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Abstract

:

Flowability greatly affects the application of ultrafine dry powder fire extinguishing systems, while hydrophobicity and acute inhalation toxicity are concerns for fire extinguishing agents. In the present study, we examined the impact of hydrophobic fumed silica on the hydrophobicity and flow properties of ammonium dihydrogen phosphate as the base. Our findings revealed that incorporating 6 wt.% of hydrophobic fumed silica resulted in optimal flowability, accompanied by a hydrophobicity angle of 126.48°. The excessive inclusion of hydrophobic fumed silica impeded powder flow within the ammonium dihydrogen phosphate particles. Furthermore, the investigations indicated that the incorporation of a small quantity of bentonite (0.5 wt.%) amongst the three functional additives—bentonite, magnesium stearate, and perlite—offered further enhancements in powder flowability. In fire extinguishing experiments’ total flooding conditions (1 m3), the designed UDPA exhibited a minimum required extinguishing concentration of merely 41.5 g/m3, which is better than the publicly reported value. Moreover, observations on the well-being of mice subjected to nearly three times the extinguishing concentration at 60 s, 10 min, and 3 days, respectively, demonstrated the absence of acute inhalation toxicity associated with the designed UDPA. Collectively, the developed ultrafine dry powder fire extinguishing agent displayed promising performance and possesses broad applicability.
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1. Introduction


CF3Br (Halon 1301), commonly used in fire extinguishing, was restricted due to its high ozone depletion potential [1,2]. The search for alternatives promoted the examination of the effectiveness of several gases, liquids, and dry powder agents. Among them, it was proven that the dry powder agent was the most common and effective among the fire extinguishing agents, which have been widely used and proven to be several times more effective than Halon 1301 [3,4,5,6]. As the dry powder agent becomes finer, the specific surface area of the powder increases. This increase in the surface area leads to higher heat absorption and higher fire extinguishing efficiency. Ewing [7,8] found that there is a critical particle size for different powder agents, where the agents can be completely decomposed before it reaches the fire zone. When the particle size of the powder is below this value, the extinguishing performance of the powder will be significantly improved. China’s standard defines an ultrafine dry powder extinguishing agent (UDPA) as a particle size less than 20 microns, corresponding to D90 (90% cumulative distribution particle size) [2,9,10].



The UDPA is currently utilized in a variety of applications, including integrated underground tube corridors [11,12], wind turbine enclosures [13,14], and high-rise structures [15,16]. It has been observed that the moisture absorption and aggregation of particles have a significant impact on the diverse characteristics of the UDPA during storage and usage, serving as pivotal contributors to its failure [17,18]. Particle aggregation occurs during the preparation, processing, and utilization of ultrafine dry powder fire extinguishing agents, particularly when ammonium dihydrogen phosphate (ADP) is used as the primary material. Shown in Figure 1, ADP possesses strong hygroscopic properties and when coupled with a reduced particle size, tends to readily induce aggregation [19,20]. Hence, the primary objective in the development of ultrafine dry powder fire extinguishing agents is to impart hydrophobic properties to the particles, thus addressing the issue of particle aggregation.



In most instances, the UDPA is housed in a storage tank, with the particles transported through a nozzle using a propellant gas to act in fire environments. The flow properties of the extinguishing agent’s particles exert a significant influence on these two processes [21]. Inadequate flowability may lead to the erosion of pipe walls during the transportation process, the clogging of nozzles, pipes, and valves, and ultimately impairing the extinguishing agent’s spraying performance. Owing to the diminished kinetic energy of the spray, the settling rate of the extinguishing agent’s particles is accelerated, preventing uniform and effective dispersal onto the surface of the burning material and diminishing the overall firefighting efficiency [22]. The preparation of ultrafine dry powder fire extinguishing agents with superior flowability has thus emerged as a prominent concern.



In order to develop free-flowing UDPAs, hydrophobic treatment, such as the addition of hydrophobic fumed silica, is first required [23]. Capillary bridges can form between particles in wet UDPAs. The hydrophobic coating prevents the formation of capillary bridges and thus prevents the agglomeration of UDPAs [24,25]. Often, functional additives help to reduce the forces between the particles, i.e., van der Waals, electrostatic, and capillary forces. Hydrophobic additives improve the flow of UDPAs by reducing the friction on the particle surface. Other additives such as metal stearates, perlite, and active white clay, which are common additives in fire extinguishing agents, can also improve the flow characteristics of UDPAs [23]. Optimizing the content of functional additives in UDPAs is rather challenging. When the proportion of additives is too low, the operational properties of the powder deteriorate and the guaranteed shelf life is shortened. The flow of the composition becomes increasingly poor if functional additives are added much in comparison to the surface area of the powder particles because of the friction and increased contact between them.



The aim of this study is to investigate the optimum amount of different functional additives to be added in UDPAs to enhance their flowability and improve their fire extinguishing efficiency. Furthermore, despite the primary application of ultrafine dry powder extinguishing agents for fire protection in unoccupied environments, their deployment may inevitably result in human inhalation upon release.




2. Materials and Experimental Section


2.1. Materials


All reagents were used as received from chemical reagent companies without any further purification. ADP was used as the main component of the UDPA with a purity greater than 99%, purchased from Shandong Dingxin Biotechnology Co., Ltd., Weifang, China. Fumed silica was purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. (hydrophobic-120 type), 99.8% metal-based, with a particle size of 7–40 nm and specific surface area of 120 m2/g. Perlite, magnesium stearate, and bentonite were selected and used as functional additives to further promote flow in ADP powders, and the optimum ratio for addition was investigated [23]. Perlite was purchased from Lingshou County Woyuan Mineral Products Processing Plant, D100 ≤ 74 μm. Bentonite was also purchased from the company, D100 ≤ 10 μm. Magnesium stearate was purchased from Myriad Chemical Reagents Ltd. with a MgO content of 6.7–7.5%.




2.2. Preparation of Samples


Figure 2 shows the preparation process and tests of the sample in this paper. The original ADP powder needed to be refined by an air jet mill firstly, purchased from Hosokawa Micron Powder Co., Ltd., Shanghai, China. The D90 of the refined ADP powders was about 5.408 μm, shown in Figure 3. To address the moisture absorption properties of the refined ADP powder, fumed silica with hydrophobic properties was added to the ADP powder as a functional additive. The hydrophobic fumed silica both prevents agglomeration and is able to act as a flow-promoting functional additive. The optimal addition ratio of hydrophobic fumed silica was investigated, which was considered by both hydrophobicity and the Carr flow index. The fumed silica and ADP were mixed at different mass ratios and stirred in a water bath temperature of 80 °C for 10 min. Fumed silica would be attached to the ADP surface during the process after these two kinds of powders were sufficiently dispersed. The mixed powders were then cooled down to room temperature and cured in a dryer for 15 min. Then, the powder samples were obtained and tested for hydrophobicity and flowability.



The other three functional additives (i.e., perlite, bentonite, and magnesium stearate) are only able to act as flow-promoting functional additives. To determine the optimum proportion of the other three functional additives, ADP was first mixed with different proportions of the functional additives and stirred at 80 °C for 5 min. The optimum proportion of fumed silica was then added to the mixture and stirred for 10 min at the same conditions. Then, flowability was tested to determine the optimum ratio of the functional additives. The flowability of the samples with the other three functional additives added was then examined afterward. After screening, the UDPA with the best flowability could finally be designed.




2.3. Fire Suppression Test and Acute Inhalation Test


The fire suppression and acute inhalation studies were conducted within a 1 m3 cube space, shown in Figure 4a. An aerosol generator utilized dry air to create a finely dispersed UDPA-containing stream, which was introduced into the experimental area through the injection port (Figure 4b). Within this setting, three oil pans were arranged, each partially filled with petrol. The larger pan, with a diameter of 100 mm and a depth of 50 mm, was positioned in the center of the experimental space, while the two smaller pans, each with a diameter of 60 mm and a depth of 30 mm, were situated diagonally at the maximum distance from the injection port and 100 mm away from each surface. To confirm the minimum extinguishing concentration of the UDPA, a balance was employed to measure the powder consumption both before and after the flame was extinguished. Furthermore, a gas analyzer was deployed to detect variations in oxygen and CO levels within the space, ensuring that the extinction of the flame was not due to oxygen deprivation.



In order to verify whether the accidental inhalation of the UDPA will have any effect on human beings, a 60 s acute inhalation test was conducted using mice. Any abnormalities in the escape ability of the mice after acute inhalation and continuous feeding for three days were recorded to demonstrate the safety of the human body after the brief inhalation of the UDPA. In the acute inhalation test, four SPF-grade KM mice, with an equal distribution of male and female individuals (the females were not pregnant or lactating), weighing between 18 and 22 g, and bearing the qualification number No. 370726230100501763, were utilized. The mice were obtained from Jinan Ponyue Experimental Animal Breeding Co. As depicted in Figure 4c, four mice (both male and female) were placed in separate cages positioned at the four corners of the experimental chamber, at a height of 100 mm from the floor and a distance of 50 mm from the adjoining walls. Approximately 120 g of the UDPA was introduced into the chamber, and a 60 s observation period ensued after the completion of the spray to monitor any abnormal behavior in the mice.




2.4. Characterizations


The particle size distribution was measured using SALD-2300 of Shimadzu Corporation of Japan. Hydrophobicity is mainly characterized by measuring the contact angle between the powder and the water droplet. The contact angle is an important parameter for characterizing the wettability of a material’s surface and is the angle between the solid–liquid interface and the gas–liquid interface [24,26]. The contact angle tester, model SL200KB, was purchased from KINO Scientifc Instrument Inc., Boston, MA, USA.



A wide range of parameters affect flowability, including the angle of repose, angle of collapse, angle of flatness, compressibility, and Carr flow index. In order for powder products to be comminuted, loaded, and conveyed, these parameters are critical [27,28]. The flowability of solid powders was measured by the powder comprehensive characteristic tester (BT-1001, Dandong Baxter Co., Ltd., Dandong, China). During the flowability testing process, the comprehensive powder testing instrument will first measure the angle of repose, compressibility, flat angle, uniformity, tap density, apparent density, and other indices during the flowability testing process. Then, the Carr flow index is obtained by summing the corresponding weightings according to the index weights table.





3. Results and Discussion


3.1. The Determination of the Optimum Amount of Hydrophobic Fumed Silica


The inclusion of hydrophobic fumed silica serves a dual purpose in the context of our study. Firstly, it prevents the agglomeration of finer ADP particles, thereby ensuring the uniform dispersion of ADP throughout the fire extinguishing agent. Additionally, it enhances the flowability of ADP, facilitating its effective deployment. However, it is worth mentioning that the impact of fumed silica additions on the UDPA requirements for flame extinction was found to be negligible, as reported by Hamins et al. [29]. Similarly, Rosser et al. [30] observed that fumed silica did not exhibit sufficient inhibitory properties towards hydrocarbon combustion.



In our investigation, the extinguishing agent samples primarily rely on ADP as the active ingredient responsible for fire suppression. Consequently, the inclusion of fumed silica leads to a reduction in the mass fraction of ADP, as the amount of fumed silica increases. However, it is advisable to incorporate a small quantity of fumed silica, provided that the extinguishing agent satisfies the hydrophobic criteria. In our experimental setup, we prepared samples containing varying proportions of hydrophobic fumed silica (ranging from 2.0 to 10.0 wt.%), as detailed in Table 1.



The microscopic morphology images of various samples are presented in Figure 5a. The pulverized ADP particles are about 2–5 microns in size and exhibit an ellipsoidal shape with a smooth surface and no attachment. The fine ADP has a large specific surface energy, and the particles agglomerate under the action of electrostatic and van der Waals forces [31]. The attached fine fumed silica particles in Samples S1–S5 are distinctly visible, giving rise to a ‘core-shell’ configuration. In order to ascertain the fumed silica content in the different samples, an XPS analysis was conducted, as depicted in Figure 5b,c, owing to the varying incorporations of hydrophobic fumed silica among the samples. ADP serves as the primary substrate for powder preparation, thereby resulting in the manifestation of peaks corresponding to P 2p, C 1s, N 1s, and O 1s in all the samples. The pronounced characteristic of the powder samples impregnated with hydrophobic fumed silica is the presence of the Si element as an augmentation to the pure ADP powder. Notably, in comparison to the pure ADP powder, the other samples exhibit an additional peak (Si 2p) at 101.98 eV [32]. The Si elemental content on the particle surface in Samples S1–S5 escalates from 15% to 27% with the inclusion of hydrophobic fumed silica. The discrepancy in the Si elemental content between the samples lucidly demonstrates the variability in the quantities of hydrophobic fumed silica adhesions on their surfaces.



Firstly, we determined the water contact angle of the different samples. In Figure 6, the water contact angle increases from 113.45° to 126.48° with an increase in fumed silica’s mass fraction from 2% to 6%. The hydrophobicity of the extinguishing agent doesn’t change much as the mass fraction of fumed silica increases from 6% to 10%. It can be obtained that the hydrophobicity of the UDPA reaches a good state when the mass fraction of fumed silica is above 6%.



Next, the flowability of the above five samples were studied. There is no clear definition of powder flowability and no uniform evaluation method. The common evaluation method is basically to test a single physical property of powders, such as the angle of repose, plate angle, compressibility, etc., to evaluate the flowability of powders based on the performance [33]. Many testing methods exist, but not every method is suitable for UDPAs, so it is necessary to compare and select the evaluation method that is most suitable. The Carr flow index method is a more comprehensive method for evaluating powder flowability [34]. Each performance test result is assigned an index with a maximum value of 25 based on a measurement of four sub-indices, which are the repose angle, compressibility, plate angle, and uniformity. The angle of repose refers to the angle formed by the free surface of the powder accumulation layer in static equilibrium with the horizontal plane. The smaller the angle of repose, the better the flowability of the powders. The ratio of the difference between the vibrational density and the bulk density of the sample to the vibrational density is the compressibility. The smaller the degree of compression, the better the flowability of the powder. The flat plate angle refers to the average of the angle between the free surface of the powders on the plate and the plate and the angle after being vibrated. The smaller the plate angle, the more mobile the powder. Uniformity is the ratio of particle diameter D60 to D10 and can be used to determine the size of mutual agglutination. In order to evaluate the flowability of the powder in a comprehensive way, the total value is obtained by adding points as the Carr flow index. The higher the value, the better the powder’s flowability.



Table 2 gives the measured data for the angle of repose, compression, flatness angle, and homogeneity of the five samples, as well as the Carr flow index obtained. It can be directly obtained from Figure 7 that the S3 and S4 samples have the highest Carr flow index and the best flowability of the powder, i.e., the best flowability of the extinguishing agent with a 6% and 8% mass fraction of fumed silica added. In combination with the water contact angle, the amount of fumed silica added should be as small as possible to ensure hydrophobicity, and the optimum amount of fumed silica added was finally determined to be 6 wt.%. When the level of fumed silica additive is insufficient to fully cover the surface of ADP particles, the ability of fumed silica particles to act as separators for the ADP particles is compromised. This, in turn, allows for the interaction force between ADP particles to continue being chiefly determined by direct contact, thereby impeding enhancements in the flowability of the extinguishing agent powder. Both Anthony [35] and Shinohara [36] have demonstrated that particles with irregular shapes have a propensity to interlock, consequently leading to increased internal friction.



Lattice spacing within the ADP particles is expanded when uniformly adhered with appropriate fumed silica additives, resulting in a reduced interaction force between the particles [27,37]. Additionally, the hydrophobic fumed silica particles adhered to the surface of ADP particles create an effect akin to having a ‘thin film’ covering the particles, thereby performing the function of a ‘lubricant’. This ‘lubricant’ ultimately diminishes the mutual friction occurring on the surface of ADP particles, thus effecting an improvement in the fluidity of the powder fire extinguishing agent.



The excessive addition of fumed silica leads to surplus silica particles being trapped in the interstices between the ADP particles. These excess fumed silica particles form branched chains and bridges among the ADP particles, impeding the relative movement of ADP particles. Thus, inter-particle flow hindrance results since the ADP particles become tightly interconnected through chains or bridges that are challenging to disengage, thus impairing flowability. Consequently, the optimal flow properties of the powder are observed when a 6% mass fraction of fumed silica is added, thereby reducing inter-particle cohesion and dynamic flow resistance.




3.2. Determination of Optimum Amount of Three Functional Additives to Promote Flowability of UDPA


Based on the determination of 6% hydrophobic fumed silica as the most suitable addition, perlite, magnesium stearate, and bentonite were proposed to be further added as functional additives to improve the flowability of the UDPA. The mass fraction of functional additives in different samples is presented in Table 3. The P, M, and B in the samples stand for perlite, magnesium stearate, and bentonite, respectively.



As shown in Figure 8a, the deduced Carr flow index varies with the different mass fraction of perlite added. Table 4 shows the different indexes to characterize the flowability of powder samples. In the case of a single index, the value is not monotonically increasing or decreasing. The P3 sample, which has 6 wt.% fumed silica and 1.0 wt.% perlite added, has the highest Carr flow index and the best flowability. However, the Carr flow index of the P3 sample is lower than that of the S3 sample.



For the samples with magnesium stearate added, as the mass fraction of magnesium stearate increases, the repose angle increases and the plate angle decreases, shown in Table 5. The regularity of the compressibility and uniformity was not obvious, but extreme points were observed in all M4 samples. Powder samples became less flowable as magnesium stearate was added, resulting in a decreasing Carr flow index. It is also found that the Carr flow index of the M1 to M4 samples is lower than that of S3, which indicates that the addition of magnesium stearate reduced the flowability of the powder samples instead. The results suggest that magnesium stearate may not be suitable as a functional additive to promote the flowability of ADP powder.



Table 6 shows the flow and fluidization behaviors of samples with bentonite added, including the indexes of the repose angle, compressibility, plate angle, and uniformity. The Carr flow index was deduced from the above indexes. Statistically, the compressibility trend is the closest to the Carr flow index trend, with B1 having the highest flowability and B3 having the second highest. The Carr flow index is shown to decrease overall as more bentonite is added, indicating that the flowability decreases. The B1 sample, which had 6 wt.% fumed silica and 0.5 wt.% bentonite added, has the highest Carr flow index and the best flowability. Comparing with the Carr flow index of the S3 sample, the B1 and B3 samples have higher indexes than that of the S3 sample. The result shows that the optimum mass fraction of bentonite added is 0.5%, while more might decrease the flowability of ADP powders.



Figure 8b–d illustrate the micro-morphological traits of the three functional additives—perlite, magnesium stearate, and bentonite. Perlite, in its original state, exhibits a porous nature and assumes a fragmented form with rhombic angles upon comminution. The introduction of such a structural functional additive curtails the slippage of ADP particles against each other, thereby mitigating the flowability of ADP powder. Magnesium stearate particles are minute, approximately 2 μm, and tend to agglomerate, indicating pronounced van der Waals forces and inter-particle cohesion. This phenomenon possibly accounts for the absence of flow-promoting characteristics upon its integration into ADP powders. Conversely, bentonite, with a particle size of roughly 5 μm, demonstrates a more dispersed and notably flaky structure. Coupled with the assessment of the Carr flow index measurement results, it becomes apparent that additives characterized by a flaky structure circumvent the compromised flowability arising from the irregular shape of the ADP particles. Nevertheless, there lies a threshold for the quantity of functional additives, as an excessive amount may exert detrimental effects on flowability owing to increased friction. Therefore, the incorporation of 0.5 wt.% bentonite into ADP allows for the observation of an optimal flow effect.




3.3. The Experiments of Fire Extinguishing and Acute Inhalation Toxicity


Sample B1 exhibited superior flowability in all the samples and was utilized for fire suppression as well as acute inhalation investigations. As shown in Figure 9a, during one of the fire suppression experiments, the gas analyzer recorded data reflecting an increase in smoke temperature and CO content at the onset of the experiment, concurrently with a decrease in oxygen content due to the sustained combustion of the flame. Throughout the three fire extinguishing experiments, the lowest observed oxygen content was 17.2%, 18.0%, and 18.3%, which exceeded the self-extinguishing oxygen content threshold of 14%. When the UDPA was released, there was a marked rise in CO content as the flame combustion was suppressed. The carrier gas stream for the UDPA was air, leading to a gradual increase in oxygen content. Approximately 60 s after the deployment of the UDPA, the flame was fully extinguished. Across the three fire extinguishing experiments (Figure 9b was given as the sample), it was noted that flame #3 was extinguished first, followed by flames #1 and #2 in sequence. The observed phenomenon may be attributed to the flow of gas within the experimental chamber. Under the influence of the primary flame, the heated air rose upwards, formed swirling patterns, and entrained around the periphery of the flame, leading to a higher concentration at the #3 position. Upon the continuous injection of the UDPA, the concentration at positions #1 and #2 gradually increased to the extinguishing levels and subsequently ceased. The amount of powder consumed during the three fire extinguishing experiments was 38.0 g, 42.2 g, and 44.4 g, with an average minimum extinguishing concentration of 41.5 g/m3, which was better than the reported values of 79.8 g/m3 and 60~160 g/m3 [38,39].



Shown in Figure 9c, in the acute inhalation experiment, the mice were removed from their cages 10 min after 120 g of the UDPA had been introduced into the chamber and found to be in good condition, with no fatalities and normal escape abilities. With sustained care and observation over the next three days, all four mice remained alive and exhibited either stable or slightly increased body weights. These results attest to the absence of the acute inhalation toxicity of the UDPA.





4. Conclusions


In this study, our aim was to enhance the flow characteristics of the UDPA while preserving its hydrophobic and fire extinguishing properties. We investigated the impact of incorporating hydrophobic fumed silica on the hydrophobicity and flow properties of the UDPA and the effects of adding bentonite, magnesium stearate, and perlite on improving its flowability. Furthermore, experiments were carried out to assess the fire extinguishing concentration and acute inhalation toxicity of the modified UDPA. Our key findings can be succinctly summarized as follows:




	
The contact angle with water droplets increases with the mass fraction of fumed silica. The hydrophobicity of the UDPA reaches a good state when the mass fraction of fumed silica is above 6%, since the contact angle with water droplets of the S3 sample is 126.48°.



	
The S3 sample has the highest Carr flow index and the best flowability, i.e., the best flowability of the extinguishing agent with a 6% mass fraction of fumed silica added. Small amounts of fumed silica additions do not provide adequate lubrication, and excessive additions result in excess fumed silica particles being trapped in the gaps between ADP particles increasing friction.



	
The flowability of the ADP powders is improved by adding small amounts of bentonite (0.5 wt.%). Magnesium stearate and perlite even reduce the flowability of ADP powders. The minimum fire extinguishing concentration of the designed UDPA was 41.5 g/m3, better than the values reported in the literature.



	
There is no acute inhalation toxicity associated with the designed UDPA. This was verified by monitoring the condition of the mice exposed to nearly three times the fire extinguishing concentration for durations of 60 s and 10 min. Following exposure, the mice were removed, nourished, and observed for 3 days, revealing no adverse effects.
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Figure 1. Demand for UDPA development. 
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Figure 2. The preparation and tests for the UDPAs. 
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Figure 3. The particle diameter distribution of refined ADP. 
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Figure 4. (a) Schematic diagram of 1 m3 total flooding fire extinguishing experiment; (b) schematic diagram of aerosol generator system; (c) schematic diagram of acute inhalation toxicity experiments. 
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Figure 5. (a) SEM image of different samples; (b) XPS characterizations of different samples; (c) surface element distribution of different samples. 
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Figure 6. The contact angles of different samples. 
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Figure 7. The Carr flow indexes of different samples with fumed silica added. 
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Figure 8. (a) Th