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The thermal conversion of rice straw is an attractive option for recovering 
its energy, but the process requires exhaustive control because of ash-
related problems. Straw washing is one method of reducing ash-related 
problems and improving combustion behaviour. In this study, the ash of 
washed and unwashed rice straw samples was chemically characterized, 
tested using thermogravimetric analysis and environmental scanning 
electron microscopy (ESEM), and subjected to higher combustion 
temperatures in a muffle furnace. Results showed that silicon was the 
most important component in the ash. Furthermore, a reduction in 
undesirable inorganic compounds related to ash problems, such as 
chlorine and potassium, was achieved by washing the straw samples. 
This practice could improve thermal behaviour and decrease the 
sintering formation of ash. 
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INTRODUCTION 
 

Given the excessive use of fossil fuels and concerns over environmental 

protection, the utilization of biomass resources, including agricultural residues, has 

attracted increasing worldwide interest (Fu et al. 2009). Rice straw is one of the main 

agricultural residues in countries such as Egypt, Thailand, China, and especially Japan, 

where it comprises the largest amount of unused agricultural residue by far (Matsumura 

et al. 2005; Delivand et al. 2011; Liu et al. 2011; Said et al. 2013a). Its energy can be 

recovered directly through a combustion process, or it can be converted to a valuable 

energy product through indirect techniques such as gasification and biochemical 

conversion, after which the products can be burned (Ewida et al. 2006). 

The combustion of rice straw to directly produce thermal energy not only saves 

energy, protects the environment, and reduces field-burning pollution; it also increases 

the income of farmers (Ewida et al. 2006; Yu et al. 2008). There are, however, some 

technical limitations involved in thermal conversion systems, such as high ash content, 

sintering, slag formation, and corrosion problems (Jenkins et al. 1996; Baxter et al. 1998; 

Fu et al. 2009; Said et al. 2013b). Washing rice straw with water is a feasible option for 

reducing these problems (Jenkins et al. 1996; Bakker et al. 2002). Previous work (Said et 

al. 2013b) describes the effects of water-washing on the chemical and thermal 

characteristics of rice straw, indicating enhanced thermal behaviour. This included a 

higher heating value and a reduction in ash content and sintering formation compared 
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with the unwashed samples. Also, an improvement in the alkali index value was observed 

for the washed samples. 

Ash analysis based on thermogravimetric analysis and electron microscopy 

provides more details about its behaviour through combustion processes (Skrifvars et al. 

2005; Fang and Jia 2012) and the effects of washing samples before combustion. Such 

studies are rare, however. Against this background, the main objective of the present 

study is to investigate the effect of washing rice straw on the chemical composition and 

thermal characteristics of its ash by using X-ray fluorescence (XRF), thermogravimetic 

analysis (TGA/DSC), and environmental scanning electron microscopy (ESEM). 

 
 
EXPERIMENTAL 
 

Materials 
Sampling procedure 

 Samples of rice straw approximately 1 m tall were collected from El Sharkia 

Government, Egypt. They were cut to a size of 10 cm, washed with flushed tap water, 

and dried in air dry oven at 105 °C to a constant weight in the laboratory; the particle size 

for the dried washed and unwashed straw samples was reduced to less than 0.5 mm with 

a cutting mill. Finally, unwashed and washed samples of rice straw were subjected to 

combustion at 550 °C in a muffle furnace for 5 h to obtain ash samples used for this 

research, according to UNE-EN 14775 (2010). Moreover, the ash samples were subjected 

to temperatures of 700, 800, 900, and 1000 °C in a muffle furnace for 2 h to investigate 

changes in colour and in physical states.  

 

Methods 
Laboratory tests 

To determine ash composition, ash samples of washed and unwashed straw were 

analysed using a Philips Magix Pro PW-2440 sequential spectrometer with a dispersive 

wavelength and an X-Ray generator of 4 KW. The ESEM analysis for the ash samples 

was performed using an FEI Quanta 400 ESEM (The Netherlands) equipped with a 

SAPPHIRE Si(Li) SUTW detector operating at an accelerating voltage between 0.20 to 

30 kV to obtain the image, particle size, and composition of the ash analysed in the 

selected spots. Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) were performed on the ash of both types of straw samples using a Shimadzu TGA-

50H thermo analyser (Japan) in an oxidative atmosphere. The initial mass of the ash 

samples was kept between 2 and 5 mg and heated from 30 °C to 1000 °C at a heating rate 

of 5 °C/min and a constant airflow rate of 50 mL/min. 

 

 
RESULTS AND DISCUSSION 
 

Ash Composition 
The chemical composition of the ash obtained from the washed and unwashed 

straw samples is summarized in Table 1. For unwashed straw samples, the highest ash 

component was silica (SiO2), which constituted 65.4% of the total content, followed by 

K2O, Cl, Na2O, MgO, CaO, SO3, and P2O5. In washed samples the silica content was as 

high as 72.6%, followed in order by K2O, CaO, Cl, Na2O, MgO, P2O5, and SO3. Washing 
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proved very efficient for removing over half the SO3 and chlorine (respective removal 

ratios of 59.5% and 59.1%). For Na2O, K2O, MgO, and P2O5, the removal ratios were 

35.7%, 26.1%, 21.9%, and 8.82%, respectively. Calcium oxide and SiO2 removal were 

substantially higher, reaching 41.3% and 11%, respectively. Both SiO2 and CaO appear 

to reside largely in the plant cell wall of rice straw (Miles et al. 1996; Soest 2006); 

therefore, the washing practice did not effectively remove them. However, washing the 

straw does serve to extract large amounts of alkali metals such as potassium, which 

dissolved very well in water, and chlorine, which is highly leached by water (Lee et al. 

2005; Skrifvars et al. 2005). In addition, washing removes varying amounts of sulphur, 

phosphorus, and other elements caused by soil contamination of the straw (Jenkins et al. 

1996; Bakker et al. 2002; Skrifvars et al. 2005); while their percentages are reduced, the 

relative contents of SiO2 and CaO are seen to increase.  

 

Table 1. Composition (%) of Ash Elements in Washed and Unwashed Samples 

Samples SiO2  K2O Cl Na2O MgO CaO SO3 P2O5 Others 

Unwashed 65.43 13.01 5.40 3.11 2.24 2.13 1.26 0.68 6.74 

Washed 72.59 9.61 2.21 2.00 1.75 3.01 0.51 0.62 7.70 

 

Environmental Scanning Electron Microscopy Inspection 
Figure 1 shows the ESEM results for ash of the unwashed straw samples and the 

chemical analysis of selected spots. Supporting the results expounded in the previous 

section, high amounts of chlorine and potassium were detected by ESEM. Additional 

elements such as Na and Mg were detected in spot 1, and similarly in spot 3, which were 

observed with a lighter appearance compared to surrounding area. Silica was the 

predominating element in spot 2, though similar constituents were observed at spot 4. 

These findings are in line with the results reported by Skrifvars et al. (2005) for rice 

straw ash samples. 

Figure 2 shows the ESEM results for the ash of the washed straw sample and the 

chemical analysis of selected spots. While washing did not have a considerable effect on 

ash microstructure, it did cause changes in chemical composition. As shown in Fig. 2, all 

the selected spots consist primarily of silica. Small amounts of other elements including 

carbon, oxygen, magnesium, and sodium were also present. A considerably high amount 

of Ca was detected at spot 1. In turn, a considerable loss in chlorine and potassium from 

washing was observed by ESEM, supporting the results obtained for ash composition 

(higher SiO2 and CaO). Meanwhile, markedly lower contents of Cl and K2O were 

observed for the washed samples when compared with unwashed ones. 

 

Qualitative Analysis of Ash 
Unwashed samples 

The ash obtained from the unwashed samples at 550 °C has a dark grey colouring 

(Fig. 3a). This colour could result from residual carbon compounds that require a higher 

temperature or longer time to completely burn the straw samples (Wattanasiriwech et al. 

2010). The combustion of ash samples at 700 °C resulted in a grey colour, and they were 

easy to remove. Nevertheless, when the combustion temperature was increased to 800 °C, 

light ash sintering was observed, and the sintering increased with increasing combustion 

temperature (up to 900 °C). Severe sintering and slag formation of a dark brown colour 

was observed when the combustion temperature reached 1000 °C, making it impossible 
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to remove the ash from the crucibles (Fig. 3b). This may be caused by the fact that silica 

in combination with alkali and alkaline earth metals, especially potassium, can lead to the 

formation of compounds that readily slag and foul at normal furnace temperatures (Miles 

et al. 1996; Skrifvars et al. 2005). Moreover, chlorine could be an important facilitator in 

fouling and in the vaporization of alkali species, leading to the formation of more severe 

deposits (Miles et al. 1996). 

 

 

 
 

Fig. 1. ESEM analysis of ash (unwashed samples) 

 

 
 

Fig. 2. ESEM analysis of ash (washed samples) 
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Washed samples 

The ash of the washed samples at 550 °C was grey-coloured (Fig. 3c). With 

increasing combustion temperature (up to 700 °C), the ash had a lighter grey colour and 

became close to white when the furnace temperature was increased to 1000 °C (Fig. 3d). 

Unlike the unwashed samples, the ash of the washed samples was easy to remove and did 

not show sintering or slag formation. This could be explained by the reduction of 

undesirable compounds, especially potassium, after washing (Table 1). Moreover, the 

alkali index of rice straw is greatly decreased when washed, as indicated previously (Said 

et al. 2013a). Washing therefore leads to significant changes in inorganic composition 

and substantially improves combustion behaviour (Jenkins et al. 1996; Bakker et al. 

2002; Lee et al. 2005). 

 

    

a) b) c) d) 

 

 
 
Fig. 3. Ash combusted in a muffle furnace. (a) unwashed sample at 550 °C; (b) unwashed 
sample at 1000 °C; (c) washed sample at 550 °C; and (d) washed sample at 1000 °C 

 
Thermogravimetric Analysis and Differential Scanning Calorimetry  

To consider the combustion behaviour of ash in detail, the thermogravimetric 

curves of the ash obtained at 550 °C for washed and unwashed straw samples were 

analysed (Fig. 4). 

 

Thermogravimetric analysis 

The TGA curves showed changes in the mass loss of the ash samples with 

increasing temperature, essentially in the same order as found in previous work (Fang and 

Jia 2012). An initial mass loss occurred at temperatures lower than 200 °C because of the 

evaporation of water, which was readily absorbed into the atmosphere by the much 

smaller ash particles before testing (Fang and Jia 2012). The mass loss at 200 °C in the 

unwashed samples was higher than that for the washed samples (2.80% versus 1.20%). It 

may be that the moisture in the unwashed samples was absorbed by components such as 

chlorine and potassium, which were present together in greater concentrations than in the 

washed samples (Lee et al. 2005; Skrifvars et al. 2005). 

Because the ash samples tested were obtained at 550 °C, a very low rate of mass 

loss was observed from 200 up to 700 °C; only about a 3.60% loss in the ash mass of the 

unwashed sample. This loss may be attributed to the oxidation of some organic 

components that had not completely burned, as well as to the evaporation of some 

inorganic matter from the ash with further increases in temperature (Fang and Jia 2012). 

Above 700 °C and up to 850 °C, a markedly increase in mass loss (5.50% and 7.70% for 

washed and unwashed samples, respectively) was observed. This may be due to the 

higher deposition rate of char particles of unwashed straw during higher combustion 

temperatures (Bakker et al. 2002), and also to the removal and decomposition reaction of 

a b c d 
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inorganic components such as chlorine and potassium (Fang and Jia 2012) which are 

found together and in greater proportions in the unwashed samples, as indicated by the 

ash composition and ESEM analyses described above. 
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Fig. 4. TGA and DSC for ash of washed (W) and unwashed (U) samples 

 

Potassium starts to be released at a low rate at very low temperatures, but is then 

more rapidly released as the temperature increases up to 800 °C (Knudsen et al. 2004; 

Skrifvars et al. 2005). The potassium absorbed from the soil mainly remains as ions in 

fresh plants; when the plants wither, the potassium may exist in simple salts such as KCl 

and K2SO4, which have high activity and strong migration characteristics at high 

temperatures (Yu et al. 2010). A high content of potassium salts is retained in ash after 

the completion of combustion, and at high temperatures these salts may evaporate and 

volatilise into gas or react with silicon, calcium, or other elements to form complex 

silicates after 800 °C (Baxter et al. 1998; Fang and Jia 2012). The minor mass loss 

observed from 850 °C up to 1000 °C (1.33% and 2.51% for washed and unwashed 

samples, respectively) can be attributed to the evaporation of KCl and the reaction 

between Si and KCO3, which decomposes after 1000 °C (Masia et al. 2007; 

Szemmelveisz et al. 2009). 

 

Differential scanning calorimetry 

The DSC curves are important for studying the thermal behavior of ash, 

representing the melting point as a maximum of the endothermic peaks of DSC trace 

(Buzarovska et al. 2008). As can be seen in Fig. 4, the ash samples recorded a maximum 

endothermic peak in the range of 700 °C to 800 °C, represented as zone (A). In 

agreement with Wanger (2009) and as indicated in the figure, the melting peak was 

followed by an exothermic decomposition reaction represented in zone (B); then, the 

evaporation of the decomposition product represented at zone (C) was followed by a 

crystallization exothermic peak represented at (D), which was only observed for the 

unwashed sample and not detected in the washed one.  

This crystallization peak could indicate sintering formation occurring with the ash 

of the unwashed sample, as discussed in the section on ash behaviour. No considerable 
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difference in melting temperature was observed between the washed and unwashed 

samples. However, the fact that the unwashed sample recorded a lower heat flow rate 

may be associated with the higher ash-related problems of the unwashed samples; this 

would result in low thermal conductivity, retarding the rate of heat transfer (Jenkins et al. 

1996; Zbogar et al. 2009). 

 
 
CONCLUSIONS 
 

1. Chemical analysis and ESEM of rice straw ash samples revealed that silica was the 

foremost component (65.4%), followed by K2O (13%), and that these two 

components are combined at high combustion temperatures and associated with ash 

sintering problems. 

2. Thermogravimetic analysis provided valuable indications of component 

decomposition, which occurred in stages, and more detailed information about 

thermal behaviour and related reactions at high combustion temperatures. 

3. The washing process resulted in a reduction of some sintering precursor components 

in the ash samples, such as K2O and Cl. Lower ash mass losses at greater combustion 

temperatures and enhanced thermal behaviour were observed after washing. 
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