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Toward the stable and efficient thermochemical conversion of coal, biomass and waste, the handling of ash
particles derived from the unburnable portion of fuels is a key issue because ash can cause operational
problems as a result of its adhesion characteristics at high temperatures. Understanding the relationship
between ash chemistry and adhesion characteristics is @ major focus in this research field. To investigate
the relationship between the chemical properties of materials and their function, an approach using
materials with well-designed chemical compositions is effective. However, real ash generated from
commercial plants has complicated chemical properties. In this review, we highlight studies using
synthetic ash, which is experimentally prepared from commercially available chemicals, to understand
the relationship between ash chemistry and adhesion. Synthetic ash with simplified and carefully
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Sustainability spotlight

Using biomass and wastes instead of fossil fuels is a promising approach because of their high abundance and availability. Thermochemical conversion,
combustion and gasification are typical examples of effective methods to utilise the energy of biomass and waste. Toward the stable and efficient thermo-
chemical conversion, the handling of ash particles derived from the unburnable portion of fuels is a key issue because ash can cause operational problems as
a result of its adhesion characteristics at high temperatures. Understanding the relationship between ash chemistry and adhesion characteristics is a major
focus in this research field. In this review, we highlight studies using synthetic ash, which is experimentally prepared from commercially available chemicals, to
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understand the relationship between ash chemistry and adhesion.

Introduction

Suppressing the use of fossil fuels, coal and petroleum is
a typical example of a key strategy for achieving a sustainable
society. Using biomass and wastes instead of fossil fuels is
a promising approach because of their high abundance and
availability. Thermochemical conversion, combustion and
gasification are typical examples of effective methods to utilise
the energy of biomass and waste. Thermochemical conversion
can produce a large amount of energy, which can be used to
produce power. Gasification can also produce syngas, which is
a mixture of hydrogen and carbon monoxide and can be used to
produce chemicals and synthetic fuels.” The development of
processes that maximise these advantages in the thermo-
chemical conversion of biomass and waste is required.
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The thermochemical conversion of biomass and waste is
complicated, and studies on the process span broad topics,
such as investigations of reaction mechanisms, furnace and
process design and catalytic gasification.® The investigation of
ash-related phenomena is a topic of interest in this research
field.* Ash is derived from the unburnable portion of coal,
biomass and waste. Particulate ash is produced during ther-
mochemical conversion processes, and the ash plays an
important role in various steps of these processes. Ash
components have been found to act as catalysts for gasification
reactions.® In addition, valuable materials such as phosphoric
acid can be produced from ash and useful components such as
phosphorous can be extracted from ash.®

Among the various well-known properties of ash, ash adhe-
sion behaviour is the focus of the present review. Ash particles
exhibit high adhesion at high temperatures such as the oper-
ating temperatures of commercial plants (600-1000 °C),
causing serious problems in plant operation.” Ash adhered to
heat exchangers adversely affects the heat transfer efficiency,
and large aggregates of ash (clinker) can clog ducts.” Ash also
adheres to the bed materials in fluidised beds, increasing the
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apparent size of the bed material and stopping fluidisation.®
Because these events lead to inefficient and unstable plant
operation, ash adhesion should be controlled. Irrespective of
the adhesion phenomenon, ash-related behaviours are strongly
influenced by the chemical properties of the ash. That is,
understanding ash chemistry is important for understanding
ash-related problems.

The use of well-designed materials is advantageous for
understanding the effect of chemical characteristics on material
properties and functions. For example, catalysts with various
chemical compositions have been designed and prepared and
the relationship between their catalytic performance and
composition has been discussed.” As a result, the mechanisms
of catalytic processes can be investigated and applied to catalyst
development and industrialisation. Unfortunately, the ash
produced from commercial thermochemical plants includes
a wide variety of elements (components), and the composition
of the ash cannot be experimentally controlled.*® The unique
characteristics of ash make understanding its chemistry diffi-
cult (Fig. 1(a) and Table 1). The use of appropriate analytical
techniques enables the experimental observation and evalua-
tion of the unique behaviours of ash produced from commercial
plants, referred to as ‘real ash’, and contributes to our under-
standing of the behaviours that occur in commercial plants.
However, understanding the influence of the chemical charac-
teristics of real ash is still challenging and a topic of interest.
The use of well-designed and experimentally synthesised
compounds contributes to understanding of the relationship
between chemical properties and ash behaviour. That is, ash
simulants are designed and synthesised and the behaviour of
the synthesised ash is evaluated. Specifically, ash-modified

(a) Understanding ash-related problems using ‘real ash’
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Fig.1 Comparison of studies using real and synthetic ash.

RSC Sustainability

View Article Online

Critical Review

materials are designed and synthesised and the behaviours of
the synthesised ash are evaluated (Fig. 1(b) and Table 1). As
a result, the effect of chemical characteristics on the unique
behaviour of the ash can be understood. The compounds that
simulate ash are called ‘synthetic ash’ and are currently being
used to study ash chemistry. As expected, studies that use
synthetic ashes have helped elucidate detailed mechanisms of
ash behaviours. Mechanistic insights obtained from synthetic
ash can contribute to our understanding of the behaviour of
real ash. This understanding will, in turn, enable appropriate
understanding of the large number of complex datasets asso-
ciated with real ashes and will contribute to the development of
methods for predicting ash behaviour at high temperatures
when used in combination with advanced tools such as artificial
intelligence and data-driven analysis.

This review surveys recent studies in which synthetic ashes
were used to understand ash adhesion on the basis of ash
chemistry. In particular, this review focuses on studies pub-
lished since 2013 on synthetic ashes modifying coal, biomass
and sewage-sludge ashes. The insights obtained through the
long history of coal utilisation have contributed to the use of
biomass, sewage sludge and waste, which are the main focus as
alternative resources to fossil fuels. This trend is no exception in
the study of ash and is addressed in this review. Sewage sludge
is not only a potential feedstock for energy and chemical
production but also a potential phosphorous resource, and this
review focuses on sewage-sludge ash.® Before introducing
synthetic ash, we discuss some important insights and limita-
tions derived from the analysis of real ashes. The potential
applications of synthetic ashes for mechanistic understanding
of ash chemistry are presented.

Chemical composition of ash

Numerous types of real ashes produced from commercial plants
have been characterised. The major elements in ash are Na, Mg,
Al Si, P, S, Cl, K, Ca and Fe.' Trace amounts of other elements
such as heavy metals are also present. Investigating the role of
heavy metals in ashes is important for understanding ash
behaviour (including corrosion) and the disposal and recycling
of heavy metals; their role has been discussed in detail in other
advanced reviews.”s!*

The chemical characteristics of ash usually depend on the
type of fuel.'™ In general, coal ashes tend to contain large
amounts of Si and Al."* Biomass ashes can contain greater
amounts of Ca, K and P than coal ash because these elements
are essential for life.”* A remarkable characteristic of sewage-
sludge ashes, which are produced by wastewater treatment, is
the presence of P.'® Because removing P from wastewater is
important for preserving the aquatic environment, the P in
wastewater is concentrated in sewage sludge during the treat-
ment process.” Biomass and waste ashes can contain Cl, which
promotes corrosion.’* The presence of ash with a high Ca
content has also been reported.'®® As an example, the
composition of the ashes previously analysed by our group is
shown in Fig. 2.'® The results are in approximate agreement
with the aforementioned trend. The characteristics of ashes

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of real and synthetic ashes
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Real ash

Synthetic ash

Origin (precursor) Coal, biomass, waste and sewage sludge

Commercially available reagents

Chemical characteristic X Complex v Well-designed and experimentally synthesised
X Composition cannot be experimentally compounds
controlled
Points v Contributes to understanding the behaviour v Contributes to understanding the relationship
that occurs in commercial plants between chemical properties and ash behaviour
X Difficult to understand the ash chemistry
H Na HP phases in the ash.'” In the analysis of real ashes, the distribu-
B K B Fe tion of chemical components is an important consideration
because of their complex chemical compositions. To evaluate
B the distribution of chemical composition in ash samples,
special techniques such as computer-controlled SEM/EDS (CC-
Coal ash SEM/EDS) are useful."®
L Ash adhesion at high temperatures: mechanism and
- quantification
Sewage- Ash adhesion is generally related to the liquid phase.” The
sludge liquid phase can form bridges between particles or between
ash a particle and a wall, resulting in liquid bridge force, which is an
attraction force. When the liquid phase is present on the surface
- of particles, the liquid bridge force is stronger than the van der
. Waals force, which is an attraction force that acts with and
Biomass without the liquid phase.?® Therefore, when the liquid phase is
ash . . L -
present, attention should be paid to the liquid bridging forces.
. Under high-temperature conditions (500-1000 °C), a liquid
Municipal- . . s .
waste ash e e e e e e v phase can form in ash particles.’*»* This liquid phase is
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Chemical composition (wt%)

Fig.2 Chemical compositions of real ashes used in previous studies.*®

produced from commercial plants are highly variable. Notably,
the chemical characteristics are also influenced by the locality
of coal, the origin of the biomass (type of wood) and the origin
of waste (municipal or industrial).’® A comprehensive under-
standing of ash chemistry is important for addressing the
diversity of not only coal but also biomass. Various combustion
ashes are currently being studied. The authors of previous
advanced reviews have discussed the diversity of the chemical
characteristics as a result of regional differences and other
factors.'>1>14«

We also introduce methods for analysing the chemical
characteristics of ash. Ash is characterised using common
analytical techniques (e.g., X-ray diffraction (XRD), X-ray fluo-
rescence (XRF) spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM/EDS)) and thermodynamic
calculations. Because of the complex chemical composition of
ash, interpreting the analytical data is not straightforward.
Thermodynamic calculations are useful for estimating stable

© 2026 The Author(s). Published by the Royal Society of Chemistry

considered to form via the partial melting of ash and the
condensation of gaseous components onto the ash particles
(Fig. 3(a)).”*** Under certain conditions, the melting tempera-
ture of a compound is uniquely determined. However, defining
the melting point of ash is difficult because real ashes contain
various compounds. As the temperature of the ash is increased,
the compound with the lowest melting point among the
compounds that compose the ash begins to melt. In addition,
ash is a mixture of various components and eutectic mixtures
can form. The temperature at which the mixture starts to form
a liquid phase is lower than the temperatures at which the
single components form a liquid phase because of the forma-
tion of a eutectic.”® Therefore, we note that the liquid phase can
be formed below the melting point of the pure components. In
addition, the gaseous components of the ash condense onto the
particulate ash and/or bed materials in the fluidised-bed
process, resulting in the formation of a liquid phase on the
surface of these particles.”” The condensation proceeds because
of a decrease in the gas temperature in the plants.”> These
mechanisms result in the formation of the liquid phase under
high temperatures, such as those inside thermochemical
plants. On the basis of this mechanism, the formation behav-
iour of the liquid (slag) phase provides useful information for
evaluating adhesion at high temperatures. The formation
behaviour of the slag phase can be estimated using thermody-
namic calculations. The Na, K and P in the ash cause the
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Fig. 3 (a) Schematic of the ash adhesion mechanism under high
temperatures and (b) thermodynamic calculations for predicting
adhesion. Calculation data were obtained using the FactSage software.

formation of a liquid phase at the operating temperatures of the
thermochemical conversion process.”*** As an example, the
formation behaviour of the slag phase caused by the interaction
of these elements with Si was estimated by thermodynamic
calculations (Fig. 3(b)). The important factors obtained from the
calculations in evaluating ash adhesion are slag formation
temperature and slag amount. The slag formation temperature
is the temperature at which the slag phase starts to form as the
temperature is increased. Above this temperature, particle
adhesion is expected to increase, and attention should be paid
to ash adhesion. In addition, the slag amount affects the
intensity of the liquid bridge force. The liquid bridge force has
been reported to increase with increasing liquid volume.'****
The slag amount is an important factor in predicting the
severity of ash adhesion. Interestingly, the formation behaviour
of the slag phase is related to the type of element, which
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indicates that ash chemistry strongly influences ash adhesion
behaviour.

Herein, the slag formation temperature—specifically, the
melting point—is explained in greater detail. The melting
points of the components that can be present in ash are listed in
Table 2. The eutectic temperatures of the system that can form
in ash are shown in Table 3. The Na-, K- and P-containing ashes
can melt at temperatures in the operating temperature range of
thermochemical conversion (600-1000 °C). In the fluidised bed
systems, the interaction between the ash and bed materials
such as SiO, warrants attention.”® The reaction causes the
formation of low-melting compounds. In addition, a eutectic
mixture can be formed because of the interaction of SiO,
derived from the bed material with components derived from
the ash.”

These mechanisms indicate that the chemical compositions
of ash influence its adhesion at high temperatures. As
mentioned in the previous section, the chemical characteristics
of ashes vary and depend on the types of fuels and the origin of
the biomass or waste. Therefore, the degree of ash adhesion is
strongly influenced by the types of biomasses and wastes
because of differences and variations in their chemical char-
acteristics.” Predicting the adhesion degree on the basis of the
chemical characteristics of the ash can be useful in developing
a method for controlling ash adhesion preliminarily.

Predicting ash adhesion requires understanding the rela-
tionship between the chemical composition of ash and its
adhesion properties. As a first step toward achieving this
objective, the chemical characteristics and adhesion properties
of ash should be determined accurately and reproducibly.
Although the chemical characteristics of ash are complex, they
can be determined using general chemical analysis techniques
such as XRD. By contrast, determining adhesion is challenging
because measuring the forces acting on microsized particles at
high temperatures is difficult.>” Therefore, the development of
methods to quantify ash adhesion is an important topic in this
research field.

With respect to the adhesion mechanism, the melting
behaviour of ash can be used to evaluate ash adhesion. The
fusion temperature of ash is a commonly used index for eval-
uating ash adhesion at high temperatures.””**® Although this
method does not directly measure force, it offers an indication
of adhesion based on the aforementioned adhesion mecha-
nism. Specifically, a lower ash fusion temperature (AFT) indi-
cates higher adhesion. AFTs are measured by observation of the

Table 2 Melting point of compounds that can be present in real ash

Compound Melting point” (°C)
Low melting point Na,Si, 05 875

K,Si,00 771

KCI 776
High melting point Quartz (SiO,) 1650

Mullite (AlgSi»043) 1850

KAISiO, 1690

% Obtained from the database of the FactSage software.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Eutectic temperatures of the system that can form in real ash

System Eutectic temperature® (°C)
Na,0-SiO, 799
K,0-SiO, 579
P,05-Si0, 567

¢ Calculated using the FactSage software.

change in shape and height of a moulded ash specimen with
increasing temperature (Fig. 4(a)). The AFT can be defined
different ways depending on the extent of the change in shape
and height; the initial deformation temperature and fluid
temperature are typical examples.” Also, to understand the
interactions between ash and a metal surface, adhesion
demonstrations are experimentally performed using simulated
deposition structures, which are ash deposits placed on a metal
surface (Fig. 4(b)).** Such experiments can simulate real adhe-
sion phenomena but cannot quantify the adhesion.

To quantify the adhesion force of particulate materials,
measuring the strength of powder beds, which are formed by
packing particles, is a promising method.?” Strength measure-
ments by tensile and shear tests of powder beds have contrib-
uted to our understanding of the mechanical properties of
particulate materials and have also been used to study ash
adhesion (Fig. 5).2>**" Ash powder beds prepared experimen-
tally can simulate the adhesion layers of ash formed inside
plants. Therefore, quantifying the strength of ash powder beds
is important for understanding the mechanical properties of
ash adhesion layers. For example, it can be used to predict the
growth process of an adhesion layer and to evaluate the external
force required to remove an adhesion layer. Other important
information obtained from strength measurements includes
the adhesion force, F, between particles, which can be deter-
mined on the basis of Rumpf theory using the tensile strength
of the powder bed, ¢:*

(a) Determination of ash fusion temperature (AFT)

\ Molded ash

(b) Simulating ash deposition
Deposited

-»0__/—)

Metal (probe)

Fig. 4 Typical methods for evaluating ash adhesion at high temper-
atures. (a) Determining the ash fusion temperature (AFT) and (b)
simulating ash deposition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evaluating ash adhesion by measuring the strength of ash
powder beds.

o= U= F (1)

T X2

where ¢ is the porosity of the powder bed, & is the coordination
number and x is the particle size. On the basis of the relation-
ship between porosity and coordination number, eqn (1) can be
transformed into

_ (= F
e x?

(2)

Herein, we used the conventional relationship between
porosity and coordination number:*

ke=m (3)

Therefore, the adhesion force can be estimated from
strength measurement data in conjunction with particle size
and porosity, which are basic powder properties. Note that
chemical characteristics are not included in the Rumpf theory.
Chemical characteristics directly influence adhesion force. For
example, the van der Waals force, F,, between two uniform
particles is described by the following equation:

Ax
b= am @

where H is the surface distance and A is the Hamaker constant.
Given the adhesion mechanism of ash particles, the liquid
bridge force is the dominant adhesion force. The liquid bridge
force, Fy, is described by the following equation:

Fy = mxycosd (5)
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where v is the surface tension and 6 is the contact angle.
Parameters A, v and 6 are affected by chemical characteristics.
Notably, the adhesion force can be estimated from strength
using the Rumpf equation, and the estimated force is affected
by several parameters related to ash chemistry.

Note that the physical characteristics of ash, the porosity of
the powder bed and the particle size also affect the measured
strength.® When investigating the relationship between adhe-
sion behaviour and ash chemistry using strength datasets, it is
necessary to pay attention to the effects of physical
characteristics.

To investigate ash adhesion, it is necessary to measure the
strength of an ash powder bed at high temperatures simulating
the conditions inside a thermochemical conversion plant.
Nevertheless, most of the devices for measuring the strength of
a powder bed are designed for measurement at room temper-
ature.”>3 We have developed equipment to measure the
tensile strength of a powder bed at high temperatures. A sche-
matic of the developed device is shown in Fig. 6.>* The hori-
zontal split cells made of quartz consist of a movable part and
a fixed part. Particulate samples are introduced into the cylin-
drical parts, and a powder bed is formed by packing. Tensile
tests of the powder bed are performed by pulling the movable
part. Because the cells are suspended in the furnace, tensile
tests can be performed at high temperatures and the effect of
friction is negligible. The tensile strength of the powder bed can
be determined by tensile tests with good repeatability (standard
deviation less than 25%); the results are shown in the following
sections. In ash adhesion research, it is important to measure
not only the adhesive force between particles but also that
between particles and walls. An effective method for measuring
the force between particles and walls is to contact a powder bed
of ash with a metal surface simulating a heat exchanger and
then conduct tensile or shear tests between the powder bed and
the metal. Devices for measuring tensile and shear strength
between ash deposits and metal surfaces have been designed
and developed by Laxminarayan et al., who used them to
effectively understand the adhesion of biomass ash.** We also
developed a shear-strength measurement device (Fig. 7) by
modifying a tensile-strength measurement device (Fig. 6) to
measure the shear strength between the powder bed and metal
at high temperatures.*

Movement
Powder bed

Furnace
Displacement
meter

Fig. 6 Schematic view of the tensile strength tester.>*
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Fig. 7 Schematic view of the shear strength tester.3¢

Understanding adhesion behaviour in the commercial plants:
use of ‘real’ ash

Ash adhesion has been studied using ‘real’ ash produced from
commercial industrial plants, such as coal-fired power genera-
tion and biomass combustion/gasification plants. Originally,
investigations of ash adhesion at high temperatures were con-
ducted using coal combustion ash. Recently, as more attention
has been focused on the use of biomass and waste as fuels,
interest has expanded to include ash derived from these sour-
ces. Nonetheless, the results and research methods used with
coal ash may be directly applicable to investigations of biomass
and waste ashes.

Statistical analysis is important in investigations using real
ashes because of the complexity and variety of their chemical
characteristics. To investigate the relationships between
chemical characteristics and ash adhesion, it is useful to use
numerous types of ashes with different chemical characteris-
tics. Using a phase diagram is a valuable way to summarise
many datasets and to understand the relationships between
chemical characteristics and ash adhesion. As a typical
example, a ternary graph can be created by classifying the
elements in the ash into three groups.®” The chemical compo-
nents of the various ashes are plotted in the ternary graph. In
addition, introducing the ash fusion temperatures of each ash
into the graph enables the observation of trends in the rela-
tionship between the chemical characteristics and fusion
temperature of the ash. This method was originally applied to
understand the melting behaviour of coal ash and has recently
been used to investigate biomass ash.?” Vassilev and coworkers
investigated the correlations and associations among chemical
characteristics using 86 samples of biomass ashes.?® On the
basis of the strong and significant correlations between chem-
ical characteristics, the elements in the ashes were grouped into
three sets: Si-Al-Fe-Na-Ti, Ca-Mg-Mn and K-P-S-Cl.** The
authors created a ternary graph using the three groups and
plotted the chemical compositions of various ashes on the
graph (Fig. 8).*»" The compositional regions of the coal ash
were localised, whereas the compositional regions of the
biomass ash were broad, suggesting a greater variety of chem-
ical properties for the biomass ashes. In the next step, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0 100

»

K,0 + P,0; + SO, + Cl,0

Fig. 8 Area for chemical components of coal and biomass ash in the
chemical classification system 37238

authors plotted the ash fusion temperatures on the ternary
graph (Fig. 9), revealing several trends.*”” The initial deforma-
tion temperature (IDT), one definition for the ash fusion
temperature, is plotted in the graph in Fig. 9. A higher content
of Si, Al, Ca and Mg tended to increase the ash fusion temper-
ature, which can be predicted to result in lower adhesion at high
temperatures. By contrast, lower contents of these elements and
higher contents of K and P resulted in a low ash fusion
temperature. Thus, high adhesion can be predicted at high
temperatures.

Lachman et al. created a ternary graph based on the works of
Vassilev and introduced it as a relatively reliable method for
predicting adhesion (Fig. 10).* They wused the initial

0 100

y

K,0 + P,0; + S0, + Cl,0

i High AFT (IDT > 1300 °C)

i Low AFT (IDT < 1100 °C)

Fig. 9 Area of low and high ash fusion temperatures (AFTs) for
biomass ash in the chemical classification system. The initial defor-
mation temperature (IDT) was used.*”?
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Maeerennes " -_~ ." o

100
R—?gm K,0 + Na,0 + P,0;
High AFT
(IDT > 1300 °C)

Fig. 10 Grouping for chemical compounds of biomass ash based on
their ash fusion temperature (AFT). The initial deformation temperature
(IDT) was used.*®

deformation temperature (IDT). Note that the three sets of
element groups differed slightly from that reported by Vassilev
et al. (Fig. 8 and 9).*»*** Lachman et al. chose eight abundant
elements (oxides). K and Na were grouped with P because these
elements were found to be the abundant elements in the
samples with lower ash fusion temperatures. The graph was
divided into three regions based on the ash fusion temperature.
Region 1 contained higher amounts of Ca and Mg, corre-
sponding to higher ash fusion temperatures, and consisted
mainly of woody biomass. By contrast, region 3, with high
contents of K, Na and P, showed a lower ash fusion temperature
and consisted of straw, grasses, flowers and chicken and cattle
manures. The authors recommended that, when the biomass
categorised in region 3 is used as fuels, additives should be used
to suppress adhesion; they also recommended co-firing with
less problematic fuels categorised in region 1.

The AFT is often used as an index to evaluate ash adhesion.
Notably, the measured temperatures are generally higher than
1000 °C but ash adhesion can be observed at temperatures
lower than 1000 °C in commercial plants. The AFTs are deter-
mined by the deformation of ash pellets at elevated tempera-
tures, which requires the formation of a sufficient amount of
molten phase. To evaluate ash adhesion at plant operating
temperatures, which are lower than AFTs for most ashes, we
measured the tensile strength of an ash powder bed at
temperatures less than 1000 °C using the homemade device
described above.** The tensile strengths of coal and sewage-
sludge ashes were measured and found to increase in strength
at 600-900 °C (Fig. 11).***? These valuable results quantitatively
demonstrated the increase in ash adhesion at plant operating
temperatures. We used our homemade CC-SEM in combination
with a heat-treatment chamber to observe microscopic
morphological changes of coal ash before and after heat treat-
ment and observed partial melting of the ash particle surface
after the heat treatment at 900 °C, which is the temperature at
which the tensile strength increased (Fig. 12).'*“¢ Notably,
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Fig. 11 Tensile strength of powder bed with coal and sewage—-sludge
ashes, plotted as a function of temperature.*62<

i

Fig. 12 FE-SEM images of coal ash particles (a) before and (b) after
heating at 900 °C .62

partial melting was observed, with no apparent deformation of
the powder bed observed under the same conditions. From the
calculation of the liquid bridge force, the observed small
amount of molten phase (i.e., the ratio of volume to single-
particle volume, on the order of parts per billion) was suffi-
cient to increase the observed tensile strength at 900 °C.*** In
addition, we observed a difference in the temperature at which
the tensile strength started to increase between coal and
sewage-sludge ashes. The tensile strength of the sewage-sludge
ashes containing P started to increase at 600 °C, which was
lower than the corresponding temperature for coal ash without
P. The results suggested that the effects of Na, K and P on
adhesion were different. This point was investigated using
synthetic ashes, as described below. To investigate relation-
ships between ash characteristics and tensile strength, we
measured the tensile strength of 56 samples of sewage-sludge
ashes.** Although various tensile strengths were measured,
significant relationships between the Na, K and P concentra-
tions and tensile strength were not observed (Fig. 13). In this
case, we reported a stronger correlation between physical
characteristics (particle size and porosity of powder bed) and
tensile strength but did not exclude the influence of chemical
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Fig. 13 Tensile strength of powder bed with sewage-sludge ashes as
a function of their chemical composition.**

composition. These results suggest that examining the rela-
tionship between ash chemistry and adhesion in real ash is
difficult and that factors other than chemical characteristics
need to be considered.****

Our ability to discuss the effects of chemical characteristics
on ash adhesion at high temperatures on the basis of the results
obtained using real ash is limited. Although the use of ternary
graphs can aid in evaluating the effects of chemical character-
istics on ash adhesion and in predicting adhesion, under-
standing the difference in the effects among elements grouped
in the same sets is difficult. For example, in the analysis using
ternary graphs, K and P (and in some cases Na) were grouped
together in the same sets. However, our results using a tensile
strength tester indicated that the role of P in particle adhesion
was different from that of Na and K and that the roles of Na and
K would be different.** In addition, although Si and Al were
grouped in the same set in the above ternary graphs, their roles
in ash adhesion were suggested to be different.* These points

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are essential for understanding and evaluating ash adhesion;
however, further discussion based on the results using real ash,
which has a complicated and uncontrollable chemical compo-
sition, is unlimited. Although the analysis of real ash is
important for understanding real behaviour that occurs in
commercial plants, the use of materials with simple and
controllable chemical composition is useful for mechanistic
understanding of the detailed effects of chemical composition
on particle adhesion.

Mechanistic understanding of ash adhesion: use of ‘synthetic’
ash

To understand the effect of chemical characteristics on ash
adhesion at high temperatures, the use of model compounds is
effective.** Specifically, compounds that have simple chemical
components and that partially simulate the properties of real
ash are prepared from pure materials. In this review, model
compounds of ash are referred to as ‘synthetic’ ashes. The
adhesion properties of synthetic ashes will be evaluated using
methods similar to real ash analysis methods such as
measurements of the ash melting temperature and tensile
strength. In addition, the chemical composition of the synthetic
ashes is controllable, and it may be possible to determine
detailed chemical properties, such as the concentration of
target elements and the presence/absence of coexisting
elements, and to correlate chemical properties with adhesion.
Because of these advantages and potential applications,
researchers have used synthetic ashes in recent years to inves-
tigate the mechanisms of ash adhesion.

There are several types of synthetic ashes with different
design concepts, which can be categorised into two types based
on their similarity to real ashes (Fig. 14). One of the concepts is

Number of

elements Similarity
(compounds) to real ash
O.O 2 Real ash >10 -
... Synthetic ash
. . (simulating 4-9 Similar
O O real ash)
.. Synthetic ash
(composed only .
. '.. from compounds 2-3 Not similar
. of attention)

Fig. 14 Categorisation of synthetic ash.
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to simplify real ashes and use synthetic ashes that simulate real
ashes. Synthetic ashes are prepared to partially simulate the
chemical compositions of real ashes but are composed of
selected elements (species). Usually, more than four compo-
nents are selected from the real ash. Those pure materials are
used as precursors, and the synthetic ashes are obtained by
heating the mixtures of precursors. Synthetic ashes prepared
according to this concept have chemical components similar to
those of real ashes and are useful for understanding the
behaviour observed in real ashes. The other type of synthetic
ashes is simple systems consisting of only 2-3 components that
are the focus of attention; these ashes are used to understand
the effects of specific components (elements) or specific inter-
actions. Synthetic ashes are prepared with various concentra-
tions of target elements (species) and base components (stable
components). They are useful for understanding the effect of
a target element's concentration on particle adhesion. In addi-
tion, to understand the interactions between specific compo-
nents, only two components are mixed and heated and the
resultant synthetic ash is characterised. Thus, the synthetic ash
is prepared from the target components only and consists of
two or three components. It is not a copy of the actual ash; it is
a simple mixture that offers a mechanistic understanding of the
behaviour that can occur in real ash.

Synthetic ashes with simple and controlled chemical char-
acteristics can contribute to the mechanistic understanding of
ash behaviour related to ash chemistry. On the other hand, real
ash is more useful than synthetic ash in obtaining an overview
of the real behaviour occurring in commercial plants and in
presenting operational issues. It should be noted that synthetic
ash cannot completely simulate real behaviour and is only
a useful tool to provide a mechanistic explanation of real
behaviour. It is important to select and use either synthetic ash
or real ash appropriately according to objectives.

Synthetic ash simulating a component of real ash

The synthetic ashes presented in this section are copies of real
ashes, but some trace components are excluded.”” The mixing
ratios of certain components are sometimes varied to elucidate
the effects of concentration changes.

Studies using synthetic ashes simulating coal ashes are
presented and summarised in Table 4. Hu and coworkers
focused on the SiO,-Al,03;-CaO-Fe,03;-K,0O system in coal
ashes and prepared synthetic ashes with these five components
mixed in various ratios.*® The AFTs of the synthetic ashes were
measured to investigate the effects of the mixing ratios of these
components. The AFTs decreased with increasing Fe,O;
content. X-ray photoelectron spectroscopy (XPS) studies sug-
gested that increasing the Fe,O; content promoted a change of
the Fe valence from Fe®' to Fe*'. The presence of Fe** (i.e., as
FeO) would lead to the formation of a eutectic mixture. The
temperatures decreased rapidly with increasing SiO,/Al,0O; ratio
until the ratio reached ~1.5. At higher SiO,/Al,O; ratios, the AFT
slightly decreased or remained stable. The observed decrease in
the AFT was due to the mineral compositions. The dominant
mineral species were high-melting corundum at low SiO,/Al,0;
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Table 4 Summary of findings obtained from synthetic ash simulating coal ash®?

Components

Method used to evaluate adhesion Parameter related to adhesion

Ref.

Si0,-Al,0;-CaO-Fe,0,—
K,O

AFT

Fe,O; content 46
Fe,O; increases — AFT decreases

Si0,/Al,05 ratio
Si0,/Al,0; increases (<1.5) — AFTs decrease
Si0,/Al,0; increases (1.5<) — AFTs slightly increase (or remain stable)

CaO

CaoO increases (<30%) — AFT decreases
CaoO increases (30%<) — AFT increases

Si0,-Al,0;,-CaO-Fe,0;, AFT

Si0,/Al,0;3 ratio

47a

Si0,/Al,0; increases (<2.5) — AFTs rapidly decrease

TMA

Si0,-Al,03;-CaO-Fe,0; AFT

Si0,/Al,0; increases (2.5<) — AFTs slightly increase (or remain stable)
CaO/Fe,0; ratio

47h, and 47¢

CaO/Fe,0; increases — AFTs increase

TMA

Fe valence

Addition of Fe** — AFT decreases

@ AFT = Ash fusion temperature. > TMA = Thermomechanical analysis.

ratios and low-melting anorthite and gehlenite at high SiO,/
Al,O; ratios. In addition, the AFT decreased with increasing
CaO content, reaching a minimum when the CaO content
approached 30% and then increasing when the CaO content
was increased further. The observed CaO effect was also
explained by mineral species. By contrast, no significant effect
of the K,O content on the AFT was observed, which was
attributed to the K,O content not affecting the mineral species.
These results suggested that changing the mineral species
associated with changes in elemental compositions strongly
affected the ash fusion characteristics, specifically ash
adhesion.

Bai and coworkers also prepared synthetic ashes that simu-
lated coal ashes and studied the effects of certain characteris-
tics.*” They prepared a synthetic ash consisting of the SiO,—
Al,0;-Ca0-Fe,0; system and investigated the effects of the
Si0,/Al,0; and CaO/Fe,0; ratios using the AFT as an index of
particle adhesion.*”*? They found that the AFT rapidly
decreased with increasing SiO,/Al,O; ratio until the ratio
reached ~2.5. The trend was similar to that observed in the
previously discussed study of the SiO,-Al,0;-CaO-Fe,0;-K,0
system.*® They also showed that the effect of the Si0,/Al,O; ratio
depended on the CaO content. When synthetic ashes with low
CaO contents were used, the AFT decreased with increasing
SiO,/Al,0; ratio, reaching a minimum temperature when the
Si0,/Al,0; ratio approached 2.5 and then slightly increasing as
it was increased further. For synthetic ashes with a high CaO
content, even though a similar trend was observed in the region
where the SiO,/Al,O; ratio was less than 2.5, the AFT remained
stable when the SiO,/Al,0; ratio was greater than 2.5. These
results indicated that explaining the AFT—specifically, ash
adhesion—with a single index is difficult. The AFT increased
with increasing CaO/Fe,O; ratio. The effect of the CaO/Fe,0;
ratio was explained on the basis of the Fe,O; content and the Fe
valence, similar to the explanation in the previously discussed
study.*® A decrease in the CaO/Fe,O; ratio—specifically, an
increase in the Fe,O; fraction and a decrease in the CaO

RSC Sustainability

fraction—changed the Fe valence from Fe®" to Fe**. The effect of
the Fe valence was also investigated in a study that used
synthetic ash prepared from different Fe precursors, and the
addition of Fe*" to synthetic ash with a low CaO content was
demonstrated to promote the eutectic reaction of the Si-Fe-O
system and to accelerate liquid formation.*”*

The behaviour of synthetic ashes designed to simulate real
coal ashes was compared with that of real ashes. Hu and
coworkers reported the chemical compositions of seventeen
types of coal ash, providing a design basis for synthetic ash and
a method for controlling the AFT.*® The AFTs of real coal ashes
decreased with increasing SiO,/Al,O; ratio and increasing Fe,0;
content, and the trends were similar to those observed for
synthetic ashes. Song and coworkers studied composition-
controlled real coal ashes.*®* Specifically, they added SiO,,
Al,03, Ca0, Fe,O; and MgO to real coal ashes with various
mixing ratios to investigate the effect of chemical characteristics
on the AFT. The effect of the CaO and Fe,O; contents on the
AFTs of component-controlled real coal ash showed a trend
similar as their effect on the AFTs of the synthetic ashes. By
contrast, the effect of the SiO,/Al,O; ratio on the AFTs of the real
ash system did not agree with that of the synthetic ashes. The
AFTs of the real ash system increased with increasing SiO,/
Al,O; ratio, whereas the opposite trend was observed for the
AFTs of the synthetic ashes. The observed behaviour in real
ashes was explained by mineral species. The main mineral
species was low-melting anorthite for low SiO,/Al,O; ratios and
high-melting mullite and corundum for high SiO,/Al,0; ratios.
The observed relationships between the types of mineral species
and the Si0,/Al, 03 ratio were opposite from those of synthetic
ash.*® As a typical example of these findings, the effect of the
SiO,/Al,0; ratio on ash adhesion has been investigated using
not only synthetic ashes but also coal ashes, and the conclu-
sions are not consistent (Table 5). Basically, these inconsistent
conclusions are attributable to mineral compositions. In addi-
tion, numerous parameters such as mineral formation reac-
tions and coexisting elements can lead to different conclusions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of real coal ash and synthetic ash regarding the effect of the SiO,/AlL,O3 ratio on adhesion®?

Method used to evaluate

Real/synthetic adhesion Relationship between SiO,/Al,O; ratio and adhesion property Ref.
Real (blending) TMA calculation Si0,/Al,0; increases — Suppresses fusion 43a
Real AFT Si0,/Al, 05 increases — AFT decreases 46
Real + pure AFT Si0,/Al, 05 increases — AFT increases 48
Synthetic (Si0,-Al,0;-CaO-Fe,O;—  AFT Si0,/Al,0; increases (<1.5) — AFTs decrease 46
K,0) Si0,/Al, 05 increases (1.5<) — AFTs slightly increase (or remain
stable)

Si0,-Al,0;-CaO-Fe, 05 AFT Si0,/Al,03 increases (<2.5) — AFTs rapidly decrease 47

TMA Si0,/Al,0; increases (2.5<) — AFTs slightly increase (or remain

@ AFT = Ash fusion temperature. > TMA = Thermomechanical analysis.

Bryant and coworkers investigated using blending coals with
different chemical compositions to control the SiO,/Al,0;
ratio.*** The ash fusion characteristics were determined using
thermomechanical analysis (TMA) and thermodynamic calcu-
lations. Increasing the SiO,/Al,O; ratio suppressed ash fusion. A
conclusion concerning the effect of the SiO,/Al,O; ratio on ash
adhesion was difficult to reach because the effect of the SiO,/
Al,O; ratio depends not only on the mineral species but also on
the reactions for mineral formation. The reaction is expected to
be affected by the raw materials (i.e., the origin of Si and Al), the
temperature at which the ash forms (ie, the operating
temperature of the plant), and the reaction atmosphere (i.e.,
combustion or gasification). In addition, the effect of the SiO,/
Al,O; ratio may depend on coexisting elements. In particular,
the presence of Na, K and P, which form eutectic mixtures with
Si0,, is expected to affect the adhesion behaviour. Given the
various factors related to ash formation, care is required to
investigate the effect of the SiO,/Al,O; ratio. Bai and coworkers
reported a comparison study between real coal ash and
synthetic ash.** The synthetic ash used in their study was
composed of the Si0,-Al,0;-Fe,0;-CaO-MgO-CaSO,-TiO,~
K,C0O;-Na,CO; system. The difference in mineral compositions
between real and synthetic ash resulted in differences in the ash
fusion characteristics. To match mineral compositions between
real ash and synthetic ash, synthetic ash should be prepared
under appropriate conditions using appropriate precursors.

Studies using synthetic ashes simulating biomass and waste
ashes as energy feedstocks have recently been reported. To
understand the adhesion of biomass and waste ashes, findings
from coal ash studies may be useful; however, it is necessary to
study the effects of unique elements contained in biomass and
waste ashes, such as Cl and P."2%>4

Liu, Yu and coworkers studied the effect of P using synthetic
ash consisting of SiO,, Al,03, CaO, Fe,03, Na,O and P,0s, with
various Al,05/CaO ratios.* They found that the effect of P on the
AFT depended on the Al,0;/CaO ratio and proposed a mecha-
nism based on mineral species. For low Al,03/CaO ratios, the
ash melting temperature tended to decrease and then increase
with increasing P fraction. In this case, a small amount of P
promoted the formation of CaSiO; (wollastonite)-Cas(PO,),
(apatite) eutectic mixtures, leading to a decrease in the AFT. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

stable)

addition of large amounts of P caused apatite-dominant ash,
resulting in an increase in the AFT as a result of the high
melting point of apatite. For high Al,0;/CaO ratios, the AFT
decreased with increasing P content because of the formation of
AIPO, (berlinite)-SiO, eutectic mixtures. Liu, Yu and coworkers
also concluded that the addition of P prevented the formation
of aluminosilicate and corundum, which have high melting
points, suggesting that P exhibited high reactivity with Al.

In the thermochemical conversion of biomass and waste, the
corrosion of heat exchangers due to ash adhesion must be
considered. Lindberg, Niemi, Balint and coworkers used
synthetic ash in an investigation of the mechanism of biomass
ash deposition on a superheater and the corresponding corro-
sion.**** The synthetic ash was prepared by selecting 2-4
compounds from among NaCl, NaBr, Na,SO,, KCI, KBr and
K,S0O,. Simulated superheater deposits were prepared using the
synthetic ash. This study using synthetic ash with simple
chemical characteristics offered convincing information about
the effect of temperature gradients in the deposits, the
morphology of the deposits and their migration behaviour.

The synthetic ashes introduced in this section were designed
and prepared on the basis of the chemical compositions of real
ashes and the partially simulated behaviour of real ashes. The
simplified chemical composition of the synthetic ashes was
beneficial for understanding the detailed mechanism of ash
adhesion. The studies using synthetic ashes provided important
insights, such as the necessity of considering the effects of
various factors to understand the adhesion behaviour of real
ash, which has a complex chemical composition. Synthetic ash
is a powerful tool for evaluating complex effects such as those of
the SiO,/Al,O; ratio because it can be prepared by experimen-
tally controlling parameters that affect characteristics. However,
preparing synthetic ash that simulates real ash requires that the
composition be designed not only to match the elemental
composition but also contain similar mineral species.* In
addition, although synthetic ash simulating real ash was used,
the behaviours observed with real ash were difficult to explain,
reflecting the complexity of ash chemistry.*” These difficulties
highlight the importance of using an approach in which the
interactions between elements are studied individually in
simpler models, such as systems composed of two or three
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elements (components), followed by an analysis of the behav-
iour based on the fundamental findings.

Synthetic ash to elucidate the effects of specific elements,
components and interactions: using a very simple system

Investigating the effect of a single factor—the concentration of
target elements or specific interactions between components—
on particle adhesion is also important and can provide basic
information for elucidating the complex adhesion behaviour of
real ash.?® Specifically, relationships between chemical charac-
teristics (e.g., the concentration of target elements, the types of
mineral species and a specific interaction between components)
and particle adhesion are investigated. For this objective,
synthetic ash with simple and well-designed chemical charac-
teristics is suitable. In this case, a synthetic ash that simulates
real ash is not necessary; the important design concept is that
the synthetic ash should consist of only specific elements
(components). Specifically, the synthetic ash should be
prepared from 2-3 precursors and its chemical characteristics
should be easy to determine (Fig. 15). In addition, synthetic
ashes with very simple system are useful for studying the impact
of trace compounds in the real ash. The impacts of such trace
compounds are expected to be difficult to detect in real ash and
simulated synthetic ash because they are hidden by the effects
of other compounds. Simple synthetic ashes that can focus on
specific elements are effective.

Laxminarayan et al. conducted studies using synthetic ashes
containing Si, S, Cl, K and Ca, simulating biomass ash (Fig. 16
and Table 6).* The noteworthy aspect of their studies was their
development of a method for evaluating the adhesion of
synthetic ashes. They developed devices to carry out high-
temperature measurements of tensile and shear strengths
between ash deposits and metal surfaces, simulating ash
deposited onto the surface of a superheater. Synthetic ash
consisting of KCI and K,SO, was used as a standard, and it
exhibited high strength. To investigate the effects of chemical

Real ash

. 99 Q
Synthetic ’ .
st O 0°Se

00
Investigate the

adhesion property of
specific components

Investigate the effects
of interactions between
specific components on
adhesion

Fig. 15 Schematic of the design concept and objectives for synthetic
ash using a very simple system.

RSC Sustainability

View Article Online

Critical Review

KCI-K,S0,  +

39 component —»

Product

Shear

Tensile

Fig. 16 Investigation biomass ash chemistry using synthetic ash with
tensile and shear strength measurements.

composition, one component was selected from among CaO,
CaS0,, Fe,03, SiO,, K,Si,04, K,CO; and KOH and added to
standard synthetic ash. That is, the effects of the interaction
among KCl, K,SO, and the selected third component on adhe-
sion were investigated; the results are summarised in Table 6.
Basically, strength increased in systems where the eutectic
temperature decreased with the addition of a third component.
The researchers observed this phenomenon by adding CaSO,,
Fe,03, K,CO; and KOH. By contrast, the addition of CaO
reduced the strength because CaO did not form a eutectic
mixture with KCI and K,SO, and because the presence of CaO
resulted in a lower fraction of the slag phase. The addition of
K,Si O, further increased the tensile and shear strengths, sug-
gesting that the presence of silicate increased ash adhesion.
These results also indicate that the mineral species strongly
affected ash adhesion and corrosion.

Kim, Namkung and coworkers investigated the effect of P on
ash adhesion in the thermochemical conversion of sewage
sludge (Fig. 17 and Table 7).>* They investigated P-related ash
chemistry using synthetic ashes prepared from P,Os (precursor

Table 6 Effects of third component addition to KCl-K,SO4 system on
adhesion strength®“

Change in
strength
(compared to
KCI-K,SO,)
Eutectic temperature —

Entry  Third component (°C) Tensile  Shear
1 Ca0o 690 !

2 CaSo, 644 1 1

3 Fe,0, 577 — 1

4 Sio, 690 — -

5 K,»S1,0, 650 1 1

6 K,CO, 580 — 1

7 KOH 288 — 1

@ 1 Strength increased compared with that of KCI-K,S0,. — Strength
did not change compared with that of KCI-K,SO,. | Strength
decreased compared with that of KCI-K,SO,. — Strength was not
measured.
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P,05 + M0, — Product
M. P. =340 °C M = Ca, Mg, Fe, Al, Si Identify using
XRD

M. P. = 1565-2852 °C

Fig. 17 Investigation of P-related ash chemistry using synthetic ash.>

Table 7 Summary of products formed by reaction of P,Os and metal
oxides (M,O,)***

Reactant Product

Entry M,O, M. P. (°C) Product” M. P. (°C)

1 CaO 2572 Ca,(POy), 1670
Ca,P,0, 1353

2 MgO 2852 Mg;(PO,), 1184
Mg,P,0, 1383

3 Fe,05 1565 FePO, 1240

4 Al,O4 2072 AlIPO, 1460
Al(PO5); 1527

5 SiO, 1710 Not detected —

@ M. P. = melting point. ” Detected by XRD.

of P) and a target compound selected from among CaO, MgO,
Fe,03, Al,O; and SiO,. They used synthetic ash as a powerful
tool to analyse P-related interactions. The P,Os-containing
mixture used as a synthetic ash precursor was treated at 800-
1000 °C, which is the temperature range used in sewage treat-
ment plants. Morphological observations and XRD studies of
the resultant mixtures were performed to evaluate the interac-
tions. Compared with experiments using single minerals
without P, experiments using the mixture of minerals with P
showed substantial expansion and agglomeration, suggesting
that the P and minerals interacted. The species formed by the
interactions were characterised by XRD analysis and are listed
in Table 7, along with their melting points. The products con-
taining P had lower melting points than the single minerals,
suggesting that interactions with P led to a decrease in the
melting point and to ash adhesion. For the mixture of P and
SiO,, although morphological changes were observed after heat
treatment, no new compounds were detected. Even though the
details were not provided, part of the P likely evaporated
because the heat-treatment temperature was higher than the
boiling point of P,Os, and new compounds not detected were
formed because of the interaction.

We studied the effect of chemical characteristics (types and
concentrations of target elements) on particle adhesion. Our
synthetic ashes were designed to consist of only two parts: the
target element and the base materials (Fig. 18(a)). The target
elements have the potential to induce the formation of
components with low melting points, resulting in high particle
adhesion. We selected Na, K and P as the target elements. The
base materials were stable and did not show high adhesiveness.
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(a) Design of synthetic ash
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Base material Target element Synthetic ash
» SiO, particles » (COONa), Compounds formed
» Kaolin (Al-Si) » (COOK),*H,0 by the interaction
particles » NH,H,PO, between base material

and target element

(b) Types of synthetic ash

Si0,-based synthetic ash

Kaolin-based synthetic ash

@)

Na-Si
L 00
.‘. K-Si .. K-AI-Si
Q . Q

o9 o0

Fig. 18 Design concept of our synthetic ash to study the role of
specific elements.

In addition, we selected base materials that are contained in the
ash and/or bed material of the fluidised bed system and that
have the potential to interact with the target elements. On the
basis of this consideration, we selected SiO, and kaolin (a
mixture of SiO, and Al,Si,0,0(OH),) as the base materials. This
design enabled us to evaluate the adhesion characteristics of
the compounds formed by the interaction between target
elements and base materials. We prepared six types of synthetic
ashes (Fig. 18(b)), three types of SiO,-based ashes (Na-Si, K-Si
and P-Si) and three types of kaolin-based ashes (Na-Al-Si, K-Al-
Si and P-Al-Si).** The particle adhesion of the synthetic ashes
was quantified using our homemade device for measuring the
tensile strength of a powder bed, as described in the preceding
section.

SiO,-based synthetic ashes were prepared with various
concentrations of target elements, and the relationships
between tensile strength at 900 °C and the concentration were
investigated (Fig. 19). A similar trend was observed in Na-Si and
K-Si synthetic ashes. The tensile strength increased with the
addition of a small amount of Na and K (less than 1 wt%), and
the tensile strength was almost constant when the Na and K
concentration was greater than 1 wt%. A different trend was
observed in P-containing synthetic ash, where the tensile
strength increased in proportion to the P concentration. The
relationship between tensile strength and temperature was also
investigated (Fig. 20), and the trend differed depending on the
element. The temperature range in which the tensile strength
started to increase was 500-600 °C, 600-700 °C and 800-900 °C
for P-Si, K-Si and Na-Si, respectively. These temperature ranges
correspond to the eutectic temperatures (slag formation
temperatures determined by thermodynamic calculations) and
the melting points of proposed compounds. Therefore, the

RSC Sustainability


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00397k

Open Access Article. Published on 12 January 2026. Downloaded on 2/25/2026 3:22:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

16
o
2 f
= @ Na—Si (Na 0.65 wt%o)
S0 | AKSI(KO52we%)
>t @ P-Si (P 7.4 wt%)
E X Si0,
8} ’
: O
2
Z 6 F
A
4t &
@]
2 ° A
ry ¢ X
o l—— . A2 e
0 200 400 600 800 1000

Temperature (°C)

Fig. 19 Tensile strength at 900 °C of a powder bed with SiO,-based
synthetic ash (Na-Si, K-Si and P-Si), plotted as a function of the Na, K
and P concentrations.*2¢4

16

o} <3 .

10 @

44

Ve o
®

"
t

@ Na-Si
A K-Si
@ P-Si

Tensile strength at 900 °C (kPa)
o

A

[ 5]
T

>

2 4 6 8 10 12 14 16

Concentration (wt%)

Fig. 20 Tensile strength of a powder bed with SiO,-based synthetic
ash (Na-Si, K=Si and P-Si) as a function of temperature.*?><

increase in tensile strength was due to the formation of a liquid
phase. The concentration dependence would be influenced by
the fraction of the liquid phase; specifically, the increase in the
liquid fraction resulted in an increase in tensile strength.
Thermodynamic calculations suggested that, although the
small amounts of Na and K induced the formation of a liquid
phase, more P was required for the formation of the P-induced
liquid phase (Fig. 21).

The tensile strengths of kaolin-based synthetic ashes were
also measured (Fig. 22), and the observed trends differed from
those of the SiO,-based ash. For Na-Al-Si ash, the addition of
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Fig. 21 Slag formation temperature of Na-Si, K-Si and P-Si systems
as a function of the chemical compositions estimated using thermo-
dynamic calculations.*?>

a small amount of Na rapidly increased the tensile strength,
showing a similar trend as the tensile strength of Na-Si ash.
However, in the case of K-Al-Si and P-AI-Si ashes, the tensile
strength slightly increased with increasing K and P concentra-
tions until a certain concentration was reached (15 wt% for K
and 25 wt% for P) and then rapidly increased as the concen-
tration was increased further. The differences from SiO,-based
ashes are likely derived from the presence of Al in the ashes. The
presence of Al increased the slag formation temperatures for the
K- and P-containing systems but decreased that for the Na-
containing system (Fig. 23). The calculations also suggested
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Fig. 22 Tensile strength at 900 °C of a powder bed with kaolin-based
synthetic ash (Na—Al-Si, K-Al-Si and P-Al-Si) as a function of the Na,
K and P concentrations.*?#<
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Fig.23 Slag formation temperature of Na—Al-Si, K-Al-Si and P—Al-Si
system as a function of the chemical composition estimated using
thermodynamic calculations.*?

that large amounts of K and P reduced the slag formation
temperatures, indicating that adhesion increased. The tensile
strength measurement results were consistent with the calcu-
lation results.

This review is focused on the ash adhesion behaviour related
to the melting of ash. By contrast, sintering unrelated to melting
is also a potential mechanism of ash adhesion at high
temperatures. In particular, some Ca-related adhesion is due to
sintering, and types of mineral species can be an important
parameter.>* Details of the sintering-derived adhesion are not
discussed in this review because the mechanism differs
substantially from that of melting-derived adhesion. However,
we note that synthetic ash can also be used in research on Ca-
related adhesion.*

Use of synthetic ash as an investigation method to control
adhesion

The development of methods to control ash adhesion at high
temperatures is important for stable and efficient plant opera-
tion. The use of additives is one approach to effectively control
adhesion.’® The addition of appropriate additives to fuels or
furnaces suppresses the formation of low-melting compounds,
resulting in suppression of ash adhesion. However, the use of
inappropriate additives can accelerate adhesion problems

© 2026 The Author(s). Published by the Royal Society of Chemistry
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because of effects such as reducing the eutectic temperature.®”
Such an undesirable phenomenon was demonstrated in the
studies of Laxminarayan et al, which we introduced in
a previous section (Fig. 16 and Table 6).** The strength of
synthetic ash containing KCI-K,SO, decreased with the addi-
tion of CaO but increased with the addition of CaSO,. Their
results clearly demonstrated the importance of selecting
appropriate compound species to effectively decrease adhesion.
Using synthetic ash is a useful method for investigating
appropriate additives depending on the cause of adhesion
(Fig. 24). Synthetic ash, especially systems with simple chemical
compositions, has clear adhesion factors, enabling the search
for appropriate additives according to those factors.

We used SiO,, Al,0; and Fe;O, nanoparticles as additives
and investigated their effects by adding them to SiO,-based
synthetic ashes (Fig. 25)."* Highly reactive nanoparticles were
used to elucidate the effect of ash-additive relationships on
adhesion. The tensile strength of the synthetic ash with and
without additives was measured at 900 °C (Fig. 25 and Table 8).
The results suggest that appropriate types of additives should
be selected according to the cause of adhesion. In particular,
Al,O; nanoparticles reduced the tensile strength of Na-Si, K-Si
and P-Si synthetic ashes. By contrast, the effect of SiO, nano-
particles was weaker than that of Al,O; nanoparticles. Ther-
modynamic calculations suggested that the addition of Al
resulted in the formation of high-melting compounds. By
contrast, the further addition of Si could promote slag forma-
tion. In fact, Al,O; nanoparticles were found to decrease the
melting point of real ashes in a demonstration using Na- and K-

. O Real ash
'..O X Various factors affecting adhesion

can be considered
->» Hard to investigate appropriate additives

Synthetic ash
v Clear factors affecting adhesion
- Enables a search for appropriate
additives according to the factors

Increased adhesion
-» Additive A is not
8) appropriate for
Synthetic decreasing adhesion
ash affected by factor F

@)
(@)
‘ Decreased adhesion
- Additive B is
appropriate for
decreasing adhesion
affected by factor F

oOO

Fig. 24 Advantage of synthetic ash in investigations of appropriate
additives to decrease adhesion.
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Table 8 Decrease in tensile strength at 900 °C (X) with the addition of
SiO,, AlLOs and Fe,Os additives to Na-Si, K=Si and P-Si synthetic
ashes?'éc

X (%)

Additive Sio, ALO; Fe,0;
Synthetic ash Na-Si 33 83 3

K-Si 62 91 8

P-Si 17 87 96
containing coal ashes and P-containing sewage-sludge

ashes.'*? The effect of Fe;0, was unique: it greatly decreased
the tensile strength of P-Si but did not affect those of Na-Si and
K-Si, suggesting strong interaction between P and Fe.*?” These
results provide basic information on the chemical effects of
additives, and this information is useful for developing addi-
tives that can be used in commercial plants. Controlling the
physical effects (i.e., the porosity of the powder bed) is also an
important function of additives.'*** Increasing the porosity of
the powder bed (i.e., forming a poorly packed powder bed) was
also found to decrease tensile strength. This effect was partic-
ularly remarkable for real ash with various causes of adhesion.
To increase porosity, nanoparticles with low packing ability and
additives that can form voids in the powder bed by gas release
(e.g., Al salts) were effective.”®

Conclusions

Studies using real ash have contributed to understanding of the
behaviour occurring in commercial plants and have suggested
the potential impact of ash chemistry on adhesion. Meanwhile,
synthetic ash with well-designed chemical characteristics
enables a mechanistic understanding of the impact of ash
chemistry on adhesion.

This review focused on two types of synthetic ash. The first
was based on the concept of synthetic ash that simulated
simplified real ash. Studies involving such synthetic ash have
provided important insights, such as the effects of various
factors (e.g., the Si0,/Al,0; ratio, the CaO content and the Fe,O3
content) on the adhesion behaviour of real ash. However,

RSC Sustainability

View Article Online

Critical Review

although these studies attempted to simulate real ash, the types
of behaviour exhibited by real ash remain difficult to explain,
reflecting the complexity of ash chemistry. The second type of
synthetic ash that has been studied comprises simple systems
consisting of only 2-3 elements (components), which do no
attempt to duplicate real ash. Studies on this type of ash have
contributed to understanding the effects of specific elements
(e.g, Na, K, and P) or specific interactions (e.g., P-related
interactions) on particle adhesion. This provides a mecha-
nistic understanding of the behaviour that can occur in real ash.
Fully understanding the behaviour of real ash on the basis of
the results for individual synthetic ash explained in this review
is difficult. However, each finding is an important piece in
understanding the adhesion. As research on synthetic ash
progresses, a large number of datasets will be collected, which
will be useful for understanding the phenomena of real ash.
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