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Abstract

:

Phenolic foam composites (PFs) are of substantial interest due to their uniform closed-cell structure, low thermal conductivity, and good thermal insulation performance. However, their disadvantages of a high pulverization rate and poor mechanical properties restrict their application in building exterior insulation. Therefore, the toughening of these composites is necessary. In this paper, poplar fiber was treated with an acetylation reagent, and the acetylated fiber was used to prepare modified phenolic foams (FTPFs); this successfully solved the phenomenon of the destruction of the foam structure due to the agglomeration of poplar fiber in the resin substrate. The foam composites were comprehensively evaluated via the characterization of their chemical structures, surface morphologies, mechanical properties, thermal conductivities, and flame retardant properties. It was found that the compressive strength and compressive modulus of FTPF-5% respectively increased by 28.5% and 37.9% as compared with those of PF. The pulverization ratio was reduced by 32.3%, and the thermal insulation performance and flame retardant performance (LOI) were improved. Compared with other toughening methods for phenolic foam composites, the phenolic foam composites modified with surface-compatibilized poplar fiber offer a novel strategy for the value-added utilization of woody fiber, and improve the toughness and industrial viability of phenolic foam.
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1. Introduction


Energy resources are the material basis of human survival and development, and the key to sustainable economic development. All the countries of the world are actively responding to the call of energy conservation and emission reduction [1]. At present, building energy consumption is substantial, accounting for 20.6% of China’s total energy consumption (899 million tons of standard coal), and it is expected that the proportion of building energy consumption in the total national energy consumption will rise to 40% in 2020. According to this situation, there is an urgent need for building energy conservation [2]. As an important component of energy saving and emission reduction in the field of construction, exterior wall insulation has attracted extensive attention and provides effective solutions. Organic thermal insulation composites with low thermal conductivity and a good thermal insulation effect have been significantly developed. Styrene foam (PS) and polyurethane foam (PU) have gradually become the most widely used building thermal insulation composites. However, due to their poor heat resistance, easy combustion, and the release of large amounts of smoke and toxic gas after combustion, these two composites easily result in huge losses [3].



Phenolic foam (PF), an excellent fire insulation composite, has reached the standard of Class B1 flame-retardant foam without modification [4]. It has a uniform closed pore structure, low thermal conductivity, and good thermal insulation performance, and is therefore better than PS and PU. Even in the event of a fire, phenolic foam shows no dripping and less smoking, and the char layer formed on its surface can protect the internal structure [5,6]. Phenolic foam is a thermal insulation composite with great development potential; it is known as a third-generation emerging thermal insulation composite, and is widely used in various thermal insulation pipelines [7], transportation [8], and flowers [9]. However, it is difficult to use phenolic foam in the direct preparation of thermal insulation exterior wall materials due to the defects of the material itself; it exhibits poor mechanical properties, high brittleness, and a high pulverization rate, which seriously affect its application [10]. Therefore, reinforcement has been an important research direction of phenolic foam composites.



In recent years, many researchers have conducted numerous studies on the strengthening of phenolic foam composites. The easiest and most convenient way to enhance phenolic foam is to blend some external toughening agents in phenolic resins, such as natural rubber, nitrile rubber [11,12,13,14], external flexures, and fiber materials, such as glass fiber [15,16,17]. Although the addition of rubber improves the toughness of PF, it reduces its heat resistance [18]. Similarly, while the addition of short glass fibers enhances the toughness and mechanical strength of PF, it reduces its thermal insulation properties. The addition of short fibers as a reinforcing material for phenolic foam can reduce its brittleness and improve its shear strength [19]. Natural fiber has the advantages of light weight, low cost, and reproducibility. With cellulose microfiber as a reinforcer, and lignin and hemicellulose as the matrix, the resulting composite has the characteristics of a high specific strength and high specific modulus. Therefore, it is an excellent environmentally friendly reinforcing material. At present, natural fibers (such as sisal fiber, jute fiber, ramie fiber, and straw fiber, among others) have been used more often to strengthen rigid polyurethane foam [20,21,22,23,24]. The resulting modified polyurethane foam has obvious enhancements, is non-toxic and environmentally friendly, and the degradation rate of composite materials is obviously improved. However, as plant fibers contain a large number of hydroxyl groups and have a relatively high polarity, they can easily aggregate as a filling material, and complexing with weak polar organic polymers, such as resin, is relatively difficult. Therefore, it is necessary to modify the interface of plant fiber via pretreatment to enhance the interfacial compatibility between fibers and resin. The pretreatment method of acetylation modification has the advantages of a simple reaction, a short reaction time, a good modification effect, no toxicity, and little pollution [25,26,27,28,29]. Acetic anhydride has been used to react with the hydroxyl groups on the surface of fiber, and acetyl groups are grafted onto the surface to form an esterification layer to reduce the polarity of the fiber. This is conducive to the better fusion of fibers between resins, and could avoid the large holes between foam caused by fiber agglomeration. The composite material prepared by acetylated plant fiber and polyester resin matrix is significantly stronger than that without modified fibers. Therefore, acetylated modified plant fibers are expected to improve the mechanical properties and reduce the fragility of phenolic foam.



In this study, phenolic foams with different contents of fiber and acetylated fiber were prepared. The chemical structures, morphological characteristics, mechanical properties, and thermal properties of PF and wood fiber-reinforced phenolic foam (FPF) were characterized by Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), pore morphology analysis, mechanical properties, thermal conductivity testing, and flame retardant performance analysis (LOI).




2. Materials and Methods


2.1. Materials


Poplar fiber was provided by Anhui Southeast Wood Industry Co., Ltd. (Wuhu, China). The fibers were pulverized, and the treated fibers were respectively screened with 40 mesh and 60 mesh screens. Fibers between 40 and 60 mesh were selected.



Phenol, polyformaldehyde, formaldehyde (37%), sodium hydroxide, concentrated hydrochloric acid (36%), phosphoric acid (>85%), p-toluene sulfonic acid, petroleum ether, 95% ethanol, acetic acid, glacial acetic acid, concentrated sulfuric acid, acetic anhydride, and other chemicals were supplied by Beijing Chemical Reagents Co., Ltd. (Beijing, China).




2.2. Preparation of Phenolic Resin (PF) Foam


Phenol and formaldehyde solutions were added into a flask and stirred uniformly, and the temperature was increased to 85 °C. The first portion of polyformaldehyde was then added to the flask. The first portion of the NaOH solution was added to maintain the reaction temperature at 85 °C for 40 min. The second portion of polyformaldehyde and the first portion of the formaldehyde solution (37% concentration) were added to react with the NaOH solution at 82 °C for 40 min. The solution was then cooled down to 80 °C. The second portion of the formaldehyde solution and the third portion of the NaOH solution were then added, and the reaction time was 40 min at 80 °C. Finally, the viscous, brown-red phenolic resin foam with a high solid content was obtained by cooling the composite below 40 °C.




2.3. Acetylation Treatment of Poplar Fiber


The fibers were pulverized, and the treated fibers were respectively screened with 40 mesh and 60 mesh screens. Fibers between 40 and 60 mesh were selected.



The dry poplar fibers were first added into the NaOH aqueous solution at a mass fraction of 4%. The ratio of poplar fibers to NaOH aqueous solution was 1:4, and they were stirred for 2 h at 30 °C. The treated fibers were then washed to neutrality with deionized water, filtered and air-dried at 60 °C for 24 h, and finally packed and sealed for preservation.



Glacial acetic acid and acetic anhydride were added to the flask at a ratio of 3:4, and concentrated sulfuric acid was then added as a catalyst. The quality of the flask was 10%. The reaction time was 6 h under the condition of a constant temperature water bath at 50 °C. After the reaction, the sample was taken out, and the fibers were washed repeatedly with deionized water to neutrality. The fibers were then dried at 60 °C in a constant temperature oven for 24 h.




2.4. Preparation of Phenolic Foam Composites Reinforced by Plant Fibers


The numbers and formulations of all foam composites are listed in Table 1. Among them, No. 0 is the pure phenolic resin foam composite; No. 1 to 4 are the modified phenolic resin foam composites with 2%, 5%, 7%, and 10% addition of untreated poplar fiber; No. 5 to 8 are the modified phenolic resin foam composites with 2%, 5%, 7%, and 10% addition of acetyl-treated poplar fiber.



All foam samples were prepared using the one-shot and free-rise method. The chemical compositions of the samples are listed in Table 1. The PF and surfactant Tween-80 were first added into a 250 mL plastic beaker at room temperature and then stirred at 750 rpm for 3 min. Tween-80 is a commonly used nonionic surfactant in the preparation of foam materials. It can act as a stabilizer and auxiliary foaming agent in the production of foam materials. A blowing agent (petroleum ether) was then added to the mixtures and stirred at 750 rpm for 3 min. After the complex acid curing agent (p-toluenesulfonic acid:phosphoric acid:hydrochloric acid:water = 2:1:2:1) was added, the mixtures were stirred at 1000 rpm for 5 min. Each resulting viscous mixture was immediately poured completely into a foaming mold with a lid and then cured at 75 °C for 2 h. The fibers weight fractions incorporated into the material were 2, 5, 7, and 10 wt% based on the mass of the resin. PF and fibers were first added into a 250 mL plastic beaker at room temperature and then stirred at 750 rpm for 15 min. The remaining steps of the preparation were the same as those conducted to prepare pure PF.




2.5. Characterization of Phenolic Foam Composites


Fourier transform infrared spectrometry (FTIR) testing was conducted, and the fibers and foam composites were characterized by the ATR method. About 5–10 mg finely ground powder for each sample was analyzed directly with a Nicolet 6700 spectrometer (Thermo Scientific, Pittsburgh, PA, USA) by the attenuated total reflectance method in the optical range of 500–4000 cm−1 and with 32 scans on average at a resolution of 4 cm−1.



Scanning electron microscopy (SEM) testing was carried out with a Hitachi S-4800 (Tokyo, Japan) to observe the appearances of the fibers and foam composites.



The apparent densities of all foam composites were measured according to the ASTM D1622-03 standard. Samples with dimensions of 30 × 30 × 30 mm3 were intercepted from each foam composite.



The compressive strength and modulus along the free upward direction of the foam composites measured by a universal testing machine (Instron 6022) in accordance with ASTM D1621-10. Samples with dimensions of 30 × 30 × 30 mm3 were intercepted from each foam composite, and the downward compressive speed of each sample was 2.5 mm/min. When the strain is between 0% and 10%, the maximum value of the stress–strain curve is the compressive strength, and the slope of the elastic deformation line on the curve is the compressive modulus. Five samples were tested for each foam composite, and the average value was obtained.



Pulverization ratio testing was also conducted. Samples with dimensions of 50 × 50 × 20 mm3 were intercepted from each foam composite, and were then weighed (M1). The 50 × 50 mm side of each sample was then placed on sandpaper, and a 200 g weight was placed on top of the foam composite. The sample was then pulled back and forth on the sandpaper 30 times with a pull distance of 250 mm each time. The remaining mass of the sample was then weighed as M2. The pulverization rate was determined according to the formula (M1 − M2)/M1 × 100%. Four samples were tested for each foam composite, and the average value was obtained.



The thermal conductivity of the foam composites was measured by a Hot Disk TPS 2500 thermal conductivity analyzer. Samples with dimensions of 50 × 50 × 15 mm3 were intercepted from each foam composite. Three samples were tested for each foam composite, and the average value was obtained.



The limiting oxygen index (LOI) of each foam composite was determined by an HC-2 type instrument (ASTM), and tested according to ASTM D2863. Samples with dimensions of 100 × 10 × 10 mm3 were intercepted from each foam composite, and the results were averaged.



Determination of foam acidity: Took phenol formaldehyde foam 5 g, grinded it, and immersed it in 100 mL distilled water for about 30 min. Because phenolic foam powder is insoluble in water, we filtered out the insoluble matter, determined the pH value of the aqueous solution, and judged the pH value of the foam acid according to the pH value of the solution.



Foam hydrophobicity test: Samples with dimensions of 40 × 40 × 10 mm3 were intercepted from each foam composite, samples were immersed in red ink, and samples were taken at 24 h and 72 h.





3. Results and Discussion


3.1. Characterization of Poplar Fiber, Poplar Fiber-NaOH, and Poplar Fiber-NaOH Acetylation


To solve the compatibility problem between poplar fibers and resin, compatibilizing treatment is required. The wood fiber was washed with 10% NaOH solution and then acetylated with an acetylation reagent. The results are presented in Figure 1.



Figure 1a presents the electron micrographs of untreated poplar fiber (1), sodium hydroxide solution-pretreated poplar fiber (2), and acetylated poplar fiber (3), from which it can be seen that after sodium hydroxide solution treatment, some hemicellulose and pectin on the surface of the fiber were removed, leaving a single fiber with a neat appearance. The single fiber was shrunken due to the swelling effect of the sodium hydroxide solution, which increased the contact area between the fiber and the resin substrate, and the fiber could therefore be effectively dispersed in the resin substrate. After acetylation, the surface of the fiber was successfully coated with an ester substance. The esterified layer can reduce the polarity of the fiber, resulting in the better dispersion of the fiber in the resin, and fiber agglomeration can be effectively avoided. Figure 1b presents the infrared spectra of the fibers, in which the intensity of the -OH absorption peak at 3419 cm−1 is weaker than that of the pretreated fiber, indicating that the acetylating agent reacted with the hydroxyl group in the fiber, thus reducing the hydroxyl groups in the product after acetylation modification. Additionally, 1743 cm−1 is the absorption peak of C=O. The peak disappeared after sodium hydroxide treatment, indicating that hemicellulose and lignin were removed by sodium hydroxide. A significant increase in the peak value occurred after acetylation, which indicates that the acetylation was successful, and the absorption peaks at 1374 cm−1 (C-H) and 1241 cm−1 (-CO-) in the acetyl group also indicate that the acetyl group was introduced into the modified product. Figure 1c is a representation of the thermal stability of the fiber, from which it can be seen that the modified fiber presented no major changes. Before and after modification, the fiber had only one degradation stage, but the acetylated fiber was thermally stable. The thermal stability was greatly improved, as was the residual carbon ratio, which indicates the removal of hemicellulose with poor thermal stability from the fiber surface. This change improved the thermal stability of the fiber.



The acetylated fiber presented better dispersibility, reduced agglomeration, and improved compatibility with the resin substrate. The thermal stability was also improved, which is crucial for the preparation of the foam.




3.2. Characterization of PF, FPFs, and FTPFs


3.2.1. Fourier Transform Infrared (FT-IR) Spectroscopy of Foam


FT-IR spectroscopy was employed to determine whether the fiber established a stable chemical linkage in the phenolic resin foam. Figure 2 presents the chemical structures of PF, FPF, and FTPF. A typical hydroxyl absorption peak is present at 3200–3400 cm−1, 2850–2930 cm−1 is the position of the C-H absorption peak, and 1450–1600 cm−1 is the absorption peak of the aromatic ring in the phenolic resin. As shown in the figure, the spectra of FPF and FTPF are similar to that of the conventional PF, which indicates that the chemical structure of phenolic foam after fiber modification was similar to that of traditional phenolic foam. During the preparation process of fiber-modified phenolic foam, no chemical cross-linking between the fiber and phenolic foam occurred, and the fibers were only embedded in the resin as a filler (as shown in the optical micrograph embedded in the infrared spectra).




3.2.2. Apparent Density and Cell Density of Foams


The apparent density is a key indicator for the evaluation of the performance of phenolic foam. The volume of the phenolic resin was about 10–20% of the volume of the foam. The apparent density of the foam includes the resin (cell wall) density and the cell density, and thus the partial properties of the phenolic foam, can be expressed in terms of apparent density. Table 2 lists the apparent density, cell median diameter, and cell density values of the PF, FPFs, and FTPFs. Because the weight of the fiber was much heavier than the weight of the foam, an increase in the apparent density of the fiber-modified phenolic foam was inevitable. Moreover, as the fiber content increased, the apparent density of the foam also increased. It can be seen from the table that the densities of the foam materials presented an increasing trend with the increase of the fiber addition amount. However, the addition of fibers affected the cells of the foam, which resulted in the significant variation of the cell density. The cell density of the reference PF was 4.47 × 105 cells/cm3. With the 2% addition of fiber, regardless of whether the fiber was acetylated or not, the density of the cells increased. This can be attributed to the performance of the softwood powder as a nucleating agent, which promoted the formation of cells; this is consistent with previous reports [30]. With the increase of the addition amount of unmodified fiber, the cell density gradually decreased; this is because the fiber content was too high and agglomeration occurred among fibers, causing the morphology of the cells to be broken and resulting in a decrease in cell density. However, in the FTPFs, although the cell density decreased with the increase of fiber content, the degree of reduction was less than that in the FPFs; this was due to the weakening of fiber agglomeration after acetylation modification, and the fibers had better compatibility with the resin substrate. The cell density of the FTPF-5% foam was the highest, reaching 5.24 × 105 cells/cm3 and exceeding that of PF. The foams with higher cell density tended to display better performance.




3.2.3. Morphologies of Foams


The most important factor of foam is the morphology of its cells. The performance of the thermal insulation material has a significant relationship with the closed cell ratio of the material. The morphologies of the PF, FPFs, and FTPFs foam were observed by scanning electron microscopy. The SEM images and cell distributions of the different types of foam are presented in Figure 3.



Figure 3 reveals that most of the cells in the foam were closed, which is the most basic condition for thermal insulation. However, some perforations can be observed in the photograph, and may have been caused by the evaporation of water in the foam resins. Partial cracking or debris was also observed in all foams due to cutting problems during sample preparation. PF exhibited a regular and uniform cell structure with an average cell size of 103.31 μm and a cell size distribution of 40–160 μm. With the addition of a small amount of fiber, the average diameter of the foam cells was reduced. When fiber was added in an amount exceeding 5%, the pore size distribution of the foam was wider and the average diameter was increased, which is primarily because the fibers did not mix well in the resin substrate. Additionally, the fiber itself easily agglomerated. To solve this phenomenon, the fiber was acetylated. It was found that the FTPF foams exhibited a relatively regular and uniform cell structure compared to the FPF foams. The foam cells of FTPF-5% exhibited the most perfect structure, their average diameter (96.67 μm) was lower than that of the PF foam, and the cell distribution was mainly 80–100 μm. The smaller and more uniform cell morphology can lead to excellent performance.




3.2.4. Mechanical Properties of Foams


The compressive property is one of the indexes by which to evaluate the mechanical properties of materials; therefore, the compressive strength and modulus of the modified phenolic foams were evaluated. The compression of phenolic foam generally occurs in three main stages. In the early stage of compression, the strength of the cell wall and the internal gas pressure maintain the basic shape of the cell. Cell wall breakage and collapse and compaction then occur, which makes the cell deformation of stress in the sample dispersion effect the main factors influencing the compressive strength of size [31]. Figure 4a shows the compressive strengths of the PF, FPFs, and FTPFs. When the fiber content in the FPFs was low, the compressive performance of the foam was increased. The main reasons for this are the nucleation of the fiber, which resulted in the growth of foam on the fiber, and the relatively uniform and compact structure of the cell. With the increase of the fiber content, the compressive strength of the foam decreased gradually. This is primarily due to the increase of fiber addition, which led to fiber agglomeration and lower compatibility between the fiber and resin substrate. During the foaming process, the agglomerated fibers broke up the uniformity of the original resin foam, resulting in large, uneven foam cells and even perforation, which directly led to the reduction of the mechanical properties of the foam materials (Figure 5). When the fiber content was increased to 10%, the strength of the foam was the lowest (0.07 MPa); low-strength foam materials lose practical use value. To address this, the fiber was modified by acetylation to obtain FTPFs. The strength was significantly increased; FTPF-5% presented the highest strength (0.18 MPa), an increase of 28.5% compared to the strength of the PF foam (0.14 MPa). The main reasons for this are that, after the acetylation of the fiber, polarity was reduced and the compatibility between the fiber and resin was enhanced, which reduced fiber agglomeration. During the foam formation stage, fiber played a role as the nucleating agent. The cells were uniform and small, and no large cells were formed, thereby increasing the strength of the foam material. Figure 4b shows that the compressive modulus was approximately the same as the compressive strength structure. The modulus of the modified poplar was slightly higher than that of the unmodified poplar, indicating that the modification of fiber can improve the interface compatibility between the fiber and foam. The best compressive performance was exhibited by FTPFs-5%; its compressive modulus was 8.05 MPa, presenting an increase of 37.9% compared with PF (5.83 MPa).



The inserted picture shows the state of wood fibers mixed with resin.




3.2.5. Pulverization Ratios of Foams


The high pulverization ratio of phenolic foam is restricted by its application range, so it is necessary to test and analyze the pulverization ratio of modified phenolic foam. Figure 6a presents the pulverization ratios of the PF, FPFs, and FTPFs. The pulverization ratio of pure phenolic foam (PF) was the highest at 9.6%, indicating brittleness. The reason for this may be that the phenolic foam itself has a short molecular chain, and it can easily drop powder and slag when it is subjected to force and friction. With the increase of fiber addition, the foam pulverization changed, and a small amount of fiber led to the decrement of the pulverization ratio of the foam. The main reason for this is that fiber helped to form small cells, and the cell walls were supported by the protection of the surrounding fiber. Fiber can withstand a certain friction, improve the wear resistance of phenolic foam, and thus reduce the loss of the quality of the foam. However, with the increase of fiber addition (>5%), the agglomeration of fibers led to the bursting or perforation of the foams, which destroyed their uniform structure. The burst foam structure was more likely to fall off, thus increasing the pulverization rate of the foam material. This is not conducive to the actual utilization of the foam material. When the fiber was acetylated to prepare FTPFs, the fiber mixed well with the resin, which greatly reduced the probability of the crushing and perforation of the foam. Fibers exhibit a foam molding role, supporting role, and fiber itself wear resistance, and the distribution of fibers in the resin can result in diverse forces of foams (Figure 6c). The relatively short and rigid structure of the original foam (PF) could not sufficiently diffuse stress in the foams, and the phenomenon of stress concentration therefore easily occurred. However, in the FTPFs, the fiber greatly dispersed stress and thereby improved the mechanical stability of the foam. FPF-5% and FTPF-5% had lower pulverization ratios (7.4% and 6.5%, respectively), presenting decrements of 22.9% and 32.3% compared to PF (9.6%). Via a comparison with modified foams reported in the existing literature, particularly those modified with biomass materials, it was found that the fiber-modified phenolic foam presented in the current work had a better pulverization rate (Figure 6b) and exhibited satisfactory results.




3.2.6. Thermal Conductivity and Limiting Oxygen Index (LOI) of Foams


The thermal conductivity of an object is an important index by which to evaluate its thermal insulation performance. Porous plastic foam structures contain large volumes of gas, so gas conductivity is often a key factor in heat transfer. However, the heat transfer of foam is mainly conducted through solid polymers, which means that the thermal conductivity of foam is affected by both solid and gas. Besides the factors that affect the thermal conductivity of phenolic foam, such as the density of the resin, the size distribution of foams, the median diameter of foams, and the thermal conductivity of solid polymers, added fillers or modifiers also affect the thermal conductivity of the foam to some extent [34]. Generally, good thermal insulation materials should have small, uniform, and closed cells. Figure 7a presents the thermal conductivities of the PF, FPFs, and FTPFs. The thermal conductivity of PF was 0.058 W/mK. The thermal conductivities of the FPFs increased with the increase of fiber addition. A small amount of fiber addition can ensure the stability of the thermal conductivity; the thermal conductivity of FPF-5% was slightly lower than that of PF. The main reason for this that the foam material had better cell uniformity, and the size of the foam cell was smaller than that of PF. When the addition amount of fiber was further increased, the cell wall breaking and perforation caused by fiber agglomeration led to a significant increase in the thermal conductivity of the foam materials. In the acetylated modified foam (FTPFs), the fiber and resin substrates were well integrated, and the probability of large perforation was reduced. Therefore, the thermal conductivity of the foams could be well controlled. FTPF-5% foam exhibited the lowest thermal conductivity of 0.056 W/mK.



Building fires occur frequently, and therefore building insulation materials must be flame retardant. As a widely used building insulation material, the flame retardancy of phenolic foam has always been an important factor that affects its application. Therefore, it is necessary to analyze the flame retardancy of the modified foams. The limiting oxygen index (LOI) is the minimum oxygen concentration required for the combustion of materials in a mixture of oxygen and nitrogen.



The LOI values of the PF, FPFs, and FTPFs are presented in Figure 7b. The LOI values of the FPFs presented a significant reduction compared to that of PF; the decreasing trend of the LOI value became more obvious with the increase of the fiber addition amount. The reason for this phenomenon is the flammability of fiber itself. After acetylation, the LOI values of the FTPFs were higher than those of the FPFs. This is because, after acetylation processing, hemicellulose on the surface of the fiber, which can easily decompose, was removed. Additionally, the fiber and resin substrate could more easily fuse, thereby reducing the generation of foam debris. The LOI of FTPF-5% was 33.9%, slightly higher than that of the PF foam (33.3%), which was mainly related to the cell densities of the foams. The cell density of the FTPF-5% foam was higher; the higher proportion of carbon atoms in the same plane resulted in easier carbonization of the foam, which improved its self-extinguishing performance. The sample with the lowest LOI value was FPF-10% (27.7%); it was therefore a refractory material (LOI > 26%), indicating that fiber-modified phenolic resin could be used as a building insulation material.



Curing agent is an indispensable part of in the process of preparing foam and inorganic acid; because of its fast curing speed and low price, it is widely used, but it can cause equipment corrosion in the curing process and the residual acid in the foam can cause corrosion of metal materials in building walls. In order to solve this problem, this paper adopted complex acid curing phenolic foam. By measuring the acidity of the two foams (Figure 8a), it was found that the acidity of complex acid curing foam was decreased obviously. The foam material itself has hydrophobic properties (Figure 8b), and the hydrophobic angle reaches 101°. After immersion for 24 h and 72 h, it was found that the permeability of the aqueous solution is limited and only permeates the surface of the foam material and cannot enter the interior of the foam. Therefore, the acidity of the foam solution is greatly reduced, which can effectively protect the steel beneath the foam.






4. Conclusions


In this article, via the characterization of the morphology, mechanical properties, crushing ratio, and thermal flame retardant properties of phenolic resin foams, it was found that the prepared modified fiber foams (FTPFs) were better than unmodified fiber foams (FPFs). The most outstanding performance of the FTPFs was the foam with an acetylated fiber addition amount of 5% (FTPF-5%). Compared to PF, the cell distribution of FTPF-5% was narrower, its cell diameter was reduced, its cell density was increased, and its compressive strength and modulus were increased by 28.5% and 37.9%, respectively. Additionally, the pulverization ratio was successfully reduced from 9.6% to 6.5%, and the thermal insulation performance and flame retardant performance (LOI) were slightly improved. The main reasons for this are that, after acetylation treatment, the polarity of poplar fiber decreased, the phenomenon of fiber agglomeration lessened, and the compatibility between the fiber and phenolic matrix improved. Additionally, the addition of fiber increased the viscosity of the resin, and was conducive to the nucleation of the foam, thereby reducing the cell size and increasing the cell density of the material. The porous structure of foam directly improved the mechanical properties of the material, and simultaneously ensured the insulation and flame retardant properties of the foam material.







Author Contributions


Conceptualization and methodology, J.L. and W.Z.; software, Y.H; investigation, J.L., W.Z., L.W. and Y.H.; writing—original draft preparation, J.L., W.Z.; writing—review and editing, J.L., W.Z., L.W.; visualization, J.L.; supervision, W.Z., L.W. and Y.H.; project administration, J.L., W.Z., L.W. and Y.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Key R&D Program of China (2017YFD0601003), the Fundamental Research Funds for the Central Universities (No. 2016ZCQ01).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Berardi, U. A cross-country comparison of the building energy consumptions and their trends. Resour. Conserv. Recycl. 2017, 123, 230–241. [Google Scholar] [CrossRef]

	



Aditya, L.; Mahlia, T.M.I.; Rismanchi, B.; Ng, H.M.; Hasan, M.H.; Metselaar, H.S.C.; Muraza, O.; Aditiya, H.B. A review on insulation materials for energy conservation in buildings. Renew. Sustain. Energy Rev. 2017, 73, 1352–1365. [Google Scholar] [CrossRef]

	



Huang, J.; Zhao, Z.; Chen, T.; Zhu, Y.; Lv, Z.; Gong, X.; Niu, Y.; Ma, B. Preparation of highly dispersed expandable graphite/polystyrene composite foam via suspension polymerization non-covalently compatibilized by polystyrene with enhanced fire retardation. Carbon 2019, 146, 503–512. [Google Scholar] [CrossRef]

	



Del Saz-Orozco, B.; Alonso, M.V.; Oliet, M.; Domínguez, J.C.; Rojo, E.; Rodriguez, F. Lignin particle-and wood flour-reinforced phenolic foams: Friability, thermal stability and effect of hygrothermal aging on mechanical properties and morphology. Compos. Part B Eng. 2015, 80, 154–161. [Google Scholar] [CrossRef]

	



Hidalgo, J.P.; Torero, J.L.; Welch, S. Fire performance of charring closed-cell polymeric insulation materials: Polyisocyanurate and phenolic foam. Fire Mater. 2018, 42, 358–373. [Google Scholar] [CrossRef]

	



Auad, M.L.; Zhao, L.; Shen, H. Flammability Properties and Mechanical Performance of Epoxy-Modified Phenolic Foams. J. Appl. Polym. Sci. 2007, 104, 1399–1407. [Google Scholar] [CrossRef]

	



Deshmukh, G.; Birwal, P.; Datir, R.; Patel, S. Thermal insulation materials: A tool for energy conservation. J. Food Process. Technol. 2017, 8, 670. [Google Scholar] [CrossRef]

	



Torre, L.; Kenny, J.M. Impact Testing and Simulation of Composite Sandwich Structures for Civil Transportation. Compos. Struct. 2000, 50, 257–267. [Google Scholar] [CrossRef]

	



Basso, M.C.; Pizzi, A.; Al-Marzouki, F.; Abdalla, S. Horticultural/hydroponics and floral natural foams from tannins. Ind. Crop. Prod. 2016, 87, 177–181. [Google Scholar] [CrossRef]

	



Zhang, L.; Liang, S.; Chen, Z. Influence of particle size and addition of recycling phenolic foam on mechanical and flame retardant properties of wood-phenolic composites. Constr. Build. Mater. 2018, 168, 1–10. [Google Scholar] [CrossRef]

	



Amran, U.A.; Zakaria, S.; Chia, C.H.; Jaafar, S.N.S.; Roslan, R. Mechanical properties and water absorption of glass fiber reinforced bio-phenolic elastomer (BPE) composite. Ind. Crop. Prod. 2015, 72, 54–59. [Google Scholar] [CrossRef]

	



Liu, L.; Fu, M.; Wang, Z. Synthesis of boron-containing toughening agents and their application in phenolic foams. Ind. Eng. Chem. Res. 2015, 54, 1962–1970. [Google Scholar] [CrossRef]

	



Yuan, J.; Zhang, Y.; Wang, Z. Phenolic foams toughened with crosslinked poly (n-butyl acrylate)/silica core-shell nanocomposite particles. J. Appl. Polym. Sci. 2015, 132. [Google Scholar] [CrossRef]

	



Wang, C.; Li, H.; Liu, L.; Guo, Z.; Wang, H.; Peng, Z. Thermal and dielectric properties of the epoxy resin toughened by different kinds of liquid rubbers. In Proceedings of the 2016 IEEE International Conference on Dielectrics (ICD), Montpellier, France, 3–7 July 2016; Volume 1, pp. 363–366. [Google Scholar]

	



Ge, T.; Tang, K.; Tang, X. Preparation and Properties of Acetoacetic Ester-Terminated Polyether Pre-Synthesis Modified Phenolic Foam. Materials 2019, 12, 334. [Google Scholar] [CrossRef]

	



Diao, J.J.; Liao, X.Q.; Diao, C.F. Analysis of Thermal Insulation Material on Building Exterior Wall. Appl. Mech. Mater. 2017, 873, 153–157. [Google Scholar] [CrossRef]

	



Liu, L.; Wang, Z. Facile synthesis of a novel magnesium amino-tris-(methylene phosphonate)-reduced graphene oxide hybrid and its high performance in mechanical strength, thermal stability, smoke suppression and flame retardancy in phenolic foam. J. Hazard. Mater. 2018, 357, 89–99. [Google Scholar] [CrossRef]

	



Liu, Y.Q.; Zhang, X.H.; Wei, G.S.; Gao, J.M.; Huang, F.; Zhang, M.L.; Guo, M.F.; Qiao, J.L. Special effect of ultra-fine rubber particles on plastic toughening. Chin. J. Polym. Sci. 2002, 20, 93–98. [Google Scholar]

	



Lu, J.; Yang, Z.; Gu, Y.; Li, M.; Zhang, Z. Effects of glass fiber reinforcement type on property of phenolic foam. Acta Mater. Compos. Sin. 2014, 31, 1394–1401. [Google Scholar]

	



Silva, R.V.; Spinelli, D.; Filho, W.W.B.; Neto, S.C.; Chierice, G.O.; Tarpani, J.R. Fracture toughness of natural fibers/castor oil polyurethane composites. Compos. Sci. Technol. 2006, 66, 1328–1335. [Google Scholar] [CrossRef]

	



Silva, M.C.; Takahashi, J.A.; Chaussy, D.; Belgacem, M.N.; Silva, G.G. Composites of rigid polyurethane foam and cellulose fiber residue. J. Appl. Polym. Sci. 2010, 117, 3665–3672. [Google Scholar] [CrossRef]

	



Xue, B.L.; Wen, J.L.; Sun, R.C. Lignin-based rigid polyurethane foam reinforced with pulp fiber: Synthesis and characterization. ACS Sustain. Chem. Eng. 2014, 2, 1474–1480. [Google Scholar] [CrossRef]

	



Soberi, N.S.M.; Rahman, R.; Zainuddin, F. Effect of kenaf fiber on morphology and mechanical properties of rigid polyurethane foam composite. Mater. Sci. Forum 2017, 888, 188–192. [Google Scholar] [CrossRef]

	



Oh, S.T.; Kim, S.H.; Jeong, H.Y.; Lee, J.M.; Cho, J.W.; Park, J.S. The mechanical properties of polyurethane foam wound dressing hybridized with alginate hydrogel and jute fiber. Fibers Polym. 2013, 14, 173–181. [Google Scholar] [CrossRef]

	



Seavey, K.C.; Glasser, W.G. Continuous cellulose fiber-reinforced cellulose ester composites. II. Fiber surface modification and consolidation conditions. Cellulose 2001, 8, 161–169. [Google Scholar] [CrossRef]

	



Sun, R.C.; Sun, X.F. Structural and thermal characterization of acetylated rice, wheat, rye, and barley straws and poplar wood fiber. Ind. Crops Prod. 2002, 16, 225–235. [Google Scholar] [CrossRef]

	



Rowell, R.M.; Clemons, C.M. Chemical modification of wood fiber for thermoplasticity, compatibilization with plastics, and dimensional stability. In Proceedings of the Washington State University International Particleboard/Composite Materials Series Symposium, Pullman, WA, USA, 7–9 April 1992; pp. 251–259. [Google Scholar]

	



Sobczak, L.; Brüggemann, O.; Putz, R.F. Polyolefin composites with natural fibers and wood-modification of the fiber/filler–matrix interaction. J. Appl. Polym. Sci. 2012, 127, 1–17. [Google Scholar] [CrossRef]

	



Rodrigue, D.; Souici, S.; Twite-Kabamba, E.T. Effect of wood powder on polymer foam nucleation. J. Vinyl. Addit. Technol. 2006, 12, 19–24. [Google Scholar] [CrossRef]

	



Yang, Z.; Yuan, L.; Gu, Y.; Li, M.; Sun, Z.; Zhang, Z. Improvement in mechanical and thermal properties of phenolic foam reinforced with multiwalled carbon nanotubes. J. Appl. Polym. Sci. 2013, 130, 1479–1488. [Google Scholar] [CrossRef]

	



Xu, W.; Wang, G.; Zheng, X. Research on Highly Flame-retardant Rigid PU Foams by Combination of Nanostructured Additives and Phosphorus Flame Retardants. Polym. Degrad. Stab. 2015, 111, 142–150. [Google Scholar] [CrossRef]

	



Zhou, J.; Yao, Z.; Chen, Y.; Wei, D.; Xu, T. Fabrication and mechanical properties of phenolic foam reinforced with graphene oxide. Polym. Compos. 2014, 35, 581–586. [Google Scholar] [CrossRef]

	



Hu, L.; Wang, Z.; Zhao, Q. Flame Retardant and Mechanical Properties of Toughened Phenolic Foams Containing a Melamine Phosphate Borate. J. Macromol. Sci. Part D Rev. Polym. Process. 2017, 56, 9. [Google Scholar] [CrossRef]

	



Li, Q.; Chen, L.; Li, X.; Zhang, J.; Zhang, X.; Zheng, K.; Fang, F.; Zhou, H.; Tian, X. Effect of multi-walled carbon nanotubes on mechanical, thermal and electrical properties of phenolic foam via in-situ polymerization. Compos. Part A Appl. Sci. Manuf. 2016, 82, 214–225. [Google Scholar] [CrossRef]








[image: Materials 13 00148 g001 550] 





Figure 1. (a) SEM figures of poplar fibers: (1) Poplar fiber, (2) poplar fiber-NaOH, and (3) poplar fiber-NaOH-acetylation. (b) FTIR spectra of poplar fibers. (c) TGA and DTG curves of poplar fibers. 
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Figure 2. FTIR spectra of phenolic foam (PF), FPF, and wood fiber-reinforced FPF (FTPF). 
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Figure 3. SEM images and cell size distributions of the PF (0), FPFs (1–4), and FTPFs (5–8). 
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Figure 4. Normalized (a) compressive strength and (b) compressive modulus of PF, FPFs, and FTPFs. 






Figure 4. Normalized (a) compressive strength and (b) compressive modulus of PF, FPFs, and FTPFs.



[image: Materials 13 00148 g004]







[image: Materials 13 00148 g005 550] 





Figure 5. The distribution of fibers in foams. 
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Figure 6. (a) Pulverization ratios of the PF, FPFs, and FTPFs. (b) Comparison between toughened modified foam resins in the existing literature and the preferred foam resins in the present study [4,12,31,32,33]. (c) Model diagrams of PF and FPF under loading. 
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Figure 7. (a) Thermal conductivity and (b) limiting oxygen index of the PF, FPFs, and FTPFs. 
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Figure 8. (a) Determination of foam acidity and (b) foam hydrophobicity test of FTPF. 
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Table 1. Formulations of phenolic foam composites.
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	Foam Number
	Foam Name
	Tween-80 (wt%)
	Petroleum Ether (wt%)
	Complex Acid Curing Agent (wt%)
	Original Poplar Fiber (wt%)
	Acetylated Treated Fiber (wt%)





	0
	PF
	10
	6
	15
	/
	/



	1
	FPF-2%
	10
	6
	15
	2
	/



	2
	FPF-5%
	10
	6
	15
	5
	/



	3
	FPF-7%
	10
	6
	15
	7
	/



	4
	FPF-10%
	10
	6
	15
	10
	/



	5
	FTPF-2%
	10
	6
	15
	/
	2



	6
	FTPF-5%
	10
	6
	15
	/
	5



	7
	FTPF-7%
	10
	6
	15
	/
	7



	8
	FTPF-10%
	10
	6
	15
	/
	10
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Table 2. Apparent density, cell median diameter, cell density, and porosity of foams (0–8).
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	Foam Number
	Foam Name
	Apparent Density (kg/m3)
	Cell Median Diameter (μm)
	Cell Density NF (105 Cells/cm3)
	Porosity f (%)





	0
	PF
	46.31
	103.31
	4.47
	94.27



	1
	FPF-2%
	48.74
	98.95
	4.76
	93.79



	2
	FPF-5%
	51.83
	104.38
	4.35
	93.07



	3
	FPF-7%
	53.44
	108.16
	3.06
	92.59



	4
	FPF-10%
	58.42
	115.78
	2.70
	91.87



	5
	FTPF-2%
	48.38
	97.62
	4.94
	93.79



	6
	FTPF-5%
	50.97
	96.67
	5.24
	93.07



	7
	FTPF-7%
	52.52
	103.26
	3.95
	92.59



	8
	FTPF-10%
	57.21
	108.61
	3.40
	91.87











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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