76 



 

 

gel-stabilised foam and investigated the collapse time of the gel foam. They found that 77 

the gel foam could exist stably within 30 mins under a coal-burning furnace [29]. Apart 78 

from that, the fire resistance capacity of foam is also used to evaluate its comprehensive 79 

performance [24,30]. Zhao et al. synthesised an inorganic gel foam to suppress liquid 80 

tank fires and analysed the fire resistance time of the foam. The results indicate that the 81 

maximin fire resistance time of the foam can reach 485 s [31]. Qiu et al. prepared a 82 

thermo-responsive fluorine-free foam and found that the fire resistance time of the foam 83 

can reach about 1200 s, while the foam showed a long extinguishing time of 102 s [32]. 84 

However, most of these studies focus on the weight loss rate and fire resistance time of 85 

gel foams, whereas studies on the collapse mechanism of gel foams are still very limited. 86 

Moreover, it is hard to validate the collapse time of foam utilising an unstable heat 87 

source (i.e., coal-burning furnace). 88 

Although experimental approaches provided direct performance indication of the 89 

effectiveness of the foaming agents, the comprehensive fire suppression mechanisms 90 

and the chemical process are yet to be fully revealed. With recent advancements in 91 

reactive forcefields (ReaxFF) molecular dynamics (MD) simulations to study the 92 

thermodegradation of polymers, this may present further insights into foam agent fire 93 

suppression thermokinetics phenomena [33, 34]. The use of ReaxFF-MD was recently 94 

found to be an effective way to reveal chemical reaction pathways that lead to fire 95 

reduction mechanisms [35-37]. For instance, Cordeiro et al. demonstrated the atomic 96 

level thermal degradation behaviour of flame retarded High-density polyethylene via 97 

ReaxFF-MD simulation and found that the double/triple C–C bond favoured the 98 

pyrolysis behaviour of the flame retarded polymers in the early degradation stage [38]. 99 

Xu et al. investigated the pyrolysis mechanisms of epoxy resin polymers by combining 100 

experiments and ReaxFF-MD simulation and illustrated the detailed formation paths of 101 

typical pyrolysis products, like H2, H2O, CO and CH4 [39]. 102 

To address the missing knowledge in the field, this paper aims to develop a biomass 103 

FSGF with good thermal stability and spreading performance for liquid tank fires. The 104 



 

 

sodium alcohol ether sulphate and hydrolysed protein were selected as the 105 

compounding foaming agent, which was then used with sunflower pectin as the gelling 106 

agent and calcium lactate as the crosslinking agent to prepare the FSGF. It is important 107 

to note that a stable heating source which is provided by a Far-infrared radiation system 108 

was developed to analyse the thermal stability of foams. The comprehensive value, 109 

microstructure, gelling mechanism and charring mechanism of the FSGF were analysed 110 

systematically. Moreover, the fire extinguishing and fire resistance performance of 111 

FSGF was evaluated compared with AFFF. Furthermore, MD simulations were 112 

conducted to strengthen the understanding of the molecular breakdown process of the 113 

FSGF and its elevated chemical compounds and species during the process to identify 114 

the in-depth fire suppression mechanisms. 115 

2. Materials and methods 116 

2.1 Materials  117 

Sodium alcohol ether sulphate (AES, batch number: S11101115; Mw=106.12 g/mol; 118 

70% purity) and calcium lactate (C6H10CaO6·5H2O; Batch number: I92501115; 119 

Mw=308.3 g/mol; 99% purity) were offered by Shandong Ecosol Chemical Technology 120 

Co., Ltd. Hydrolysed protein (Total nitrogen: 14.5%; Ash: 6.1%; Moisture: 6%; 90% 121 

purity) was supplied by Shijiazhuang Xuermei Biotech Co., Ltd. Sunflower pectin 122 

(Batch number: 689730128; Average Mw is 187371 g/mol and it is quantified by 123 

America Agilent PL-GPC220. The detaild tests prosedures and results are shown in the 124 

supplementary material; DE: 60.81; GalA: 95.63 %; Ash ≤1; 99% purity) was offered 125 

by Qingdao Haiweisen Biotechnology Co., Ltd. Besides, a commercial AFFF (Surface 126 

tension: 16.1mN/m; Expansion ratio: 7.5; half-life: 5.4 min) with 6% active matter 127 

content (Fluorocarbon surfactants #1212; Hydrocarbon surfactants #FCHJ-50) was also 128 

used, supplied by Hunan Xuan Fire Technology Co., Ltd. 129 

2.2 Synthesis and optimisation of FSGF 130 

As shown in Fig. 1a, 20 mL compounding foaming agent (The ratio of AES/ 131 

hydrolysed protein is 2:8) and 20 mL sunflower pectin solutions were first poured into 132 



 

 

a container to stir 90 s with a rate of 3000 r/min and then 10 mL calcium lactate solution 133 

was sprayed to the container stirring 30 s. Finally, the FSGF was synthesised based on 134 

the laboratory scale. To obtain the optimal formation of FSGF, the FCI was introduced 135 

by Zhang et al. [40] to evaluate the comprehensive properties of foam and can be 136 

expressed as: 137 

 𝐹𝐶𝐼 =
3

4

𝑉2

𝑉1
𝑇1 2⁄  (1) 138 

Where V2/V1 means the foam expansion ratio and T1/2 is the half-life of foam. The 139 

Waring Blender method was used to determine the foam expansion ratio. In the 140 

experiments, the initial total volume of foam solution was 50 mL (V1). Subsequently, 141 

the prepared foam was poured into a graduated cylinder to record the foaming volume 142 

(V2) and half-life (T1/2). Half-life is defined as the time for the foam to separate out half 143 

of the foam solution and is commonly used to estimate foam stability [41]. 144 

2.3 Experiment methods 145 

The bench performance tests were used to characterize the microstructure, gelling 146 

mechanism and thermal stability of foams, as shown in Fig. 1b. The scanning electron 147 

microscopy (SEM) integrated with energy dispersive spectroscopy (EDS) was used to 148 

observe the morphology of foams and to analyse the elemental composition and 149 

distribution. Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 150 

spectrometry (XPS) were served to analyse the typical bond structure and gelling 151 

mechanism of foams. The weight loss rate, thickness change and internal temperature 152 

of foam were investigated via thermogravimetric analysis (TGA) and far-infrared 153 

radiation system (FIRS). After that, a customised gel-foam fire extinguishing system 154 

was developed to test the spreading and fire resistance performances of foams. The 155 

detailed test procedures are shown in the supplementary material. 156 



 

 

 157 

Fig. 1   Foam preparation process, benchmark and extinguishing performance tests conducted in 158 

this study.  159 

2.4 Molecular modelling 160 

The numerical model of calcium pectin (the fibric gel structure in FSGF) was 161 

developed via the Amsterdam Modelling Suite (AMS) [42]. The ReaxFF parameters 162 

for the H/C/O/Ca systems to build and optimize the model were based on Hong’s study 163 

[43]. The initial step of the MD model began with the construction of a monomer unit 164 

of calcium pectin, D-Galacturonic acid, as shown in Fig. 2a. Subsequently, the 165 

monomer was populated to a long D-Galacturonic acid chain (n=20). Afterwards, a 166 

single calcium pectin chain was formed by the crosslinking of two D-Galacturonic acid 167 

chains and 10 calcium ions, as shown in Fig. 2b. Moreover, five calcium pectin chains 168 

were generated in a 70 Å × 70 Å × 70 Å simulation box. The initial computational 169 

domain was compressed via the MD deformation module to achieve a targeted cell of 170 

32 Å × 32 Å × 32 Å in a period of 500 ps, as shown in Fig. 2c. The final geometry 171 

corresponds to a density of 1.8 g/cm3, which resembles with the theoretical density of 172 

calcium pectin. Moreover, a stable periodic cell was obtained after a system relaxed 173 

under constant pressure and temperature (NPT) conditions [44]. After that, the z 174 



 

 

dimension of the periodic cell is then extended to 70 Å to obtain a domain of 32 Å x 32 175 

Å x 70 Å. To characterize the charring and oxidation process of FSGF, 1400 oxygen 176 

molecules was filled into the periodic cell via PACKMOL [45]. Ultimately, the periodic 177 

cell was heated from 300 K to 2500, 3000 and 3500 K respectively in a period of 100 178 

ps to analyse the pyrolytical performances of FSGF. The detailed chemical reaction 179 

pathway of FSGF was analysed via the ChemTraYzer module in AMS [46]. 180 

 181 

Fig. 2  (a) D-Galacturonic acid, (b) Single chain of calcium pectin, (c) The molecular geometry of 182 

Calcium pectin, (d) Snapshot of calcium pectin filled with oxygen in a periodic box. 183 

3. Results and discussions 184 

3.1 Optimisation of FSGF formulation 185 

3.1.1 Single factor analysis 186 

The compounding foaming agent with a concentration of 0.5 wt% shows a high FCI 187 

according to our previous studies [47]. Thus, different contents of sunflower pectin 188 

were added to 0.5 wt% compounding foaming agent solution for stirring and foaming 189 

to get the optimal sunflower pectin concentration. The foam expansion ratio, half-life 190 

and FCI of compound foaming agents with different mass fractions of sunflower pectin 191 

are shown in Fig. 3a. It can be seen that the foam expansion ratio decreases upon 192 

increasing sunflower pectin. This can be attributed to the fact that the polymer will 193 

increase the surface tension of the foam solution [48]. While the half-life increases upon 194 

increasing sunflower pectin. This phenomenon can be explained by the fact that the 195 

polymer can decrease the liquid drainage rate of foam [49]. Meanwhile, the FCI 196 

increases significantly with the mass fraction of sunflower pectin until it reaches its 197 



 

 

maximum value at a mass fraction of 0.8 wt% (i.e., the optimal concentration). Based 198 

on the results, the sunflower pectin with a total mass fraction of 0.8 wt% was chosen 199 

for the development of the FSGF with calcium lactate.  200 

Different contents of calcium lactate were added to the solution with 0.5 wt% 201 

compounding foaming agent and 0.8 wt% sunflower pectin solution for stirring and 202 

foaming to select the optimal calcium lactate concentration. The foam expansion ratio, 203 

half-life and FCI of compound foaming agents with different mass fractions of calcium 204 

lactate were shown in Fig. 3b. It can be obtained that the FCI increases initially with 205 

the mass fraction of calcium lactate, followed by a decrease trend. When the mass 206 

fraction was 0.05 wt%, the crosslinking reaction was not completely carried out due to 207 

a low concentration of calcium lactate. As the mass fraction increased to 0.10 wt%, the 208 

FCI climbed to the highest value. This can be attributed to the calcium lactate and 209 

sunflower pectin reacting completely to form a continuous gel skeleton at the end of 210 

stirring time. With more calcium lactate added to the sunflower pectin solution, the half-211 

life of the foam decreased. This is because the gel skeleton was stirred into fragments 212 

due to the gel skeleton was formed before the end of stirring time.  213 

 214 

Fig. 3  The FCI of compounding foaming agent with different mass fractions of sunflower 215 

pectin (a) and calcium lactate (b). 216 

3.1.2 Orthogonal analysis 217 

Based on the single-factor experimental results, a three-factor and three-level 218 

orthogonal experiment was carried out, including the foam expansion ratio and half-life 219 

as the key evaluation indices. The factors in the orthogonal experiment included the 220 
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compounding foaming agent (A), sunflower pectin (B) and calcium lactate (C). The 221 

level of each factor is shown in Table 1, and the experimental results are shown in Table 222 

3. 𝐾𝑖 (𝑖 = 1,2,3) is the mean value of the experimental data of each factor at the 𝑖th level. 223 

𝑅  is the range, which indicates the extent of the experimental change of the factor 224 

within the value range. 225 

Table 1   Test factors and level coding table 226 

Level Factor 

 A/wt% B/wt% C/wt% 

1 0.4 0.6 0.05 

2 0.5 0.8 0.10 

3 0.6 1.0 0.15 

As despised in Table 2, it can be observed that factor C shows a significant influence 227 

on R2 with 206.22 compared with that of factors A and B. Meanwhile, the maximum 228 

mean value of factor C is K2 (255.39). Thus, 0.10 wt% (level 2) is selected as the 229 

optimal concentration of calcium lactate. Besides, it can be seen that factor B shows the 230 

greatest influence on R1 with 2.60, followed by factor A. The foam expansion ratio 231 

decreases upon increasing sunflower pectin, but considering the half-life of foam, the 232 

optimal addition concentration of sunflower pectin is 0.8 wt% (level 2). Moreover, the 233 

foam expansion ratio increases initially with factor A, followed by a decrease trend. 234 

Thus, 0.5 wt% (level 2) is selected as the optimal concentration of the compound 235 

foaming agent. In conclusion, the optimal formulation of FSGF is composed of 0.5 wt% 236 

compounding foaming agent, 0.8 wt% sunflower pectin and 0.1 wt% calcium lactate. 237 

The average foam expansion ratio (E), half-life and FCI of FSGF are 8.40, 287.50 min 238 

and 1811.04 according to sample 10 to 12, respectively. 239 

Table 2 Orthogonal test and experimental results 240 

Sample Factor A (wt%) Factor B (wt%) Factor C (wt%) E T1/2 (min) 

1 1(0.40) 1(0.60) 1(0.05) 7.60 10.95 

2 1(0.40) 2(0.80) 2(0.10) 6.40 268.77 

3 1(0.40) 3(1.00) 3(0.15) 5.40 49.87 

4 2(0.50) 1(0.60) 2(0.10) 9.60 186.87 



 

 

5 2(0.50) 2(0.80) 3(0.15) 7.60 58.17 

6 2(0.50) 3(1.00) 1(0.05) 6.80 228.62 

7 3(0.60) 1(0.60) 3(0.15) 9.20 39.47 

8 3(0.60) 2(0.80) 1(0.05) 8.00 20.13 

9 3(0.60) 3(1.00) 2(0.10) 6.40 310.53 

10 2(0.50) 2(0.80) 2(0.10) 8.40 293.07 

11 2(0.50) 2(0.80) 2(0.10) 8.30 288.97 

12 2(0.50) 2(0.80) 2(0.10) 8.50 280.47 

K1 6.46 8.80 7.47   

K2 8.00 7.20 7.47   

K3 7.87 6.20 7.27   

R1 1.54 2.60 0.20   

K1 109.86 79.10 86.57   

K2 151.89  115.69  255.39    

K3 123.38 196.34 49.17   

R2 42.03 117.33 206.22   

To investigate the role of the sunflower pectin and calcium lactate in gelling reaction, 241 

SEM and FTIR of the aqueous foam and polymer foam were analysed and compared 242 

with that of the FSGF. Detailed information on different foam formulas is shown in 243 

Table 3.  244 

Table 3   Detailed information on foam formulas 245 

Foaming solution Compounding foaming 

agent (wt%) 

Sunflower pectin 

(wt%) 

Calcium lactate 

(wt%) 

Aqueous foam 0.5 0.00 0.00 

Polymer foam 0.5 0.80 0.00 

FSGF 0.5 0.80 0.10 

3.2 Microscope structure and gelling mechanism 246 

3.2.1 SEM analysis 247 

To characterise the microscope structure of FSGF, the SEM-EDS images of polymer 248 

foam and FSGF were investigated, as shown in Fig. 4. It can be observed that the film 249 

structure of polymer foam shows an entire and smoother surface, as shown in Fig. 4a, 250 

indicating sufficient stability of the polymer foam. This is because a continuous film 251 

can suppress the diffusion of air inside the film [50]. However, apart from the 252 



 

 

continuous surface, it can be seen that many pores grew at the surface of FSGF. This 253 

can be ascribed to the fact that the sunflower pectin was cross-linked with calcium 254 

lactate. Moreover, the porose structure was incorporated to improve the thermal 255 

stability of foam [51]. 256 

Fig. 4c exhibits the distribution features of key elements on the film surface of FSGF. 257 

It can be observed that all of the elements are distributed on the film surface uniformly, 258 

indicating a stable cross-linking reaction rate. The total mass fraction of the elements 259 

of O and C is about 80 %, indicating that the domestic composite of FSGF is an organic 260 

composite. These two elements are mainly derived from sunflower pectin and 261 

hydrolysed protein, both of which are environmentally friendly. The element of Ca 262 

originated from calcium lactate, while elements of N are from the amino group in 263 

hydrolysed protein and a minor number of elements of Na and S are from AES. 264 

 265 



 

 

Fig. 4 (a) SEM images of the polymer foam; (b) SEM images of the FSGF;  266 

(c) Surface EDS of film structure in FSGF. 267 

3.2.2 FTIR-XPS analysis 268 

Fig. 5a shows the FTIR spectra of the aqueous foam, polymer foam and FSGF. The 269 

peak at 3300 cm-1 is attributed to N–H stretching vibration [52], and those at 3426 cm-270 

1 to O–H stretching vibration [53]. These peaks are the characteristic absorption peaks 271 

in the functional groups of AES, hydrolysed protein and sunflower pectin, respectively. 272 

Compared with the aqueous foam, the peak at 3426 cm-1 is the superposition of 273 

stretching vibration of O–H from sunflower pectin and N–H from hydrolysed protein, 274 

so the strength is increased [54]. Compared with the polymer foam, the symmetrical 275 

stretching vibration absorption peak of the –COO- bond shifts from 1656 to 1639 cm-1 276 

and the asymmetrical stretching vibration absorption peak of the –COO- bond from 277 

1430 to 1452 cm-1, indicating that the crosslinking reaction occurred with the 278 

introduction of calcium lactate [55]. 279 

 280 

Fig. 5 (a) FTIR spectra of aqueous foam, polymer foam and FSGF; (b) Full scan XPS spectra and 281 

high-resolution XPS spectra for (c) C1s, (d) O1s and (e) Ca 2p of the FSGF. 282 

To strengthen the understanding of the porose structure of FSGF and crosslinking 283 

interactions between sunflower pectin and calcium lactate. The XPS data of FSGF was 284 
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analysed, as shown in Fig. 5b. Fig. 5c shows the C 1 s XPS data, which can be divided 285 

into four binding energies: C–C/C–H (284.2 eV), C–O/C–N (285.7 eV), C=O (287.5 286 

eV), and O–C=O (288.1 eV) in sunflower pectin and calcium lactate [56,57]. The C–287 

C/C–H bonds correspond to stronger binding energy, accounting for 66.4%, while the 288 

C–O/C–N, C=O and O–C=O bonds correspond to weaker binding energy, accounting 289 

for 16.6 %, 8.1 % and 8.9%, respectively. In the high-resolution O 1s XPS spectrum 290 

(Fig. 5d), the peaks observed at 531.3 eV and 532.3 eV correspond to the groups of O–291 

C and O=C [58]. Furthermore, the peak at 530.3 eV is derived from the O–Ca of the 292 

porose structure [59]. As shown by the Ca 2 p XPS data (Fig. 5e), the characteristic 293 

peaks of Ca–O 2p3/2 and Ca–O 2p1/2 were observed at 346.8 eV and 350.3 eV [60], 294 

which confirmed the presence of Ca element on the film surface of FSGF due to the 295 

cross-linking of sunflower pectin and calcium lactate.  296 

3.2.3 Gelling mechanism and film structure 297 

Fig. 6 shows the gelling mechanism and film structural diagram of FSGF. Based on 298 

the analysis of FTIR and XPS, it can be known that the gelling mechanism of FSGF is 299 

due to the formation of the O–Ca–O bond. As shown in Fig.6a, the first reaction 300 

pathway is the ionization of sunflower pectin and calcium lactate. The sunflower pectin 301 

ionizes –COO- bond. Meanwhile, the calcium lactate releases Ca2+. Subsequently, the –302 

COO- bond cross-linked with Ca2+ to generate the O–Ca–O bond leading to a porose 303 

three-dimensional gel network, as shown in Fig. 6b.  304 

 305 



 

 

Fig.6 The gelling mechanism (a) and schematic diagram of film structure (b) for FSGF. 306 

To clarify the film structure of FSGF clearly, a 3D schematic of the foam was carried 307 

out via Cinema 4D software, as shown in Fig. 6b. It can be seen that the internal layer 308 

of the film is the compound foaming surfactants (i.e., AES and hydrolysed protein), 309 

which forms the bench bubble structure of FSGF. The middle layer of the film is 310 

attached by a polymer with high viscosity (i.e., sunflower pectin). It can block the 311 

diffusion of gas to enhance the stability of foam. In the external layer, the film is covered 312 

by fibric structure which is built according to the SEM results. The porose layer can 313 

prevent the bubble from flame radiation to decrease the collapse process. 314 

3.3 Thermal stability and thermokinetic analyses 315 

3.3.1 Thermogravimetric 316 

The TG curves of AFFF and FSGF are shown in Fig. 7a. It can be observed that the 317 

100 % water loss temperature of AFFF is about 150 °C, while that of FSGF is up to 318 

164 °C, indicating that the FSGF shows a well water retention performance. To quantify 319 

the weight loss rate of different foams, the DTG curves of AFFF and FSGF are figured 320 

out, as shown in Fig. 7b. It can be seen that the weight loss rate of FSGF is lower than 321 

that of AFFF over the period. The maximum weight loss rate of FSGF is about 322 

48 %/min, whereas that of AFFF is up to 59 %/min. This is mainly because the porose 323 

networks can decrease the collapse rate of foam to enhance the thermal stability of foam.  324 

 325 

Fig. 7 TG (a) and DTG (b) curve of AFFF and FSGF. 326 



 

 

3.3.2 Thermal stability 327 

To strengthen the understanding of analysing the thermal stability of foam, the 328 

collapse process of foams exposed to a radiation heating source is investigated. Fig. 8a, 329 

8b and 8c respectively exhibit the typical collapse images and thickness changes of 330 

FSGF, polymer foam and AFFF. It can be found that the thickness of foams increased 331 

initially. This is because the expansion of foam size is led by gas expansion under high 332 

temperatures. After that, the thickness of the foam gradually decreases due to the 333 

coarsening and coalescence of the foam film. Besides, it is worth noting that a charring 334 

layer was formed for FSGF. The layer can block the thermal radiation to slow down the 335 

collapse rate of FSGF [61]. On top of that, it can be noticed that the collapse time of 336 

AFFF is about 1200 s, while that of FSGF is more than 1800 s. This phenomenon 337 

indicates that the FSGF show well thermal stability. Meanwhile, the thickness of 338 

polymer foam collapsed to 2 cm approximately after 1800 s, whereas that of FSGF 339 

remains about 6 cm, highlighting the porose structure of FSGF as shown in Fig. 6b. 340 

This demonstrates that FSGF enhances the thermal stability of foam film, which is 341 

advantageous for fire resistance performances. 342 

 343 

Fig. 8 Changes of the foam thickness exposed to radiation: (a) FSGF, (b) Polymer foam, (c) 344 

AFFF; Internal temperature of foams at different depths: (d) FSGF, (e) Polymer foam, (f) AFFF. 345 

Apart from that, the internal temperature distribution of foams is analysed. Fig. 8d, 346 



 

 

8e and 8f respectively show the internal temperature of FSGF, polymer foam and AFFF 347 

at different depths. It can be observed that the temperature line of foams can be divided 348 

into three stages: steady increase (before tα, tα means the expansion time of foam), slight 349 

decrease (between tα and tβ, tβ means the collapse time of the foam layer where the 350 

thermocouple is located) and remarkable climb (after tβ). In the steady increase period, 351 

the internal temperature of foams increases owing to exposure to thermal radiation. 352 

Besides, the foam thickness increased at the same time. The tα of FSGF, polymer foam 353 

and AFFF are 460, 250 and 150 s, respectively. In the slight decrease stage, the 354 

temperature of the foam layer declined. Because the water evaporation will take much 355 

heat away [62]. However, the temperature of the FSGF layer nearly keeps a stable value 356 

in this period. This phenomenon can be ascribed to the fact that the charring layer 357 

attached to K1 disturbed the detection of temperature. Moreover, the tβ1 of FSGF, 358 

polymer foam and AFFF are 550, 300 and 175 s, respectively, indicating that the FSGF 359 

displays better thermal stability than other foams. In the remarkable climb stage, the 360 

temperature of the foam layer shows a dramatic rise because the thermocouples are 361 

exposed to the radiation heating source. 362 

3.3.3 Thermokinetic analysis 363 

To demonstrate the detailed pyrolysis and charring process of FSGF, the 364 

thermokinetics of the FSGF were analysed via ReaxFF-MD simulation. The main 365 

gaseous pyrolysis products of FSGF are H2O and CO2. As shown in Fig. 9a, it can be 366 

seen that the number of H2O molecules increased initially and then kept a stable value 367 

during the entire pyrolysis period. Moreover, the maximin number of H2O molecules is 368 

about 570 when pyrolysed at 2500 k, accounting for 78.6 % of the total H atoms in the 369 

raw calcium pectin polymers. Apart from that, it can be observed that the maximin 370 

number of CO2 molecules can reach up to 180 at 3500 k, accounting for 15.8 % of the 371 

total C atoms in the raw calcium pectin, as shown in Fig.9b. The generation of H2O and 372 

CO2 were advantages for enhancing the extinguishing efficiency of foam, because the 373 

evaporation can decrease the temperature of the flame area and the CO2 suppressed the 374 



 

 

combustion of liquid fuel.  375 

Meanwhile, some typical products can be found in char, such as CaO and Ca(OH)2. 376 

The evolution of Ca(OH)2 during the pyrolysis period is shown in Fig.9c. It can be 377 

observed that the number of Ca(OH)2 shows a fluctuating trend. This is because the 378 

chemical property of Ca(OH)2  was unstable, which could react with other components 379 

in the periodic cell. The detailed formation paths of Ca(OH)2 are displayed in Fig.9d. It 380 

is known that the Ca atoms were oxidated to CaO initially after a breakdown from the 381 

crosslinked structure of calcium pectin. After that, the CaO was translated to Ca(OH)2 382 

due to reacting with H2O. Both CaO and Ca(OH)2 are good charring agents as they 383 

absorb H and O atoms via dehydration effects to promote the formation of char. [63,64].  384 

 385 

Fig. 9 Evolution of H2O (a), CO2 (b) and Ca(OH)2 (c) during the pyrolysis of FSGF; (d) The 386 

formation paths of Ca(OH)2 during the pyrolysis of FSGF; (e) Full scan XPS spectra and high-387 

resolution XPS spectra for (f) C1s and (g) O1s of the char residues from FSGF. 388 

To validate the MD results, XPS tests were served to study the dehydration effects of 389 

the CaO and Ca(OH)2 produced by FSGF. Fig. 9e displays the full scan XPS spectra of 390 



 

 

two main elements including C and O in char residues from FSGF. Compared with the 391 

XPS spectra of FSGF without charring in Fig. 5c and Fig. 5d, a different functional 392 

group, C–O–C, can be found at the high-resolution XPS spectra of C1s in Fig. f, which 393 

appeared at 287.5 eV [65]. Meanwhile, it also appeared at 530.0 eV at the high-394 

resolution XPS spectra of O1s in Fig. 9g [66]. This indicated that the hydroxyl on 395 

calcium pectin chains dehydrated with each other [67,68]. The phenomenon proved the 396 

charring mechanism of FSGF obtained from MD simulation. Therefore, it can be 397 

concluded that the MD simulation demonstrated a valid description of the pyrolysis 398 

mechanisms of FSGF in water vapour generation and char layer protection. 399 

3.4 Fire extinguishing and resistance performance 400 

3.4.1 Fire extinguishing capacity 401 

Fig. 10a and 10b respectively show the typical images of FSGF and polymer foam 402 

in the fire suppression process. The spreading efficiency of AFFF is similar to FSGF, 403 

so the results are not included here for brevity. It can be observed that the extinguishing 404 

efficiency of FSGF is higher than that of polymer foam over the period. For instance, 405 

FSGF covered approximately half of the burning area at 40 s, while polymer foam just 406 

accumulated a small foam layer near the injection point. At 60 s, the FSGF almost 407 

extinguished the pool fire and there was just a small ball of flame, whereas the polymer 408 

foam still suppressed the edge fire of the pan. Ultimately, the fire was extinguished by 409 

FSGF at 72 s, a 17 s decrease from the extinguishing time of polymer foam.  410 



 

 

 411 

Fig. 10 The fire extinguishing process of different types of foam: (a) polymer foam, (b) FSGF; 412 

the foam spreading area (c) and extinguishing time (d) of foams. 413 

To strengthen the understanding of foam spreading performance, the foam spreading 414 

area was figured out, as shown in Fig. 10c. It can be observed that the spreading process 415 

of foams can be divided into three periods: fluctuating rise (I), stable climb (II) and 416 

slight increase (III). In stage I, the foam spreading area shows a fluctuating increase 417 

trend due to the foam breaking down pretty fast when it went through the flame field 418 

with high radiation [79]. In stage II, it rises gradually due to the formation of the foam 419 

layer with the continuous injection of a foaming agent. It can be found that the initial 420 

time of stable spread (i.e., the time when the foam spreading area is equal to 0.1 m2) for 421 

FSGF is about 30 s, while that of polymer foam is up to 40 s approximately. This is 422 

because FSGF can accumulate faster than polymer foam near the injection point due to 423 

the unique porose networks, which can enhance the thermal stability of foam based on 424 

the results from Fig. 8. The foam spreading area ascends slowly in stage III, that is 425 

because lots of foam was consumed to suppress the burning area of pan edge where is 426 

far away from the injection point, as shown the image at 60 s in Fig. 10a.  427 



 

 

Meanwhile, the fire extinguishing time of different types of foam was analysed to 428 

illustrate the spreading efficiency of foams, as shown in Fig. 10d. It can be seen that the 429 

extinguishing time of FSGF is 72 s, a 27 s decrease from that of polymer foam. This is 430 

mainly due to its better thermal stability. It is worth noting that the extinguishing time 431 

of FSGF also should be lower than that of AFFF due to better thermal stability, while it 432 

just shows a close value of 68 s for AFFF. This phenomenon can be ascribed to the fact 433 

that the AFFF with a high foam expansion ratio can narrow its shortage in thermal 434 

stability in foam spreading performance tests [70]. Besides, FSGF shows a superior 435 

spreading efficiency against gel-protein foam (a foam which was synthesised in our 436 

previous work). This can be ascribed to the fact that FSGF shows a stronger film 437 

structure. According to Fig. 5b, it is known that the film of FSGF consists of a surfactant 438 

layer, polymer layer and porose layer, whereas that of gel-protein foam is just made of 439 

a surfactant layer and gel layer [47].  440 

3.4.2 Fire resistance performance 441 

Fig. 11a and 11b respectively show the typical images of AFFF and FSGF in the fire 442 

resistance period. It can be observed that the FSGF display a better fire resistance 443 

performance compared with AFFF over the period. For example, at 300 s, there was 444 

burning outside the edge of the ignition tank for AFFF, whereas the FSGF was still 445 

stably covered on the fuel surface. At 400 s, the AFFF collapsed gradually and the fuel 446 

surface near the ignition tank was boiling with fire. While the FSGF just broke down 447 

along the edge of the ignition tank. Besides, a charring circle can be found outside the 448 

flame area, which corresponded to the results from thermal stability tests according to 449 

Fig. 8a. Afterwards, the fire suddenly turned violent due to the complete breakdown of 450 

AFFF after 50 s, while the FSGF was still efficiently made the fire under control at the 451 

same time. Meanwhile, it is speculated that the collapse mechanism of AFFF is layer 452 

by layer based on the observed boiling phenomenon and the appearance of violent fire.  453 

However, the collapse path of FSGF can be seen as circle by circle due to the thermo-454 

isolation effect of the charring layer. In this way, the charring layer can decrease the 455 



 

 

collapse process to improve the fire resistance of foam. 456 

 457 

Fig. 11 The fire resistance process of different types of foam: (a) AFFF, (b) FSGF; the foam 458 

collapse area (c) and fire resistance time (d) of foams. 459 

To further analyse the fire resistance of foams, the foam collapse area and fire 460 

resistance time of foams were recorded, as shown in Fig. 11c and 11d, respectively. It 461 

can be observed that the foam collapse area kept a stable value in stage I due to the 462 

stable coverage of the foam layer. Subsequently, it gradually decreased in stage II 463 

because the foam collapsed layer by layer or circle by circle. Ultimately, it dramatically 464 

dropped with the expansion of the burning area in stage III. Meanwhile, it can be seen 465 

that the FSGF shows the highest fire resistance time with 801 s, a 28 % and 62 % 466 

increase over that of polymer foam and AFFF, respectively. This can be ascribed to the 467 

prevention of the charring layer. Besides, the fire resistance time of FSGF shows a 76 % 468 

increase against that of gel-protein foam due to the porose film structure. It can be 469 

summarized that the FSGF shows a good fire resistance performance, which will be 470 

conducive to suppressing the re-ignition of large-scale tank fires. 471 



 

 

4. Conclusions 472 

  In this work, a novel biomass FSGF was developed to improve the fire suppression 473 

efficiency of liquid fuel fires. Benchmarking fire suppression performances of the foam 474 

including comprehensive index, microscope structure, gelling mechanism, thermal 475 

stability, charring mechanism and extinguishing performances were systemically 476 

analysed. The major findings of this study were broken down into fourfold including (i) 477 

FSGF shows the optimal FCI with 0.5 wt% compound foaming agent, 0.8 wt% 478 

sunflower pectin and 0.1 wt% calcium lactate after orthogonal analysis. And the foam 479 

expansion ratio, half-life and FCI of the FSGF are 8.40, 287.50 min and 1811.04, 480 

respectively; (ii) The gelling mechanism of the foam is the crosslinking of –COO- 481 

ionised from sunflower pectin cross-linking with Ca2+ released from calcium lactate to 482 

from the O–Ca–O bond, which leads to the generation of a porose layer attached to the 483 

film of FSGF. The layer can improve the thermal stability of foam by preventing 484 

thermal radiation. (iii) The fastest weight loss rate of the foam is about 48 %/min, lower 485 

than that of AFFF with 59 %/min. Moreover, the MD results revealed that the proposed 486 

FSGF promoted char formation as it acted as a dehydration agent to absorb H and O 487 

atoms, leaving behind carbonation bonds favourable to forming char. (iv) The 488 

extinguishing time of the FSGF is 72 s, a 27 s decrease from that of polymer foam. 489 

Meanwhile, the fire resistance time of the foam is up to 801 s, a 62 % increase over that 490 

of AFFF, highlighting that the FSGF shows a significant fire extinguishing efficiency. 491 

  Overall, the FSPF shows a porose film structure, outstanding comprehensive index, 492 

excellent thermal stability and fire resistance capacity, which will play a pivotal role in 493 

suppressing the re-ignition of tank fires. Although the scenarios considered in this work 494 

are similar to those in a real fire scenario, the performance of FSGF needs to be further 495 

estimated in large-scale tank fires. 496 
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