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Abstract: To enhance mechanical properties and improve flame retardancy and smoke suppression of fast-growing poplar wood in wood applications, the wood was impregnated and modified. An organic phenolic prepolymer and inorganic sodium silicate was used as contrasting impregnation modifiers and wood samples were impregnated by a bionic “respiration” method with alternating positive and negative pressure. The weight percentage gain, density increase ratio, mechanical properties (bending and compressive strength and hardness), and water absorption rate of inorganic and organic-impregnated modified poplar wood (IIMPW and OIMPW, respectively) were compared and these properties in IIMPW were found to be higher than those of OIMPW with the exception of the water absorption rate which was lower than the OIMPW. This was attributed to the superior absorption of sodium silicate that also improved the impregnation, reinforcement, and dimensional stability in the IIMPW. The chemical structure, crystalline structure, internal morphology, flame retardancy, smoke suppression, and thermal stability of IIMPW and OIMPW were characterized by FT-IR, XRD, SEM, CONE, and TGA. FT-IR and XRD results showed that, although IIMPW cellulose crystallinity reduced the most, more chemical bonds were come into being in IIMPW, which explained the better physical and mechanical properties of IIMPW. Compared with OIMPW, IIMPW had better flame retardant and smoke suppression performance.
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1  Introduction

As one of the three fast-growing tree species in artificial forests, poplar is the largest production tree species in China [1]. It has the characteristics of fast growth, abundant resources, and soft and easy processing. However, there are also disadvantages to this wood, including low mechanical strength, poor dimensional stability, and easy to burn [2–4], which greatly limit poplar applications in furniture, wood structures, and other building materials [5]. Therefore, it is necessary to modify poplar wood to improve its qualities, added value, and comprehensive utilization. An important direction has been in wood modification, such that the mechanical strength, dimension stability, and processing property of poplar can be improved simultaneously by injecting a wood modifier [6–8]. Impregnation modification cannot only broaden the usability of this fast-growing wood, but also alleviate pressure on the wood market to a certain extent as well as achieve certain economic benefits [9].

Common impregnation methods of wood include methods involving normal pressure impregnation, vacuum impregnation, and pressure impregnation, the whole of them can impregnate a modifier into wood to a certain degree. However, the modifier immersion method for wood is a procedure of lautering immersion. The modifying agent with high molecular weight was easily blocked by cell walls in the impregnation process and the wood thus difficult to impregnate by conventional impregnation [10]. With silicate as the impregnating agent, poplar wood was impregnated herein using a “respiration” method under alternating positive and negative pressure [11–13]. After a negative pressure treatment, the degree of vacuum of internal pores and cell cavities of poplar wood was increased, and then the impregnating agent was inhaled into the tank. When positive pressure was applied to the tank, the impregnating channels were more accessible under higher internal and external pressure and the impregnating agent introduced into the wood more smoothly. Cycling of the pressure, modifying layer by layer filled in the wood to form a silica gel that was tightly bonded to the wood in the drying process, thereby enhancing the mechanical strength of the wood. Therefore, the respiration method is an effective modification method to improve the comprehensive properties of the wood making the process ideal for further research and offering good, potential for commercialization.

A low molecular weight polymer resin has been widely used in wood impregnation and filling modification [14,15]. After resin is injected into wood, its active groups combine with active groups in wood in a certain fashion, which can significantly improve the density, hardness, water resistance, dimensional stability and mechanical strength of a wood. However, modification of organic impregnant can affect the adhesiveness of poplar wood and the cost is high of organic compounds. And the toxic gases released in the procedure of preparation and application of organic-impregnated modified poplar wood (OIMPW) will endanger the air environment and personal safety. In comparison, inorganic modifier has the superiorities of cost effective and nontoxic nature [16]. In addition, inorganic-impregnated modified poplar wood (IIMPW) has the features of good physical and mechanical properties, environmental protection, and fire resistance [17]. Therefore, the results of this reported study help to explain the practicability and advantages of inorganic chemical wood modification.

2  Materials and Methods

2.1 Materials

Poplar wood used here was from Chenzhou, Hunan province, China. The test samples of different sizes of poplar wood were prepared in accordance with Chinese national standard GB/T1929-2009. The samples should be free from structural defects. The sodium silicate (Na2SiO3, 46%, 1.9 modulus) used in this study was purchased from Hunan Hetang Chemical Co., Ltd. (Changsha, Hunan Province, China). The phenolic prepolymer (33.5%, pH = 10, molecular weight is 280~400, viscosity, 52 mPa·s) was prepared in this laboratory and the mole ratio of sodium hydroxide, phenol, and formaldehyde at 1/1/3.5 [18].

2.2 Preparation of Impregnated Modified Poplar Wood

Poplar wood samples were selected and dried in a draught drying cabinet at 80°C until the moisture content ranged from 13% to 15%. They were then placed in a tank for the respiration impregnation process (Fig. 1). First, the tank vacuum degree was adjusted to 0.09 MPa using a vacuum pump and maintained for 30 min. Then, 30 wt% Na2SiO3 solution (pH = 12) was inhaled into the tank using the negative pressure and the samples thus submerged in solution. The negative pressure was then released and an air compressor used to pressurize the tank to 0.5 MPa for 30 min, after which time the positive pressure inside the tank was used to expel the solution and the pressure then released. Four cycles of impregnation were carried out with alternating positive and negative pressure and the total impregnation time 2 h. Finally, the solution was discharged, the positive pressure released, specimens removed, and their surfaces cleaned. IIMPW samples were obtained after drying at 80°C for 24 h. OIMPW samples were produced using the same method. Contrasting OIMPW samples were prepared by the same method with phenolic prepolymer as impregnating modifier.
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Figure 1: Bionic respiration impregnation process for poplar wood

2.3 Weight Percentage Gain Test

The oven-dried weight of poplar wood samples before and after impregnation was recorded as m0 and m1, respectively. The weight percentage gain (WPG) was assessed using Eq. (1), as


WPG=(m1−m0)/m0×100%
(1)

2.4 Density Test

Referring to the Chinese national standard GB/T 1933-2009, the method for wood density determination was applied. Wood samples were completely dried in a blast drying box at 103 ± 5°C and the masses of them was recorded as m0, and the length of longitudinal, radial, and tangential were measured as L0, R0, and T0, respectively. The density of unmodified wood was calculated using ρ0 = [m0/(L0 × R0 × T0)], and the density of modified samples was calculated as ρ1 = [m1/(L1 × R1 × T1)].

2.5 Mechanical Properties Test

The bending strength, compressive strength, and hardness values of wood samples was tested in accordance with the Chinese national standard GB/T 1936-2009, GB/T 1935-2009, and GB/T 1941-2009, respectively.

2.6 Water Absorption Rate Test

The water absorption rate (WAT) was tested according to the Chinese national standard GB/T 1934.1-2009. Dry and weighed samples were immersed in water at 20 ± 5°C and reweighed every 24 h after the surface water was wiped off using a filter paper. The WAT calculated using Eq. (2), as


WAT=(W2−W1)/W1×100%
(2)

where W1 is the mass of last measurement result and W2 is the mass of next measurement result.

2.7 Fourier Transform-Infrared Spectroscopy Analysis

Wood sample powders were mixed in a mortar with KBr in a weight ratio of 1/100, with a diameter <0.074 mm (200-mesh). The RAffinity-1 Fourier transform-infrared spectrometer (FT-IR; Shimadzu Corp., Kyoto, Japan) was used to obtain spectrograms of samples in the range of 400–4000 cm–1.

2.8 X-Ray Diffraction Analysis

The samples were completely dried in a blast drying box at 103 ± 5°C. The crystallinities of samples were tested using an X-ray diffractometer in the angular range of 2θ = 5°–40°. The calculation of empirical crystallization index Crl [19] was expressed by Eq. (3), as


Crl=(I002−Iamorph)/I002×100
(3)

2.9 Scanning Electron Microscope Analysis

The end and diametral morphology of poplar wood were determined using a Quanta 200 scanning electron microscope (SEM; FEI Co., Hillsboro, OR, USA) operated at 20 kV. Samples were mounted on circular aluminum stubs with a double-sided adhesive tape and sputtered with a thin layer of gold before analysis.

2.10 Fire Tests

Unmodified, OIMPW, and IIMPW samples were tested using butane gun combustion experiment in a windless environment. The butane gun flame was 1300°C, the sample longitudinal axis perpendicular to the ground and the gun flame at a 45° angle. The sample upper end was clamped to the bracket 50 mm from the lower end of the gun. The flame contacted samples for 60 s, then removed the gun, and the burning samples observed.

2.11 Cone Calorimetric

Cone calorimetric (CONE) tests of wood samples were performed on a cone calorimeter (FTT; Stanton Redcroft, Ltd., West Sussex, UK), following the ISO5660-1 standard. For each test, a 100 × 10 × 100 mm3 (T × R × L) sample was covered with aluminum foil, except the upper surface, and placed into a specific steel frame, which was then mounted horizontally on the loader and exposed to radiative energy at 50 kW/m2, which corresponded to a temperature of 780°C on the upper sample surface.

2.12 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on wood samples using a 209 F3 TGA (Netzsch Instruments North America, Burlington, MA, USA) according to the test instructions. The test temperature range was 25–600°C, 10 °C/min heating rate, 30 mL/min nitrogen flow, and 5 mg sample injection volume.

3  Results and Discussion

3.1 Analysis of Physical and Mechanical Properties

As the physical and mechanical properties of wood samples reflect their practical value, the physical and mechanical properties of these modified samples were evaluated, including WPG, density, bending strength, compressive strength, and longitudinal, tangential and radial hardness, and water absorption rate (Fig. 2). To compare the impregnation effects of inorganic and organic impregnation using this method, the WPG and density of IIMPW and OIMPW were examined, which showed that the WPG and density of IIMPW were 69 ± 1.73% and 0.65 ± 0.028 g/cm3, while those of OIMPW were 49.24 ± 1.99% and 0.57 ± 0.03 g/cm3, respectively (Fig. 2a). Compared with Yue et al. [20], when phenolic prepolymers are with similar solid content, the improvement on WPG of OIMPW is more obvious by using our method. This illustrated that silicate and phenolic prepolymer had been successfully introduced by this method into the wood and the weight and density increased [21]. However, there were differences in the WPG and density increase ratios of wood prepared with the two modifiers. The WPG and density increase ratio of IIMPW were higher than that of OIMPW, which indicated that the impregnation effect of the inorganic modifier method was better than that the organic form.
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Figure 2: Physical and mechanical properties of wood samples, WPG and density (a), bending and compressive strength (b), hardness (c), and WAR (d) of unmodified, OIMPW, and IIMPW samples

Impregnating wood is an effective method for minimizing defects, such as loose material and low strength, thus improving strength and hardness. Therefore, the bending strength, compressive strength, and hardness of unmodified, OIMPW, and IIMPW samples were compared. The results indicated that the bending and compressive strengths of the two modified wood samples were significantly higher than those of unmodified wood (Figs. 2b and 2c). Because phenolic prepolymer and silicate had been impregnated into the wood, they deposited and cross-linked in the voids of cell lumens and cell walls of the wood, thus enhancing mechanical properties. Among these properties, the bending and compressive strengths of IIMPW were increased by 62.8% and 79.3% while those for OIMPW increased by 41.5% and 48.9%, respectively. Liu et al. [22] used sodium silicate composite modifier to modify poplar wood, when sodium silicate with similar mass fraction, the improvement on bending strength of IIMPW is more obvious by using our method. These results demonstrated that phenolic resin and silicate impregnation could enhance mechanical properties. However, there were some differences in terms of enhancement effects between the two modifiers. The bending and compressive strengths of IIMPW were greater than those of OIMPW, which was directly related to impregnation effects. At the same time, this was consistent with the results of WPG and density for these treated samples which indicated that more silicate had filled in cell walls and cavities in the wood, thus providing IIMPW with higher strength.

The longitudinal, radial, and tangential face hardnesses of IIMPW and OIMPW were higher than those of unmodified samples, with the hardness of IIMPW increased by 164.1% and that of OIMPW by 140.2% (Fig. 2c). This showed that the hardness of the three surfaces of IIMPW were higher than those of OIMPW, which was due to silicate forming a harder combined substance in IIMPW than OIMPW. This suggested that, compared with common OIMPW, IIMPW was more suitable for the preparation of solid wood floors and other places with higher hardness requirements.

Wood has strong moisture absorption because of there are many pores and a large number of hydrophilic groups, such as hydroxyls, in the wood structure. Therefore, wood can easily absorb moisture in a damp environment, which can lead to changes in harness, deformation and/or even mildew. The effect of impregnation on water resistance was verified using the WAT of unmodified and impregnated samples (Fig. 2d). The WAT of unmodified, OIMPW, and IIMPW were 138.2%, 89.9%, and 80.1%, respectively, which showed that the WAT of modified wood had decreased significantly, such that its water resistance and dimensional stability were improved [23]. On one hand, most of the wood pore structure was filled with modifier, which reduced available water storage spaces in the wood. On the other hand, the numbers of hydrophilic groups in wood were greatly reduced by reactions between the modifier and hydroxyl groups [24]. However, the WAT of OIMPW was higher than that that of IIMPW, which indicated that the filling degree of inorganic impregnation was higher than that of organic impregnation. In addition, phenolic prepolymer itself contained a large number of hydrophilic groups, including hydroxyl and carbonyl groups, which resulted in lesser effect on water absorption of organic versus inorganic impregnation. These results suggested that inorganic impregnation method has better effect on improving water resistance of poplar wood.

3.2 Microscopic Morphology Changes of Impregnated Poplar Wood

Wood is a material with poor porosity holes, with the presence of cell lumens and ducts playing an important role in solution diffusion and gas transport. Here, the distribution effect of phenolic prepolymer and silicate were examined using SEM in terms of the internal morphology of unmodified, OIMPW, and IIMPW samples, examining their longitudinal and transverse internal morphology (Fig. 3).

SEM photos of these samples showed that there were many cell cavities and intercellular spaces in transverse wood sections, with many rough fiber structures after the cell walls of the longitudinal section were broken (Fig. 3b). A large number of phenolic prepolymer and silicate particles were distributed on OIMPW and IIMPW surfaces (Figs. 3c and 3e), and the transverse-section surface roughness were reduced due to the filling of phenolic resin and silicate. This was because phenolic prepolymer and silicate combined with the wood structure more and better after cyclic positive and negative pressure impregnation. After drying, phenolic resin and silicate solidify was observed in the tracheids and intercellular spaces of treated samples, thereby reducing the roughness of a cut wood surface. At the same time, the cross-section of IIMPW was covered with more modifying agent than that of OIMPW. Although phenolic resin was seen in the longitudinal section, the amount of phenolic resin was very small and the surface of the OIMPW rough structure not covered (Figs. 3d and 3f). However, IIMPW surfaces were covered with a large amount of silicate and surfaces relatively smooth and roughness greatly reduced. These results directly reflected the different results of these wood impregnation treatments, indicating that inorganic impregnation based on positive and negative pressure cycle treatment was better than organic impregnation.
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Figure 3: Microscopic morphology of unmodified poplar wood, OIMPW and IIMPW. Longitudinal and transverse morphologies of unmodified (a and b), OIMPW (c and d), and IIMPW samples (e and f, respectively)

3.3 Chemical and Crystalline Structural Changes of Impregnated Poplar Wood

Wood contains a large number of reactive groups, such as hydroxyl groups, because of the existence of cellulose. Because phenolic prepolymers and silicates contain carbonyl and silicate radicals, respectively, these modifiers can form hydrogen bonds and other chemical bonds with wood hydroxyl groups [25]. The reactions and crosslinking between phenolic prepolymer, silicate, and wood chemical structure were verified using FT-IR on the three kinds of samples. Also, the effects of impregnation modifiers on wood crystalline structure were explored by examining sample crystallinity by XRD (Fig. 4).

From the analyses of the characteristic peaks of modified wood samples, the position of the main characteristic absorption peak of unmodified wood was not changed in treated samples, but the main peak absorption intensities were different (Fig. 4a). The absorption peak of OIMPW decreased at 1620 cm–1 (stretch vibrations of conjugated carbonyl bond in lignin), which might be attributed to the reaction of carbonyl and phenolic resin modifier in the wood. The vibration peak of the Si-O-Si bond in IIMPW appeared at 768 and 466 cm–1 and the carboxylate absorption peaks of OIMPW and IIMPW appeared at 1595 and 1416 cm–1, respectively [26]. This suggested that, after phenolic resin prepolymer and silicate were introduced into the wood, in addition to forming a solid insoluble material with the larger wood pores filled, some modifier also reacted with wood components to form chemical combinations. Also, the carbonyl absorption peak at 1739 cm–1 and C-O absorption vibration peak at 1236 cm–1 disappeared after wood modification, which was related to reactions between modifier and wood components. Changes in the spectral range of 3130–1620 cm–1 reflected that wood hydroxyls with strong reactivity reacted with the modifier, such that the hydroxyl content of modified wood decreased and H-bond content increased. Hence, the mechanical properties of modified samples were improved and water absorption reduced.
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Figure 4: FT-IR spectra (a) and XRD diffraction patterns (b) of unmodified poplar wood, OIMPW and IIMPW

There are three main crystal planes of wood cellulose distributed in XRD spectra, at 2θ of 16, 22.5, and 35° (Fig. 4b). The XRD peaks of IIMPW and OIMPW samples did not shift relative to unmodified samples, which indicated that the cellulose lattice of modified samples had not changed. However, XRD spectra showed that the diffraction peak intensities of modified materials decreased in varying degrees on the (101) crystal plane at 16°, (002) crystal plane at 22.5°, and the (040) crystal plane at 35°. According to Eq. (4), the cellulose crystallinities of unmodified, OIMPW, and IIMPW samples were 43.10%, 40.41%, and 37.02%, respectively. Decreased crystallinity in modified samples showed that the diffusion and penetration behavior of modifier in the wood interfered with the originally ordered cellulose crystal zone. In addition, reactions between modifier and wood components also destroyed the stability of the cellulose crystal zone to a certain extent. Therefore, the cellulose crystallinity of modified samples decreased.

In the normal course of things, the greater the wood cellulose crystallinity is, the higher its mechanical strength. However, the crystallinity of IIMPW was the smallest and its mechanical properties the highest. This was because after silicate was fixed in the wood, this hard insoluble matter acted as a wood skeleton, which provided strong support for cavity structures. At the same time, silicate formed chemical cross-linking with groups in the wood, which made the wood structure more stable. Therefore, silicate-modified wood showed better mechanical properties.

3.4 Flame Retardant and Smoke Suppression of Impregnated Poplar Wood

The flame retardancy, smoke suppression, and fire resistance of wood can improve the safety factor of wood products. When there is a fire, such materials can delay the spread of a fire, winning valuable time for rescue operations. Therefore, refractory phenolic resin and sodium silicate were impregnated into poplar wood and evaluated in terms of flame retardancy. The effects of impregnation of phenolic resin and inorganic silicate impregnation on flame retardancy of poplar wood were evaluated by testing samples using a butane gun, cone calorimeter, and thermogravimetric analyzer.

The fire resistance of samples was first intuitively examined by continuous burns for 60 s at 1300°C using a butane gun (Figs. 5a–5c). The fire intensity of the three wood samples was observed to increase from small to large and then decrease. Unmodified and OIMPW samples produced a clear yellow flame at 20 s and more intense burning at 30 s, after which time the flame brightness was the highest. However, in the whole combustion process, combustion of unmodified and OIMPW samples were more intense than that of IIMPW. After 40 s of flame, IIMPW did not produce a yellow flame and ceased burning when the flame was removed. The sample surface was seen to be severely carbonized where it had contacted the flame. After removal of the flame source, unmodified and OIMPW samples continued to burn with a well-defined flame, with the surfaces only slightly carbonized. These results showed that inorganic modification had effectively improved the wood’s fire resistance.
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Figure 5: Combustion test and residual carbon of unmodified (a and d), OIMPW (b and e), and IIMPW (c and f, respectively)

The results of heat release rate (HRR), total heat release (THR), smoke production rate (SPR), and total smoke production (TSP) as determined using the cone calorimeter are shown in Figs. 6a–6d. The HRR and THR represent the combustion intensity of a material. Generally speaking, the smaller the HRR and THR are, the smaller the fire hazard. The peak-HRR and THR of unmodified, OIMPW, and IIMPW were 209.52, 176.96, and 145.33 kW/m2 and 48.52, 42.17, and 30.04 MJ/m2, respectively (Figs. 6a and 6b). Compared with unmodified samples, the peak-HRR and THR of OIMPW and IIMPW were reduced by 15.5% and 30.6% and by 13.1% and 38.1%, respectively. Compared with OMPW, IIMPW exhibited the lower heat release, which was because small unpolymerized molecules in phenolic prepolymer participated in combustion. The HRR curves showed that there were two peaks in the combustion process of these samples. The first peak occurred a short time after the sample contacted the heat source, with the wood surface structure decomposing and burning rapidly at a high temperature. At the same time, the high temperature promoted the formation of a surface carbonization layer, which blocked most oxygen from the wood and prevented rapid decomposition of internal components, thus reducing sample HRR. Then, as the high temperature continued, the carbonized layer broke, and internal wood components then continued to decompose and burn, forming a second higher peak [27]. In addition, the time delay of the intense exothermic phase of impregnated samples was twice as long as that of unmodified samples, which indicated that both organic and inorganic impregnation effectively reduced the HRR and THR and achieved flame retardant effects. Analysis showed that inorganic impregnation was indeed better than organic impregnation for effective flame retardancy.

When fire occurs, the released of smoke and toxic gases by combustibles do present greater hidden harm potential than an open fire and high temperature to humans. The smoke production rate (SPR) curves obtained here showed two peaks in the combustion process, as was seen with HRR curves (Fig. 6c). However, the second peak-SPR of unmodified and OIMPW samples was similar but greater than that of IIMPW, which indicated that the smoke suppression effect of sodium silicate modification was better. At the same time, the TSP of OIMPW and IIMPW were reduced 19.1% and 56.8%, respectively, which was attributed to inorganic impregnation providing smoke suppression effect than organic impregnation.

Digital photographs of residual carbon in unmodified, OIMPW, and IIMPW samples after being tested by cone calorimetry showed that a large number of cracks appeared on unmodified samples, leaving white ash, residual carbon, and loose residual carbon structure (Figs. 5d–5f). This showed that the sample had been burned through. After phenolic prepolymer and silicate impregnation, the surface cracking degree decreased, which showed that wood’s fire resistance was improved by these impregnations. In comparison, there was a lot of white ash and a certain degree of fracture on OIMPW surfaces after burning. The surfaces of IIMPW samples were only carbonized after burning and the degree of surface fracture small, which further demonstrated that inorganic impregnation had better flame retardant effects than organic impregnation.
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Figure 6: Heat release (a and b), smoke formation curves (c and d), and TG-DTG curves (e and f) of unmodified, OIMPW, and IIMPW samples

The filling of modifier in modified samples affected their thermal stability. Unmodified and modified samples were tested by TGA in a nitrogen atmosphere. TGA and DTG curves showed that the residual weight of OIMPW and IIMPW increased by 12.14% and 24.96%, respectively, compared unmodified samples, which indicated that the flame retardancy impregnated samples was clearly improved (Figs. 6e and 6f). The reason for this was that heat resistance had been improved after phenolic resin and silicate addition, thus improving the wood’s safety in case of fire. However, the maximum thermal decomposition rate of modified samples was different and, before 330°C, the thermal decomposition rate of modified samples was greater than that of the unmodified. It was speculated that, in the process of wood modification, the modifier reacted with wood components, resulting in the decomposition and fracture of some long chains into short chains, such that the pyrolysis of modified wood was advanced. Due to the combination of modifier and short chains, the thermal stability of short chains was improved. Therefore, the maximum thermal decomposition rate of modified samples was decreased and the thermal decomposition rates of modified samples lower than that of unmodified samples after 330°C [28]. The pyrolysis weight loss of modified samples was much lower than that of the unmodified. Comparing the thermogravimetric curves of the two kinds of impregnated samples, the temperature of maximum decomposition rate, and pyrolysis residual rate of IIMPW were higher than those of OIMPW, which demonstrated that the thermal resistance of IIMPW was better than that of OIMPW. The difference between OIMPW and IIMPW was because inorganic silicate has better heat resistance and non-flammability [29,30]. When a modifier with good heat resistance was impregnated in this wood, heat resistance was improved. Therefore, silicates played an important role in improving the safety of poplar wood products in case of fire.

4  Conclusions

Silicate impregnated poplar wood was prepared using a “respiration” method. The advantages of inorganic impregnation as defined by the resultant properties of the OIMPW and IIMPW were determined and compared. The experimental results showed that IIMPW exhibited greater advantages than OIMPW and, in terms of impregnation effects, the weight percentage gain, density increase ratio and mechanical strength of IIMPW was higher than those of the OIMPW. This indicated that inorganic impregnation produced better impregnation effects, property enhancement, and dimensional stability. More hydrogen bonding and chemical cross-linking was found in modified wood, which also demonstrated the advantages of the inorganic modification method. The transverse and longitudinal sections of IIMPW were smoother and the mechanical indentation was less due to the improved properties of the silicate-filled wood. The lower THR and TSP of IIMPW reflected its improved flame retardancy and smoke suppression properties. In conclusion, silicate modification is feasible and advantageous in the application of wood modification.
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