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Abstract 

The objective of this study is to investigate the use of microwave-soaking 

combination methods to improve the impregnation efficiency of Ammonium 

Sulfate (AS) as a fire-retardant into the teak wood. Various methods were 

compared by testing the (WPG). Experiments were performed for different 

impregnation conditions such as microwave power, radiation time and soaking 

time. The results showed the optimum condition for maximum WPG with 

microwave was to impregnate with AS solution using microwave power of 300 

W, with a radiation time of 10 min, and then soaking at 75ºC for 6 hours.  The 

effect on the properties of the treated wood before and after microwave-soaking 

treatment was also investigated by Fourier Transform Infrared Spectroscopy and 

compression strength parallel to the grain. Furthermore, this work evaluated the 

effect of AS contents having a concentration of 0-25 wt.% impregnated into teak 

on flammability and leachability. Flammability was tested using the Limiting 

Oxygen Index (LOI) and, leachability was carried out according to JIS K 1571. 

The test indicated that the LOI values increased from 21.24% for untreated wood 

to 38.5 for 25 wt.% AS as a self-extinguishable wood, and the leaching of AS 

from wood was in the range 1-2.5%, indicating the good fixation of AS in teak. 

Keywords: Ammonium sulfate, Compression strength, Fire retardancy, Leachability, 

Limiting oxygen index, Teak wood. 
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1.  Introduction 

Teak (Tectona grandis Linn. f.) has a reputation of being the “king of timbers” due 

to its beautiful and uniform colour (Golden yellow, brown coloured heartwood), 

good machining properties, strength, high natural durability, pleasant appearance, 

and weather resistant [1, 2]. These features contribute to their high performance in 

various applications such as furniture, construction, floor finishes, shipbuilding, 

etc. [2]. In modern society, teak furniture or indoor decorative materials shows 

elegant values on classic furniture and a high-value timber [3]. It is necessary, 

therefore, to test the timber according to a variety of uses to find the most durable 

form. One of the limitations of teak is that it is a flammable material. It can, 

therefore, pose a serious fire risk under the right conditions, such as when it is hot 

enough [4]. Many studies have been carried out to investigate ways to reduce the 

ignitability, heat release and the spread of flames [5, 6]. Substances have been 

developed to meet the safety requirement as fire-retardants for wood, but none has 

reported on products for teak wood.  

Fire-Retardant Chemicals (FR) loaded into the wood structure can modify the 

reaction mechanism and the pyrolysis product during burning [7, 8]. This reaction 

is able to delay or even extinguish combustion [9]. The effect in FR treated wood 

will depend on the type of chemicals, the add-on of the chemicals, the species of 

the wood and the impregnation processes [6, 7]. Ammonium Sulfate is one of the 

most effective fire retardants and a well-known component of fertilizer that is non-

toxic and inexpensive. Researchers have previously found that AS has a good effect 

as FR for cotton fabrics [10], fir wood [5], oak [11], sugar-cane bagasse, cellulose, 

pinus halepensis needles and their main components (cellulose, lignin and 

extractives) [12]. In all instances, AS are applied to delay ignition and flame spread 

as well as to lower the rate of heat release.  

The effectiveness of chemical impregnation depends on the chemical 

formulation, the concentration of the chemical, method of impregnation, kinds of 

wood species, the moisture content of the wood, amount of chemical retention and 

distribution [6-8]. A method whereby a substance could be impregnated into a 

wood structure is the main point of this study. Much of the literature also involves 

improvement of impregnation of chemicals in wood such as soaking, vacuum, 

pressure, steaming, microwave and plasma [5, 12-14]. The conventional method 

involves vacuum and pressure impregnation such as Bethel process, Lowery 

process and Rueping process [6, 15]. This method causes a deep penetration of 

chemicals, but at high capital costs and a long treatment time. Another technique is 

soaking at atmosphere or at high temperature that results not deep impregnation 

[16]. To solve these problems, the microwave method has also become of interest 

as an alternative approach for the conventional methods. 

Microwaves (MW) are a series of waves that consist of electromagnetic 

energy (frequency band between 300 MHz and 300 GHz and wavelengths 

ranging from 1.0 meters to 0.1 centimetres) [12]. MW interact with polar 

molecules and ions in a material to obtain quickly high temperature and then 

generates a steam pressure of substances within structure increasing the solubility 

of the FR and rupture the structures of thin-walled cells and pit membranes to 

form pathways for the easy transport of liquids and vapours [12]. Its advantage 

is good permeability, fast heating, energy saving, ease of control, compactness, 

and good uniform heating. The study of Poonia et al. [17] reveals that the 
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preservative retention was 5.11 kg m-3 of Eucalyptus tereticornis wood treated 

with Acid Copper Chrome by using a 2.45 GHz frequency microwave with MW 

heating for 5 min and MW intensity for 143.35 W/cm2. Domeny et al. [18] 

confirmed microwave has an effect on the fluid permeability of beech false 

heartwood. The permeability was increased as a function of the MW time 

consumption applied and the WPG increased to 33.84% at 20 seconds intervals 

(20 seconds treatment, 30 seconds relaxation and 20 seconds treatment). Vinden 

et al. [19] studied the effect of MW process parameters (preservative, sleeper 

weight, sleeper density, MW energy, and MW power) of Pinus radiata railway 

sleepers for preservative treatment on preservative distribution and uptake in 

sleepers and found that dramatic increase in wood permeability and solution 

uptake after MW modification. Hong-Hai et al. [20] reported that the larch wood 

was treated by water by microwave irradiation under different radiant intensity 

(500-900 kW) and treating duration (20-50 seconds). The CS values of 

microwave-treated specimens decreased slightly compared to the untreated 

specimen but not remarkably. In this study introduces a new method as a 

combination of microwave and soaking method to enhance fixation efficiency by 

increasing the WPG and by shorting the time of impregnation of FR into the 

wood. It has also come of interest as an alternative to conventional methods. 

The main objective in the first part of this study was to investigate the effect of 

the AS impregnation methods (microwave/soaking treatment and with/without 

soaking temperature into the sample) on WPG. Secondly, the effect of parameters 

of microwave combined soaking methods, such as microwave power and radiation 

time, and the effect of soaking time of AS was determined on the WPG, FTIR, and 

compression strength. Lastly, we specifically determined the effect of AS with 

various concentrations on the flammability properties (LOI) and the leachability of 

AS. This study, possibly, provides a useful understanding on a potential scale-up 

from a laboratory experiment to an industrial technique. 

2.  Materials and Methods  

2.1.  Materials 

The teak lumber was obtained for this experiment from commercially produced flat 

sawn lumber supplied by a local sawmill in Phitsanulok province, Thailand. 

Samples were carefully chosen for having the same annual ring. The teak timbers 

were kiln dried at 60ºC and thereafter conditioned to stable moisture content and 

then it was machined into samples with the dimensions of 100 × 10 × 7 mm3 and  

8 × 2 × 2 cm3 that were selected by the criteria of similar weight (±0.001 g) and 

average density 743 kg/m3. Before impregnation, the teaks were dried in an oven 

at 105ºC for 24 hours, then keep into desiccator for two weeks, and weighed. 

Ammonium Sulfate ((NH4)2SO4, >98% purity) was purchased from Ajax 

Finechem, Australia. AS solutions were diluted in distilled water before use at 

2.5%, 5%, 10%, 15% and 25% concentrations, respectively [5]. 

2.2.  Impregnation of teak samples 

For the experiment, a commercial microwave MS20220LG (Microwave, 

Thailand), was basically a rectangular container (455 × 330 × 260 mm3). The 

frequency microwave and power outputs were 2450 MHz and 700 W [21]. The 

impregnation of teak was performed using the microwave method followed by the 
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soaking method, respectively with the volume ratio of the specimen to aqueous 

solutions at 1:10. The wood in solution was microwaved for 2 minutes, then taken 

out and allowed to soak on heat at 30ºC (room temperature) and 75ºC for 2 hours. 

Afterwards, the wood sample was removed from the chamber and shaken off lightly 

to remove excess solution from the surface of the wood. After the treatment, all the 

teak were dried until the weight stabilised at 60ºC. The AS impregnation of the teak 

were divided into seven groups to study the effect of impregnation methods shown 

in Fig. 1. It was found through the use of the Conductivity Meter, that AS does not 

decompose when exposed to microwaves. All the experiments of each condition in 

this study were performed using 10 samples. 

 

Fig. 1. Schematic diagram of impregnation methods applied to teak. 

The efficiency of FR-fixation of wood is measured by WPG that this value has 

to be considered to be a fixed solid (FR) in the wood matrix with monitoring the 

weight before and after the treatment process. WPG of each condition was 

measured according to Eq. (1) as previously mentioned in other studies [22]: 

100/)(% 112  WWWWPG                 (1) 

where W1 is the oven-dried weight of the wood sample before impregnation (g) and 

W2 is the oven-dried weight of the wood sample after impregnation (g). 

2.3.  FTIR analyses 

Fourier Transform Infrared Spectroscopy (FITR) spectroscopy was performed in 

Attenuated Total Reflectance (ATR) mode using a Spectrum GX FTIR spectrometer 

(Perkin Elmer Instruments GmbH, Überlingen, GER) within a wavenumber range 

from 400 cm-1 to 4000 cm-1 at a spectral resolution of 4 cm-1 (64 scans) using a 

diamond crystal (GladiATR Vision, Pike Technologies, Madison, USA). 
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2.4.  Compression strength test 

The CS value is the maximum crushing strength in compression parallel to grain 

and is the frequently used method for research purposes. CS was conducted using 

the Tecnotest Macchina Tipo KL200. Samples had dimensions of 8 (axial) × 2 × 2 

cm3 and the load was applied in the axial direction. Samples were conditioned for 

2 weeks at 20  ± 2ºC and 65  ± 5% relative humidity before testing [23]. 

2.5. Leaching of treated wood specimens 

The Procedure Leaching Test was conducted according to (JIS) K 1571 (JIS, 2004) 

and Chinese National Standard 6717 (2000) [24]. The procedure involves 

immersing the five specimens per run in a 1000 ml beaker containing 400 ml 

distilled water added in a ratio of 10 volumes of water to 1 volume of wood, stirring 

with a shaker follower (400-450 rpm) at 27ºC for 8 hours, followed by drying for 

16 hours and then teak was stored in a desiccator. The percentages of leaching the 

AS impregnated samples (%L) according to the following Eq. (2): 

100/)(% 232  WWWL                 (2) 

where W2 is the oven-dried weight of teak after impregnation (before leaching) (g) 

and W3 is the oven-dried weight of impregnated teak after leaching (g). 

2.6.  Limited oxygen index (LOI) measurements 

The LOI value was defined fire performance of wood samples as the minimum 

percentage of oxygen for retaining flaming combustion of each sample under test 

conditions. LOI measurements of samples were carried out by using a Stanton Red 

Croft instrument, which is a vertical burning test. It was applied for evaluation of 

LOI in accordance with ASTM D2863-10 [25]. The sample is placed with the 

holder in a gas mixture of oxygen/nitrogen and adjusting the amount of O2 until 

flaming combustion of the sample for 5.08 centimetres (2 inches) or 3 minutes after 

the removal ignition source. The five replicate measurements were observed for 

each value, with R.S.D. lower than 1%. 

3.  Results and Discussion 

3.1.  Comparison of impregnation methods of AS into teak wood 

From the data in Fig. 2, Comparing WPG between groups treated without a 

microwave (I, II) and with microwave (III-VII) found that WPG of groups III-VII 

more than I, II. This indicates that the impregnated AS depends on the method and 

the temperature, which was the MAI and the soaking temperature, significantly 

affect the WPG of wood samples. In the case of using microwave irradiation 

without solution before AS soaking (groups III and IV) had WPG of samples more 

than groups I and II. It is reasonable to suppose that the microwave energy 

adsorption in the wood may also cause a changing of the matrix from the centre to 

the surface layer or gradient shrinkage between regions during the impregnation 

processes, with the result, the fluid can diffuse into the wood [26]. Especially, the 

substantial difference in uptake caused by wood immersed in solution under 

microwave processes was higher for V, VI and VII than for III and IV. The reason 

for the high permeability may be due to microwave energy heated solution 

generating steam pressure from within the bulk, which creates the micro-cracks of 
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wood cell walls, pit membranes, ray cells and the partial rupture of tyloses in 

vessels to produce more and more pathways, leading to for an increased mass 

transfer of substances between boundaries [27]. Microscopic studies by He et al. 

[28] revealed the tyloses in vessel and pit membranes of the Eucalyptus were 

ruptured after the MV treatment is the factors for the increased permeability. 

Ramezanpour et al. [21] pointed out that the effect of MW on preservative 

penetration can also be attributed to a radial wood permeability improvement. 

 

Fig. 2. Comparison of impregnation methods of AS into teak wood on WPG. 

Furthermore, compared to treatment by soaking after microwave (V, VI, VII), 

soaking has a major effect on the impregnation of AS in wood and WPG of VII less 

than V and VI. This indicated that soaking increases the time duration of mass transfer 

of AS and the solubilization of AS to enter the wood structure. The result here 

presented a clear advantage of MAI in enhancing the permeability of AS. The main 

parameters play an important role on AS impregnation of teak. Lastly, the combined 

action of microwave and soaking into solution at a high temperature in VI proved 

previous conclusions. Microwave combined with soaking could greatly increase the 

WPG, which was the highest WPG at 3.078% (the retention was 5.772 kg m-3). It 

was improved by almost 12 times compared to that for the soaked samples. 

3.2.  Effect of microwave power and radiation time 

Figure 3 shows the impregnation profiles for the WPG of 2.5 and 25% AS 

impregnation obtained using Microwave-Assisted Impregnation combined soaking 

(75ºC, 2 hours) with various radiation times and microwave power of microwave. 

Figure 3 demonstrates the increase of WPG of the impregnation during 

microwave treatments of teak woods. The WPG increased with microwave power, 

radiation time, and AS solution concentration. The effect of AS concentration 

levels into the teak wood on WPG. As expected, the WPG in wood samples treated 

with AS increases with the increment of AS concentration levels from 2.5 to 25%. 
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It can be noted that increasing the concentration of the AS increases significantly 

the impregnation of wood. 

 
Fig. 3. The effect of microwave power and radiation time on WPG of teak 

wood impregnated with (A) 2.5%AS and (B) 25%AS; soaking time, 2 hours. 

When compared with the microwave powers, the increment of WPG depending 

on the radiation powers was observed. The WPG reached a relatively high value 

(7.78%) when the treating power increased to 700 W for 10 minutes of 25%AS. This 

is because of the intensity of the vibrations of the molecules inside the wooden 

structure of higher wattages [29]. The high amount of microwave energy absorbed 

generated AS steam within the wood and damaged the cell structure to form micro-

holes, increasing pathways for transportation of fluid [20]. In this paper, it was found 

that a slight difference in the value of the WPG for samples MW-radiated at 300 W 

and 700 W for 10 minutes was observed. It can also be stated that both microwave 

powers have influence closely on the movement capability of fluid as AS solution.  

In order to directly compare the radiation time ranged from 2 to 10 minutes, the 

WPG increased with the same microwave power. It was observed indeed that at a 

high microwave power level with increasing radiation time the WPG profile of the 

specimens continuously increases more than that in the case of low microwave 

power level. Especially, there was a sharp increase in WPG for specimens with 

power at 300 W, from 3.25 to 4.84 (49%) of 2.5% AS and 5.84 to 7.42 (27%) of 

25% AS whereas, at 700 W the WPG increased slightly nearly 14.32% (2.5% AS) 

and 25.44% (25% AS) with increase in MW treatment time. This result indicated 

that the duration of radiation causes a positive effect on a fluid add-on to enhance 

the diffusion and fixation of AS within the lumen cells/voids. The observed data 

cannot be compared with literature due to the research articles has not been reported 

before dealing with the add-on of fire retardant into the teak wood. The previous 

works by Ramezanpour et al. [21] found that the microwave radiation in pre-

treatment of fir wood (Abies alba L.) at a frequency of 2.45 GHz from 10 to 16 

minutes could increase the retention of acid copper chromate. 
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3.3.  Effect of soaking time  

The effect of 2.5% AS impregnation using MAI (300 W, 10 minutes) combined 

after soaking at various soaking times with a sample was taken and checked every 

15 minutes. The sample was removed from the solution, dried and examined. 

Figure 4 shows that the results of the longer the soaking time increased the 

impregnation rate only in the first 6 hours and WPG up to 4.5-6.0, thereafter, the 

rate of impregnation and WPG flattens out, leading to no further gains. Increasing 

the soaking time from 15 minutes to 1.15 hours results in dramatic increases in the 

WPG efficiency due to the capacity of the wood pores, which have spare space 

allowing AS to be adsorbed fully and quickly, thereafter, the capacity diminishes 

until no further absorption is possible. 

 
Fig. 4. Effect of soaking time at 75ºC on WPG of teak wood impregnated 

with 2.5% AS; microwave power, 300 W; and radiation time, 10 minutes. 

3.4.  Fourier Transform Infrared Spectroscopy analysis  

The FTIR spectra of untreated and treated teak with AS solution containing 2.5% and 

25% concentration with microwave power levels varying from 150 to 700 W for 10 

minutes, and then fixed soaking condition at 75ºC for 6 hours exposure are represented 

in Fig. 5. In the untreated teak wood, the dominant peaks of the O-H (3334 cm-1), C-H 

(2800-2990, 1368 cm-1), C=O (1734 cm-1), C=C (1595, 1507 cm-1), C-O (1240 cm-1) 

and C-O-C (1024 cm-1) are observed in overall spectra, which indicate mainly 

derivative components of natural polymer (wood) such as cellulose, hemicelluloses, 

and lignin [30, 31]. Similar results have been reported previously [32, 33]. 

After impregnation with AS (2.5% and 25%) at power 300 W, it can clearly be 

observed that there is a significant difference between the curves treated and untreated 

wood. The FTIR spectrum of wood treated with sulphur fire retardant shows the new 

peak at 1120 cm-1, attributed to the stretching vibration of S-O [34, 35]. It can prove 

that sulphur fire retardant is present in the wood. Their intensity increases with 

increasing the AS concentrations. The decrease in intensity of the bands at 895-896  

cm-1 shows the changes in C-H out-of-plane distortion in cellulose and hemicelluloses 

[36]. The band at 1024 cm-1, which was assigned to the C-O stretching vibration of 

Ph-O-C coupled with aromatic ring vibration in lignin, C-O stretching vibration in 
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xyloglucan [37], gradually decreased as AS impregnated. The decrease in the C-O 

stretch with exposure AS concentration resulted in a decrease in the vibration of this 

band. The peaks at 1595 and 1507 cm-1 peaks are associated with the aromatic skeletal 

stretch of lignin [38], which was reduced on AS treatment. 

 

Fig. 5. FT-IR spectra of untreated and microwave-treated teak wood. 

A significant reduction was observed the peak located at 1730-1740 cm-1, 

corresponding to C=O stretching vibrations of acetyl, carbonyl and carboxyl groups 

38]. This change suggests that the cleavage of acetyl side chains from 

hemicelluloses after impregnation. These results indicate that the addition of AS 

enhances the hemicelluloses degradation. Interestingly, the bands at around 2900 

cm-1 C-H stretching peaks) was enhanced and divided into two peaks at 2920 cm-1 

(CH2 asymmetrical) and 2850 cm-1 (symmetrical stretching) [39]. Their intensity 

increased with increasing concentration of AS. This may be due to a change in 

lignin or cellulose of sp3 and sp2 hybridized C-H stretch by AS solution. A similar 

finding was reported by Cheng et al. [40].  

The peak of 3000-3500 cm-1, which, corresponds to the stretching vibration of 

O-H of treated wood is different than that of untreated wood and decreases with 

higher concentrations of AS [30]. A possible explanation might be that the sulphur 

fire retardant may bond with wood cellulose by hydrogen bonds. This result is in 

agreement with our previous findings. Other peaks, i.e., 1315, 1368, 1420 and 1460 

cm-1 peaks [38], were decreased slightly after treatment. There might have occurred 

the degradation of lignin and hemicellulose. 

The effect of MW irradiation power on FTIR spectra of 25%AS-treated wood 

are shown in Fig. 5. With the increase in the MW irradiation power from 150 W to 

700 W, the transmittance of the O-H, C-H, C=O, C-O-C, S-O and C-O slightly 

decline, however, the changes are not significant [33, 37]. These observations can 

be attributed to the physical and chemical effects of microwave treatment. 

Especially, the intensity of the C=O stretching vibrations of carboxyl groups at 
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1730 cm-1 showed a decrease of 4% at 700 W compared at 150 W. This result 

indicates that hemicellulose component was more effective by the microwave 

treatment. The intensity of both 2920 cm-1 (CH2 asymmetrical) and 2850 cm-1 

(symmetrical stretching) display a slight increased with increasing microwave 

powers. However, these results indicate that the cellulose molecular was changed 

a little and amount of hemicellulose still exist in teak wood structures in the case 

of various microwave treatment powers. Zhu et al. [41] pointed out that the thermo-

chemical pretreatment for Miscanthus biomass by using the microwave with H2SO4 

(0.2 kmol/m3) had little influence on lignin and more effect on hemicellulose, the 

degradation might occur in partial components with increasing the H2SO4 

concentrations. The changes in functional groups affected the mechanical property 

of wood, as will be discussed in detail in the following sections. 

3.5.  Compressive strength analysis 

In order to understand better the effect of microwave on the strength properties, the 

compression strength parallels to grain was also performed. Figure 6 shows the CS 

profile of untreated and AS-treated wood (2.5 and 25%AS) with respect to 

microwave irradiation times for different microwave power levels with microwave 

and fixed soaking condition at 75ºC for 6 hours.  

According to Fig. 6, The CS value in average obtained for untreated teak (59 

MPa) and AS-treated teak in all cases (>50 MPa). Generally, the CS values of AS-

treated specimens were reduced slightly compared to the untreated specimens. This 

value is within the range reported in the literature (44.4-65.9 N/mm2), which is 

classified as being a hardwood [42]. This may be due to the impregnation effect of 

AS, which causes degradation of the main substance of wood polymers, the 

cumulative effect resulting in pit damage and microchannels. Nurmi et al. [43] 

reported the fire-retardant treatment decreases the mechanical strength. 

 

Fig. 6. Effect of microwave power and radiation time 

on compression strength for teak wood. 

As can be seen in the Fig. 6, CS values of all samples after treatment decreased 

as a function of increasing power level, radiation time and chemical concentration. 

As expected, the compressive strength values decreased with increasing of flame 
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retardant concentration, which was contrasting to the tendency of WPG. It was 

obvious that the high content of flame retardant in the wood specimens, the lower CS 

values of treated specimens. The highest decrease in CS, 15.44%, as compared to 

control specimens, was determined to occur at 700 W for 10 minutes of 25% AS. The 

percentages of CS decreases for both concentrations were found to be in the range of 

2.72-7.19% (at 150 W), 4.23-8.81% (at 300 W), and 9.90-15.44% (at 700 W) for 2 

to 10 minutes, when compared with the control specimens. This data indicates that a 

high microwave power level (700 W) the CS profile of the specimens continuously 

decreases sharply more than that low microwave power levels. These results are 

consistent with those reported by Hong-Hai et al. (2005) [20]. The reason might due 

to the amount of the energy applied to samples during the process, which can cause 

changes in the chemical structure of the wood. This is involved in the degradation of 

hemicelluloses is less resistant to the vibratory energy into heating than cellulose and 

lignin, which cause the reduction in mechanical properties [44].  

Concerning low microwave intensity, there seemed to be no significant 

difference between CS of 150 W and of 300 W. This indicates that the microwave 

radiation may provide the tiny cracks on the cell walls inside the wood and did not 

connect each other to form macroscopic cracks, which have great influence on the 

mechanical properties of the wood [20]. In the other literature, Šefc et al. [23] 

reported that the CS had a little effect with a decrease of 5% for fir wood and the 

consistency for beech of microwave treatment by citric acid with 750 W power. 

Hermoso and Vega [45] determined the different strength properties (CS) of dried 

Eucalyptus globulus wood reduced ranging from 72.4-47.3 MPa due to microwave 

treatment (290-430 MJ m-3) before the conventional process (vacuum conditions of 

30 kPa and pressure of 900 kPa for 120 minutes) with TANALITH E solution. 

3.6.  Flame retardancy and leachability analysis 

The WPG for each concentration of wood impregnation by microwave (300 W, 10 

minutes) combined and soaking at 75ºC for 6 hours are reported in Fig. 7. The WPG 

in wood samples increases linearly with the increment of AS concentration. The 

highest increment of WPG depending on the concentrations was observed on AS 

treated wood samples as follows: the WPG was founded 7.422 at 25 wt% of AS 

solution. This indicates that the impregnated AS was fixed in the wood matrix 

because of the pressure differences between the wood structures and AS solution. 

Thus, the high concentration obtains the adsorption into the cell lumen and cell 

walls of wood increased, and as a result, WPG increased [42]. 

Figure 7 shows the percentages of leaching the AS impregnated samples (%L) 

along with standard deviations. %L of all treated samples after the leaching test 

was found in the range 0.1-2.2%, which means there is a small mass loss inside the 

wood sample during the test due to the AS flame retardants being a water-soluble 

salt. The amount of leaching increased slightly in treated samples as the loading of 

AS fire-retardants inside wood increased likely as results of better AS fixation, 

when the wood was treated with higher concentrations of fire-retardants. A possible 

explanation might be that the mass loss of treated wood could be related to the 

removal of excess AS fire-retardants or temporary fixed AS fire-retardant [24]. 

However, it can be observed in Fig. 7 that most of the AS were able to be fixed into 

the wood structure, which confirmed that AS was an effective flame retardant for 

wood samples under humid conditions. 
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Fig. 7. WPG and leachability of non-impregnated 

and impregnated teak wood with AS. 

The fire performance of AS-impregnated wood samples was evaluated based on 

LOI measurements. The results are presented in Fig. 8, the LOI value of untreated 

teak specimens was found to be 21.24% that can be categorized as slow burning in 

air with the classification of material according to ISO 4589 [46]. These LOI values 

tended to be raised with increasing WPG of AS in the sample, and all treated samples 

showed higher LOI levels than controls [47]. It was indicated that the higher the LOI 

value could increase the flame retardancy of the impregnated woods. The WPG of 

fire-retardant wood can reach 5.219%, while the LOI value could be up to 31.55%. 

Especially, all treated teak samples are classified as self-extinguishing (LOI >28) that 

means the wood samples will stop combustion after the removal of the ignition source 

[48]. The previous publication by Qu et al. [49] claimed the effect of fire retardants 

and concentration levels on various fire characteristics of wood. 

 
Fig. 8. LOI of non-impregnated and impregnated teak wood with AS. 
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4.  Conclusions 

The AS impregnation under soaking after being treated by microwave gives the 

highest WPGs while requiring the shortest impregnation times comparing with the 

other methods. The maximum WPG of the teak impregnated with 2.5%AS into the 

wood structure was 4.43%, that occurred while being treated with microwaves (300 

W, 10 minutes) and soaking at 75ºC for 6 hours. In addition, the highest increment 

of WPG depending on the concentrations was observed on AS treated wood samples 

as follows the WPG was founded 7.422 at 25 wt.% of AS solution. All treated teak 

samples with AS (5-25%) are classified as self-extinguishing (LOI >28), meaning the 

wood samples will stop combustion after the removal if the ignition source. The 

leaching of the AS from wood was in the range 1-2.5%, showing that the AS is firmly 

fixed in the wood structure. These results demonstrate the potential for alternative 

methods to impregnate fire retardant into the teak wood. 
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Abbreviations 

AS Ammonium Sulfate 

CS Compression Strength Parallel to Grain 

FR Fire-Retardant Chemicals 

FTIR Fourier Transform Infrared Spectroscopy 

L Leachability, % 

LOI Limiting Oxygen Index 

MAI Microwave-Assisted Impregnation 

MW Microwave 

RPM Revolutions Per Minute 

RSD. Relative Standard Deviation 

WPG Weight Percent Gain 
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