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� Systematical analysis using phase diagrams was conducted to get the real fusion property of biomass ash.
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In thermochemical utilization of biomass, ash fusion temperature is an important parameter for the effi-
cient and continuous operation of boilers/gasifiers and high value-added utilization of the ash. Fusion
characteristics and transformation properties of the inorganic components in biomass ash are investi-
gated using X-ray fluorescence (XRF), thermal gravimetric analyzer (TGA), X-ray diffraction (XRD), ash
melting point test system and phase diagrams. XRF and TGA results show the changes of ash content, ele-
mental composition and performance with the variation of temperature. Two main weight loss routes of
biomass ash, decomposition and volatilization, are identified. XRD results show the transformation
behavior of crystalline structure of different biomass ash. Intense internal reactions that occur in biomass
ash at higher temperature generate a large amount of eutectic compounds, which lowered the melting
point significantly. The contribution of different ash compositions to fusion can be assessed by binary dia-
grams while the fusion properties of silica-rich biomass ashes obtained by phase diagrams could be
appropriate for industrial running.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, there has been renewed interest in biomass
as an energy source due to the shortcomings of existing fossil fuel
energy sources such as greenhouse gas emissions and other harm-
ful effects on the environment [1,2]. Among different bio-energy
conversion routes, which are determined by the demand and sup-
ply of available types and quantities of biomass, combustion and
gasification are the most popular processing technologies [3]. But
it is annoying that biomass contains various forms of alkali and al-
kali earth metals (AAEMs) and considerable amount of silica [4]. As
a result, the biomass ash is easy to melt and volatilize [5,6]. So dur-
ing the combustion or gasification processing, the ash with com-
plex composition and high volatility often leads to slugging,
defluidization and erosion/corrosion in thermal convention pro-
cessing systems [7,8]. In order to improve the operational effi-
ciency of boilers/gasifiers and achieve high value-added
utilization of biomass ash, the study of fusion and transformation
properties of inorganic elements in biomass ash has been an
important issue in the past years.

A number of studies have been carried out so far to investigate
the properties of biomass ash through experiment and simulation
[4–14]. Niu et al. [9] found that to evaluate biomass ash fusion
characteristics the melting characteristics indexes of coal quality
for the eutectic compounds formation at high temperature should
not be used. Other studies show that the ash-melting temperatures
of some cereal grains are lower than 700 �C [11]. But usually, the
ash-melting temperature measured by traditional ash melting
point testing system cannot faithfully reflect the actual biomass
ash fusion characteristics in industrial operations, causing many
problems in thermal convention processing systems, especially in
biomass-feeding boilers. Thy et al. [12] found that ash with less
than 47 wt.% SiO2 showed significant alkali metal loss. It was also
found that ash with higher contents of SiO2 would retain alkali me-
tal in the melt and crystalline structures, mainly due to the prone
reactions between alkali compounds and SiO2, which stopped the
volatilization of alkali chlorides. Direct experimental melting
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studies were carried out to better understand the phase equilib-
rium and melting behavior of biomass ash [5,13], but so far the re-
search is not comprehensive enough. Although predictive models
utilizing equilibrium have been developed [11,15,16], little is
known about the high temperature phase relations and the physi-
cal and chemical properties of the condensed phases.

Since biomass ash and silicate raw materials are similar in me-
tal oxides composition and high-temperature environment, the
phase diagrams from conventional silicate ceramics industry are
also used for the analysis of ash fusion characteristics. Huggins
et al. [17] used ternary diagrams of SiO2–Al2O3–MO (M represents
Fe, Ca, and K2) to test the coal ash fusibility. But as to biomass ash,
there is no systematic analysis by phase diagrams yet. Llorente
et al. [18] compared five laboratory methods (fusibility, viscosity
and utilization of appropriated phase diagrams, etc.) for predicting
the ash sintering during the combustion of biomass to find an
accurate and convenient way to evaluate the ash sintering behav-
ior. But the conclusion was drawn only by a single ternary phase
diagram of SiO2–CaO–K2O, which is not convincing. More diagrams
should be employed to better understand the melting mechanism
of the complex-composition ash.

Current methods for predicting and preventing fouling and slag
deposition are mostly empirical and limited in theoretical analysis.
It is necessary to explore the in-depth mechanism for biomass ash
fusion characterization. In this study, the fusion characteristics of
different biomass ashes are evaluated using XRF, TGA, XRD and
ash melting point test system, followed by the systematic utiliza-
tion of phase diagrams. The comprehensive study of ash transfor-
mation behavior was conducted and a new method of ash fusion
characteristics evaluation by phase diagrams was proposed. The
research findings will be helpful for improving the operational effi-
ciency of biomass-feeding plants in industrial scale.

2. Samples and experimental methods

2.1. Samples

A total of 11 numbered biomass samples are prepared as shown
in Table 1. The samples were pulverized and sieved with a 0.45 mm
sieve. The results of the proximate and ultimate analysis are listed
in Table 1.

The samples can be classified as follows:

Herbaceous biomass: cotton stalk, corn stalk, rape straw, wheat
straw, rice straw, tobacco stem. The annual herbaceous bio-
masses also can be divided into two sub categories. One is soft
straw with high ash content (�10%), e.g., wheat straw and rice
straw. The other is gray straw with relatively lower ash content
and property analogous to woody biomass, e.g., cotton stalk.
Table 1
Ultimate and proximate analysis of the samples.

No. Samples Ultimate analysis (wt.%) Proximate analysis (wt.%)

N C S Oa H Mad Vad Aad FCad

1 Cotton stalk 1.2 45.2 0.3 46.9 6.3 5.1 73.0 3.1 16.7
2 Corn stalk 1.2 42.7 0.3 49.6 6.2 5.0 70.2 8.3 16.6
3 Rape straw 0.8 44.9 0.2 47.5 6.6 5.5 74.3 6.3 13.9
4 Wheat straw 0.6 40.4 0.3 52.9 6.0 4.4 68.5 12.9 14.2
5 Rice straw 0.9 37.5 0.1 42.8 5.9 5.0 82.1 7.7 5.1
6 Tobacco stem 2.6 36.1 0.8 55.6 4.9 3.6 68.5 21.7 6.1
7 Pine 0.1 51.0 0.0 42.9 6.0 15.3 70.4 0.2 14.2
8 Poplar 0.3 41.4 0.3 39.1 5.3 6.8 79.7 1.3 12.2
9 Bamboo 0.3 48.4 0.1 45.2 6.1 4.6 72.8 0.7 21.7

10 Rice husk 0.5 48.6 0.1 55.4 5.5 6.3 60.4 16.8 16.6
11 Peanut shell 1.9 60.5 0.4 30.1 7.1 9.1 56.6 1.5 31.9

a By difference. ad: the analysis was based on air dried basis.
Woody biomass: pine, poplar, bamboo. The main feature of
woody biomass is its low ash content, about 1%.
Chaff biomass: rice husk, peanut shell. The two chaff biomasses
differ remarkably. The rice husk has the ash content as high as
16.8% while the peanut shell only 1.5%.

2.2. Experimental methods

Ashing temperatures were set at 450 �C, 600 �C (ASTM E 1755–
01, Standard test method for ash in biomass), 815 �C (GB/T212–
2008, Proximate analysis method for coal, China) and 1000 �C for
the experiments. In particular, experiments were conducted at
450 �C and 1000 �C to investigate comparatively the transforming
properties of inorganic elements in biomass ash.

Ashing process: 1 g of biomass sample in a corundum crucible is
placed into a muffle furnace below 100 �C and then heated up to
the final temperature at 10 �C/min. Finally, a constant temperature
is maintained for a specified period to ensure complete ashing: 5 h
for 450 �C, 4 h for 600 �C, 2.5 h for 815 �C, and 1.5 h for 1000 �C. The
ash content was obtained from the average value of several ashing
trials.

The experimental methods are described as follows:

(a) The composition of biomass ash obtained by XRF (EAGLE III,
EDAX Inc., USA) was used for elemental determination. Each
ash sample was scanned three times and the average value
was used to minimize the error.

(b) A thermal gravimetric analyzer (Perkin Elmer-Diamond TG,
USA) was used to study weight loss properties of ash. The
sample of approximately 5 mg is heated from room temper-
ature to 1400 �C at a constant heating rate of 10 �C/min with
the carrier gas of air. Reproducibility of the apparatus was
tested before the experiment.

(c) Ash content and elemental composition analysis can only
reflect the apparent changes of elemental content in biomass
ash. Further work is required to analyze the interactive reac-
tion of inorganic elements and the change of crystal struc-
ture using XRD [19,20]. The crystalline compounds in ash
were identified using XRD (X’Pert PRO, PANalytical B.V.,
Netherlands). Peak identification was performed using High
Score Plus software package.

(d) Fusion temperature test of biomass ash was conducted using
a sintering instrument (Cabolite, UK). The heating process is
observed and photographed using a high definition video
camera in the atmosphere of air. The test is based on the
changes in shape detected during the heating of the ash cone
from 700 �C to 1500 �C under the heating rate of 10 �C/min
and the storage interval is 2 �C. The four feature tempera-
tures are recorded by computer, including deformation tem-
perature (DT), softening temperature (ST), hemisphere
temperature (HT) and flow temperature (FT). The experi-
ment was conducted after verifying the reproducibility of
the apparatus.

3. Results and discussion

3.1. Inorganic elements loss of ash

The results of XRF analysis are listed in Table 2. The main ash
compositions are K, Na, Mg, Al, Ca, P, etc. in forms of oxides, sili-
cates or chlorides [21], but the contents of the individual elements
in different ashes differ significantly, which lead to great variance
in performance.

It can be seen that with the increase of ashing temperature, the
ash content drops straightly, especially at higher temperature (e.g.,
1000 �C). Furthermore, the relative contents of K, Na and Cl also de-



Table 2
XRF results of ashes obtained under different temperatures.

Samples Ashing temp. (�C) Ash contenta (%) Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 Cl

Corn stalk 450 11.1 0.4 2.2 1.6 36.3 4.3 3.7 29.4 6.1 0.8 15.0
600 9.3 0.7 3.6 1.8 41.0 5.8 3.7 25.1 6.5 0.6 11.2
815 8.8 0.6 3.7 2.8 45.2 8.5 4.6 21.4 9.6 0.9 2.0

1000 6.7 0.6 2.4 2.0 45.8 4.3 9.2 17.7 14.7 0.8 2.3

Wheat straw 450 14.1 0.7 0.8 1.3 62.5 1.4 2.7 17.6 2.8 0.4 9.4
600 12.9 1.1 1.0 1.5 53.8 2.8 3.7 21.3 4.2 0.6 10.1
815 12.1 1.0 0.7 1.4 66.2 2.7 4.5 15.3 4.1 0.7 3.4

1000 9.3 1.5 1.4 1.7 67.2 3.2 4.8 12.9 5.5 0.8 0.8

Rice straw 450 14.6 1.1 3.5 1.1 42.8 3.1 7.9 19.5 8.0 0.5 10.9
600 12.7 1.0 2.3 0.9 52.0 2.5 6.5 17.8 7.7 0.8 7.1
815 11.1 0.9 3.9 1.6 51.3 5.1 10.3 13.5 9.6 0.8 1.3

1000 10.9 0.4 3.6 2.0 57.1 4.1 7.2 12.0 10.0 1.1 0.8

Poplar 450 2.9 0.8 3.4 5.4 38.2 5.7 5.8 10.5 26.1 2.9 0.6
600 2.6 0.7 4.1 6.9 26.8 7.0 5.5 8.2 34.8 3.8 1.5
815 2.2 0.7 5.2 5.1 29.2 9.0 8.7 9.2 27.4 3.0 1.1

1000 2.0 0.8 3.4 7.1 29.6 6.5 10.0 5.7 32.3 3.1 0.6

Cotton stalk 600 2.9 2.4 6.4 5.8 18.2 7.1 9.5 17.1 26.1 3.8 2.8
815 2.0 2.1 7.7 5.5 19.6 7.6 8.7 14.4 29.2 4.1 0.5

Rape straw 600 7.7 1.1 0.4 0.2 4.1 2.7 21.2 35.4 25.7 0.7 8.2
815 6.2 0.9 1.5 1.2 3.3 2.3 25.2 32.4 25.2 0.7 6.9

Tobacco stem 600 17.3 0.4 5.9 – 0.1 4.1 8.0 21.2 31.4 0.1 28.2
815 12.7 0.9 8.0 0.9 0.5 3.7 11.4 23.0 40.9 0.1 9.9

Pine 600 1.7 12.8 5.6 6.5 16.5 2.4 7.6 7.8 24.9 4.6 8.8
815 1.4 12.6 7.7 6.3 17.2 2.7 10.3 5.5 26.6 3.3 4.9

Bamboo 600 0.9 – 4.5 – 19.2 6.4 8.2 49.2 6.0 3.1 1.1
815 0.8 – 4.7 2.8 25.6 5.3 7.2 43.7 5.8 2.0 0.8

Rice husk 600 18.2 – 0.8 1.1 87.5 0.8 1.3 3.0 1.6 2.4 0.5
815 18.2 – 0.6 0.9 91.3 0.7 1.0 0.5 2.4 0.2 1.1

Peanut shell 600 5.2 0.2 4.8 8.2 23.1 8.2 10.6 25.7 11.1 6.1 1.1
815 4.6 0.2 5.4 7.8 24.1 8.9 11.5 24.0 11.3 4.9 0.6

a The ash content equals the mass of ash divided by the initial mass of biomass based on air dried basis.
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crease. This indicates that the weight loss of ash is mainly because
of the volatilization of K and Na in the form of chlorides [22]. The
contents of Mg, Ca, Fe, Al and non-metallic elements S, P, and Si are
increasing because of the decrease in ash content, suggesting that
the compounds composed of these elements are relatively more
stable or less volatile. In other words, the higher the content of
alkalis, the greater the variation of ash content. For example, the
ash content of rice husk changes very slightly with the variation
of temperature because nonvolatile silica is the dominant ash con-
tent. The potassium-rich corn stalk ash decreases from 11.3% to
6.7%.

Along with the decrease of ash content, the appearance of ash
also changes. For example, the herbaceous ashes, corn straw,
wheat straw and rice straw, melt heavily under 1000 �C, while
the poplar ash only shows loose crusting. Meanwhile, the ash color
changes with the increase of temperature. It was found that ashes
at lower temperature (450 �C) appeared dark gray, which might be
attributed to the unburned char residue in ash. Ashes of 600 �C and
815 �C appeared light gray. When the temperature reached
1000 �C, some ashes appeared darker color again. For example,
the color of rice straw ash varied from dark gray (450 �C) to light
gray (600 �C), then to light purple at 815 �C and 1000 �C. It suggests
that internal reactions occur in ash at high temperature, resulting
in the formation of colored compounds. At the same time, most
herbaceous biomass ash samples melt under 815 �C, while woody
biomass ash samples do not. Therefore, compared with herbaceous
biomass, woody and chaff biomass are more suitable as fuel in
boilers.

The weight loss properties of biomass ash can be investigated
by TG-DTG. Wheat straw ash and poplar ash were selected as typ-
ical herbaceous biomass and woody biomass, respectively. The
weight loss curves are shown in Figs. 1 and 2. From Fig. 1 it can
be found that the wheat straw ash shows quite different character-
istics under various ashing temperatures. The total weight loss of
the 600 �C ash sample is more than 30%, and a significant weight
loss rate peak was found between 700 �C and 950 �C. The total
weight losses of ash samples at 815 �C and 1000 �C are about
10% and 5% respectively, and there is no conspicuous peak under
950 �C. When the temperature exceeds 900 �C, the 600 �C sample
and 815 �C sample show similar andante weight loss process, while
the 1000 �C ash shows obvious weight loss only when the temper-
ature is higher than 1050 �C. The weight loss property is deter-
mined by the composition of ash. KCl, the main volatile
composition of wheat straw, plays an important role in the process.
Taking into account others’ studies [23,24], it indicates that the in-
tense volatilization of alkali chloride (refer to Eqs. (1) and (2) be-
low) occurs for the 600 �C ash from 750 �C to 950 �C. No weight
loss peak was observed samples of higher ashing temperatures
(815 �C and 1000 �C). The weight loss above 1000 �C may be attrib-
uted to the decomposition of relatively stable K-bearing species
(e.g., Eq. (3) below) [8]:

KClðs; lÞ ! KClðgÞ ð> 700 �CÞ ð1Þ

2KClðs; lÞ ! ðKClÞ2ðgÞ ð> 700 �CÞ ð2Þ

K2SO4ðs; lÞ þH2OðgÞ ! 2KOHðgÞ þ SO2ðgÞ " þ1=2O2ðgÞ " ð3Þ

As shown in Fig. 2, the performance of poplar ashes is similar to that
of the wheat straw ashes. The 600 �C ash shows more remarkable
weight loss than that of ash derived from 815 �C and 1000 �C. But
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Fig. 1. TG–DTG curves of wheat straw ashes obtained under different temperatures.
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Fig. 2. TG–DTG curves of poplar ashes obtained under different temperatures.
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Fig. 3. XRD patterns of corn stalk ashes obtained under different temperatures.

Table 3
XRD results of ashes obtained under different temperatures.

Samples Ashing temp.
(�C)

Main components

Wheat
straw

450 KCl; SiO2

600 CaCO3; KCl; SiO2; CaMg(CO3)2; KAlSiO4

815 SiO2; K2SO4; KAlSi3O8

1000 SiO2; K2SO4; KAlSi3O8

Rice straw 450 KCl; SiO2; CaCO3; CaMg(CO3)2

600 KCl; SiO2; CaCO3; CaMg(CO3)2; K2(SO4)
815 KCl; SiO2; CaMgSi2O6; Ca2SiO4 ; K2Ca2(SO4)3;

CaMg(CO3)2

1000 CaMgSi2O6; Ca2SiO4; K2SO4; KAlSi3O8

Corn stalk 450 KCl; SiO2; CaCO3; CaMg(CO3)2

600 SiO2; CaCO3; KCl; CaMg(CO3)2; K2CO3

815 SiO2; K2SO4; K2CO3; K6Ca(SO4)4; KAlSiO4

1000 CaO; CaCO3; K2SO4; CaAl2Si2O8; SiO2; Ca2SiO4

Popar 450 SiO2 CaCO3 KCl CaO K2Ca2(SO4)3 CaP2O6

600 CaO SiO2 CaCO3 K2Ca2(SO4)3 KAlSi3O8 Ca2SiO4

815 CaO SiO2 K2Ca2(SO4)3 KAlSi3O8

1000 SiO2 CaSO4 Ca2P2O7 KAlSi3O8 KAlSiO4 Ca2SiO4

K2Ca2(SO4)3
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there are also some differences. Compared with wheat straw ash,
the poplar ash has a sharp loss in a relatively lower temperature
range (600–750 �C). Considering the high calcium content in poplar
ash, the sharp weight loss is mainly attributed to the decomposition
of calcium carbonate (Eq. (4)). This weight loss route differs from
that of the wheat straw ash. For poplar ash, calcium carbonate plays
an important role, while potassium chloride is more crucial for
wheat straw ash. Since there is nearly no weight loss from 800 �C
to 1200 �C, the curves of 815 �C ash and 1000 �C ash almost overlap.
Another difference is the 600 �C wheat ash has the maximum
weight loss of 30% while for the poplar ash the maximum weight
loss is only 10%.

CaCO3 ! CaOþ CO2ðgÞ " ð4Þ

The ash content, composition and performance changed signif-
icantly with the variation of temperature. Through comparison of
ashes obtained under different temperatures, it is found that
600 �C is the most appropriate temperature for biomass ash analy-
sis in industrial applications, because the 600 �C ash can not only
characterize the ash content accurately, but also reflect the ash
composition correctly. At 815 �C and 1000 �C, large amount of ac-
tive elements evaporated, and the test results could not reflect
the real content and composition of biomass ash. The 450 �C ash
is able to accurately reflect the ash content of biomass and ash
composition. Nevertheless, due to the great difference between
the industrial practice and the ash preparation in the lab as well
as the presence of residual unburned char in ash, 450 �C is also
not suitable for biomass ash test.
3.2. Transformation of inorganic crystalline structure

Four ash samples, wheat straw, rice straw, corn stalk and pop-
lar, were analyzed with XRD to study the transformation of crystal-
line structure. Fig. 3 shows the intuitive XRD spectrum results of
corn stalk ashes obtained under different temperatures, which typ-
ically reflect the change of biomass ash crystalline structure with
the variation of ashing temperature. Table 3 gives the main crystal-
line compounds in ashes.

It can be seen in Fig. 3 that the peak number of 450 �C ash and
that of 600 �C ash are almost the same. But as to the peak intensity,
the 600 �C ash is stronger than the 450 �C ash. It is mainly because
that the peak intensity of 450 �C ash is weakened by the unburned
char while the 600 �C sample is ashed completely. With the in-
crease of ashing temperature, the peak number gradually in-
creases, while the peak intensity decreases notably. In particular,
diffraction peak intensity becomes very weak at 1000 �C. It means
that complex reaction occurs dramatically within the ash, resulting
in the formation of microcrystalline compounds, eutectic com-
pounds or amorphous compounds at higher temperatures. Silica
acts as a core reactant with other metal oxides or salts, like Eq.
(5) [25]:



Table 4
Fusion temperature test of biomass ashes.

Samples Ashing temp.
(�C)

DT
(�C)

ST
(�C)

HT
(�C)

FT
(�C)

Corn stalk 450 800 1098 1218 1236
600 784 1080 1156 1270
815 904 1100 1222 1274

1000 995 1102 1242 1276

Max. temp.
difference

– 211 22 86 40

Wheat straw 450 766 1168 1278 1320
600 770 1170 1272 1314
815 806 1162 1260 1326

1000 1006 1192 1226 1300

Max. temp.
difference

– 240 30 52 26

Rice straw 450 742 1132 1254 1322
600 748 1100 1200 1226
815 876 1130 1184 1224

1000 1020 1140 1196 1246

Max. temp.
difference

– 278 40 70 98

Poplar 450 1040 1184 1200 1224
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2SiO2 þ Al2O3 þ 2KClþH2O ! K2O � Al2O3 � 2SiO2 þ 2HClðgÞ "
ð5Þ

From Fig. 3, it can be observed that KCl, CaCO3, SiO2 are the
main crystalline compounds in lower-temperature ash (450 �C
and 600 �C). Potassium mainly exists in the form of KCl. With the
increase of temperature, the peak intensity of KCl gradually de-
creases or even reaches zero, suggesting that substantial propor-
tion of KCl evaporates to the gas phase or converts into other
compounds. It is consistent with previous XRF analysis. At higher
temperature (815 �C), potassium mainly exists in the forms of KAl-
SiO4, K2Ca2(SO4)3, KAlSi3O8 or other eutectic compounds by the
route of Eq. (5). At 1000 �C, the eutectic compounds have been
dominant in ash. Transformation properties of sodium are not re-
flected in the XRD results because of its low content. But with its
property similar to potassium, the transformation behavior of so-
dium may be similar to that of potassium. Calcium mainly exists
in the form of CaCO3 at temperatures 450 �C and 600 �C. As the
temperature increases (815 �C and 1000 �C), CaCO3 gradually
decomposes to CaO (Eq. (4)), and reacts with SiO2 and other oxides,
generating eutectic compounds of low melting temperature (Eq.
(6)).

6SiO2 þ CaOþ 2K2CO3 ! 2K2O � CaO � 6SiO2 þ 2CO2ðgÞ " : ð6Þ

600 1088 1184 1194 1206
815 1114 1182 1188 1204

1000 1138 1198 1204 1224

Max. temp.
difference

– 98 16 16 20
3.3. Ash fusion characteristic analysis with instrument and phase
diagrams

As shown in Table 4, the ash fusion temperatures of prepared
ash samples are measured using a conventional sintering instru-
ment. It can be observed that all the deformation temperature
(DT) of the ash increase with ashing temperature increasing. The
maximum temperature difference (defined as the maximum value
minus the minimum value) of DT is considerably large: 98 �C for
the poplar ash and over 200 �C for the three herbaceous biomass
ashes. But the maximum temperature differences of soft tempera-
ture (ST), hemisphere temperature (HT) and fluid temperature (FT)
are smaller than that of DT. It is mainly due to the slow heating rate
of the sintering instrument. Most of the active elements, Na, K, Cl,
etc., evaporate with the slow heating process among 800–1000 �C
[26]. It can be inferred that the ashes contain similar high-temper-
ature molten materials which act as skeleton structure in biomass
ashes [9]. The high-temperature molten material is not originally
found in the ash, but formed during the slow heating process.

The ST is generally considered to be an important parameter in
industrial operation. But the ST data obtained from industrial run-
ning boilers is usually 200 �C lower than the data from ash fusion
characteristic test in laboratory [11]. Therefore, it is important to
explore more accurate methods to evaluate the ash fusion proper-
ties. Biomass ash is the combination of silica and metallic oxides,
which is very similar to the raw materials of conventional silicate
ceramics industry. This provides a possible route to evaluate the
biomass ash fusion characteristic based on the data from silicate
ceramics industry.

The binary and ternary system phase properties of target sys-
tem are tested under chemical equilibrium, eliminating the impact
of volatilization or other reactions. Therefore, the phase diagrams
can provide information of the fusion characteristics of target sys-
tems. This paper attempts to evaluate the biomass ash fusion char-
acteristics by phase diagrams.

The binary phase diagrams of SiO2–XO (XO represents metal
oxides) were employed firstly. The position of the ash in SiO2–XO
phase diagrams (the diagrams were referred from others’ work
[27,28]) was determined by the molar ratio of SiO2/XO. As to the
wheat straw ash, the melting point of the eutectic compound is
742 �C. Rice straw ash and corn stalk ash are similar to that of
wheat straw due to the similar molar ratio of SiO2/K2O. But the rice
husk ash is distinctly different from the previous ones in terms of
fusion properties, because of the dominant silica content determin-
ing the melting point of rice husk ash. Even though the liquid is
found at 769 �C, the amount of eutectic compound formed is not
big enough to affect the overall fusion potential. The binary phase
diagrams of silica were also compared with that of other oxides for
the analysis of fusion contribution of the main elements in ash
[28–31]. The contributions are listed here according to the melting
temperatures:

Al2O3 > MgO > CaO > P2O5 > Na2O > K2O:

Therefore, the presence of Al2O3, MgO and CaO in ash may in-
crease the ash melting point, while the presence of P2O5, Na2O
and K2O play the contrary influence on melting point. So in indus-
trial application, Al2O3-rich kaolin is often used as bed material in
fluidized bed gasifier or boiler to avoid or mitigate agglomeration
[32]. It is noteworthy that, besides sodium and potassium, the
presence of phosphorus can also greatly reduce the melting point
of ash. Hence some measures should be taken to reduce the phos-
phorus content for the P-rich biomass as boiler fuel.

The binary phase diagrams of silica with other oxides are clearly
inadequate to evaluate the fusion characteristic of complex ash.
The ternary system phase diagram is a good complement for this
problem. According to the existing phase diagram of biomass ash
composition ratio, the position of biomass ash in the phase dia-
grams can be determined, hence the melting temperature would
be estimated, as shown in Fig. 4. The biomass ash melting points
based on ternary system phase diagrams are shown in Table 5.
The melting points of rape stalk and tobacco stalk ash cannot be
determined due to the low SiO2 content, because few studies are
involved in silica-poor region since it is less useful in conventional
silicate industry and difficult to practice in research.

As to the other 9 ash samples, the minimum values of melting
temperature from respective phase diagrams (here without using



Fig. 4. Positions of ash samples in SiO2–K2O–CaO and SiO2–K2O–Al2O3 phase
diagrams.

Table 5
Estimated values of biomass ash melting point from ternary system phase diagrams.

Samples SiO2

content
(wt.%)

Melting point from ternary phase diagram (�C) Minimum
value (�C)

Si–Mg–K Si–Ca–K Si–Fe–K Si–Al–K Si–K–Na

Cotton
stalk

18.21 1360 ± 10 >1500 910 ± 10 1500 ± 20 900 ± 10 900 ± 10

Corn
stalk

40.97 900 ± 30 950 ± 10 750 ± 10 810 ± 20 740 ± 10 740 ± 10

Rape
straw

4.05 – – – – – –

Wheat
straw

53.76 800 ± 20 875 ± 10 800 ± 15 720 ± 20 750 ± 10 720 ± 20

Rice
straw

51.99 900 ± 30 920 ± 10 770 ± 10 760 ± 10 870 ± 10 760 ± 10

Tobacco
stem

0.12 – – – – – –

Pine 16.47 1480 ± 10 >1500 870 ± 10 >1500 900 ± 10 870 ± 10
Poplar 26.83 1050 ± 10 >1500 900 ± 10 1300 ± 10 900 ± 10 900 ± 10
Bamboo 19.22 – – – – 780 ± 10 780 ± 10
Rice

husk
87.47 >1500 >1500 >1500 >1500 769 ± 5 769 ± 5

Peanut
shell

23.11 1380 ± 10 1260 ± 20 900 ± 10 1400 ± 10 780 ± 10 780 ± 10

‘‘Si–Mg–K’’ stands for the SiO2–MgO–K2O ternary phase diagram.
‘‘–’’ Indicates there is no suitable phase diagram to be used for reference.
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the phase diagram of Si–Ca–Na data for the quite low sodium con-
tent in ash) were selected to evaluate the fusion properties of bio-
mass ash. The minimum melting temperature derived from the
single phase diagram partially reflects the fusion potential. Based
on minimum temperature of the biomass ash besides rice husk,
it can be derived that the melting points are about 700–900 �C,
which are consistent with the data from actual operation [11].
The three herbaceous biomass ash samples and peanut shell ash
have the melting points of about 750–800 �C. The woody biomass
ash and some herbaceous ash with similar composition such as
cotton stalk ash have the melting points of about 900 �C. The re-
sults derived from the phase diagrams reflect the melting charac-
teristics of biomass ash more accurately [33].

But as to the rice husk ash and bamboo ash, the results seem not
ideal. The melting point of rice husk ash is usually more than
1200 �C, which is quite different from the minimum value, i.e.,
769 �C. That is because the fusion property of ash is also affected
by the amount of eutectic compounds. If the amount of low-melt-
ing-temperature eutectic compounds is too small, the dominated
influence is weakened.

As shown in the above analysis, it is convenient to analyze the
fusion characteristic of most biomass ashes using silicate ternary
phase diagrams. Despite some limitations, e.g., chlorine cannot
be reflected in the phase diagrams and the silica-poor ash is diffi-
cult to analysis, this approach is important for analysis of biomass
ash fusion characteristics.
4. Conclusions

The characteristics of different biomass ashes were investigated
using XRF, TGA, XRD and ash melting point test system. And the
phase diagrams were employed to provide useful information for
better understanding of different fusion characteristics of biomass
ashes.

The ash content, composition and performance change with the
variation of temperatures. There are two main weight loss routes
of biomass ash: decomposition and volatilization. Through com-
parison of ashes obtained under different temperatures, it is found
that 600 �C is the most appropriate for ash analysis in industrial
applications. XRD results show the transformation behavior of
crystalline structures of different biomass ashes. Large amount of
eutectic compounds generate thus lowered the melting point
significantly.

The conventional ash fusion characteristic tested by sintering
instrument cannot reflect the real conditions in industrial plants
because of the high volatilization of biomass ash. Binary and ter-
nary phase diagrams from silicate ceramics were employed to ana-
lyze the complex and changeable ash. The phase diagrams can be
applied to obtain the fusion contribution of the related metal oxi-
des. Moreover, the fusion properties of silica-rich biomass ash ob-
tained by phase diagrams can be more appropriate for industrial
running than the results from sintering instrument despite the lim-
itations. In future work, efforts will be made to take into account
the effect of chlorine and complement the analysis of silica-poor
ash fusion properties with phase diagrams.
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