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ABSTRACT: Gasification of biomass in the entrained flow process requires temperatures above 1000°C and 
pressures above 20 bar. Together with the ash forming elements, a harsh environment is created inside these reactors 
and degradation of construction material is likely to occur. This will lead to unplanned stops and increased 
maintenance work resulting in economic loss. In this work, two refractory materials (63 and 83 weight percent 
alumina) were exposed to synthetic ash composed of K2CO3, CaCO3 and SiO2 to study chemical attack on and 
interactions with the refractory materials. The exposure went on for 7 days in 1050°C and CO2-atmosphere in a 
muffle furnace. It was found that potassium (K) is the most active element in attack of the refractories and is 
transported fastest in the material. A melt composed of K, Ca and Si was formed that prevented penetration of K but 
it also dissolved aluminum from the refractory materials. X-ray diffraction showed that the crystalline phases leucite, 
kalsilite, kaliophilite, K(2-x)Al(2-x) SixO4 and wollastonite had formed. Formations of new phases in refractories will 
cause stress and eventually failure within refractories.  
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1 INTRODUCTION 
 

Liquid fuels and other chemicals can be produced in 
a more sustainable way than from fossil feedstock like oil 
and coal. Desirable chemical compounds can be formed 
from synthesis gas (H2 and CO) and this gas can be 
obtained by gasification of carbonaceous feedstock, 
biomass for example. The gas can also be used directly in 
an integrated gasification combined cycle process for 
direct heat and power production. The entrained flow 
process operates at pressures above 20 bar and yields a 
high quality synthesis gas and for biomass temperatures 
of 1000-1200°C are necessary [1]. The high temperature 
and pressure together with the chemical composition of 
the atmosphere in the entrained flow reactor creates a 
harsh environment that is known to interact with the 
lining material. Especially reactions involving three of 
the most important ash-forming elements, Ca, Si and K, 
may lead to degradation and eventually failure of the 
refractory material [2]. Mullite together with glassy silica 
matrix has been reported to form kaliophilite, (KAlSiO4) 
and leucite (KAlSi2O6) when exposed to K2CO3 in 
1000°C and N2 atmosphere [3]. Formation of these 
phases gives rise to a volumetric expansion, resulting in 
stress within the material. 

However, a detailed understanding of the interaction 
between available refractories and woody biomass ash 
are still lacking. 

In this work, two types of mullite based, high 
alumina, fireproof bricks have been exposed to synthetic 
ash in an environment resembling the one in a real 
gasifier in order to study chemical attack on the 
refractories. The purpose was primarily to identify the 
type phenomena as the result of the exposure with less 
emphasis on their extent and quantification of the phases 
formed. 
 
 
2 METHOD AND MATERIALS 
 
2.1 The materials 
 The used materials are two commercially available 
fireproof bricks from Höganäs Bjuf, mainly alumina and 

silica; Vibron 160 H Gouda (63 wt-% alumina) and 
Victor 85 BP (83 wt-% alumina), hereafter called Vibron 
and Victor. The main constituent of Vibron is mullite (50 
wt-%), followed by corundum (23 wt-%) and cristobalite 
(20 wt-%). For Victor, corundum is the most frequently 
occurring phase (57 wt-%), followed by mullite (18 wt-
%) and andalusite (16 wt-%), as can be seen in Tab. I. 
 The refractories are composed of dense grains, up to 
5 mm in diameter, held together by a porous matrix. The 
Victor material is composed of a larger part of grains and 
also holds some voids between these. Vibron has a larger 
part of matrix that also leaves few voids around grains. 
 
2.2 Exposure 

Synthetic ash composed of K2CO3, K2CO3-CaCO3 
and K2CO3-CaCO3-SiO2, with the mixtures in equimolar 
amounts, was placed on top of about 1 cm cubic pieces of 
the ceramic sample materials and heated in a muffle 
furnace for one week in 1050°C and CO2 atmosphere 
(standard pressure). Both materials were exposed in 
groups of three for all used ash compositions. The 
samples were taken out for inspection at 3 times. If the 
pure K2CO3 ash had disappeared at the inspections, due 
to reaction or evaporation, more was applied. 

Table I: Composition of the refractory materials before 
exposure given in weight percent. 
 
  Vibron Victor 
Al2O3   63 83 
SiO2   31 9 
CaO   - 0,2 
TiO2   - 2,6 
Fe2O3   1 1,2 
K2O+Na2O  - 0,6 
P2O5   - 1,5 
Rest   5 1,9 
Identified minerals  (XRD)   
cristobalite  SiO2 20 5 
quartz  SiO2 2 1 
corundum  Al2O3 23 57 
mullite  3Al2O3·2SiO2 50 18 
andalusite  Al2SiO5 0 16 
sillimanite  Al2SiO5 4 2 
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2.3 Analysis 
 Scanning electron microscopy (SEM) with 
backscatter detector for atomic number contrast was used 
to investigate morphology and energy dispersive X-ray 
spectroscopy (EDX) was used to determine elemental 
compositions. X-ray diffraction was used to determine 
crystalline phases and the Rietveld method was used to 
semi-quantitatively determine the weight fractions of the 
observed phases.  
 One in each group of three samples was cut 
perpendicular to the exposed surface and prepared for 
SEM-EDX. Analysis was made on this area; starting at 
the exposed surface and into the material until less than 5 
weight percent of the synthetic ashes could be observed.  
 Another sample from each group of three had its 
exposed surface ground down to reveal the materials 
interior in an affected region and was prepared for SEM-
EDX and also XRD- and Rietveld analysis. 
 
2.4 Thermodynamic calculations 
 Thermodynamic calculations were performed to 
determine stable phases under used conditions for the 
present compounds. 
 
 
3 RESULTS 
 
3.1 Samples exposed to K2CO3 
 A transport of K into both materials was confirmed 
since a reaction with matrix and grains was observed. 
 For Vibron, the affected porous matrix parts 
displayed discoloration and part of the voids seemed to 
have been filled out. This effect appeared to be rather 
constant, reaching to a depth of about 5 mm where it 
abruptly ended. Figure 1 shows, a SEM image of this 
border area. Cavities had formed around larger grains in 
the affected area and they appeared to have come loose 
after the exposure. XRD and Rietveld analysis 2 mm 
under the exposed surface showed that K(2-x)Al(2-x)SixO4, 
kaliophilite (KAlSiO4) and kalsilite (KAlSiO4) had 
formed and made out 20, 10 and 4 weight percent of the 
crystalline phases, see Tab. II. 
 

 
 
Figure 1 SEM micrograph of the Vibron material exposed to 
K2CO3. The upper part is closer to the exposed surface and the 
lighter shade comes from the presence K. The matrix in the 
lower parts of the figure contains less than 5 weight percent K, 
while it is more than 20 weight percent in the upper parts. 
 
 The attack on Victor did not result in the same 
homogeneous filling of the matrix as for Vibron. Here, 
much of the porous character remained afterwards. The 

amount of observed K gradually decreased and could not 
be found in any significant amounts deeper than 7-8 mm 
from the exposed surface. Formation of kaliophilite, 
kalsilite and K(2-x)Al(2-x)SixO4, was detected with XRD 
and Rietveld analysis in 8, 4 and 2 weight percent 2 mm 
from the exposed surface, see Tab. II. 
 
3.2 Exposure to K2CO3-CaCO3 
 Similar results as for the exposure of pure K2CO3 was 
seen in this case. No trace of Ca could be found inside the 
material. The affected regions for both materials reached 
into about 3 mm from the exposed surface. Left on top of 
the samples was a powder. 
 
3.3 Exposure to K2CO3-CaCO3-SiO2 
 This mixture produced a heterogeneous melt that 
infiltrated the materials via cracks and large pores 
connected to the surface. High contents of Si were always 
observed in the melt along with both K and Ca. The melt 
appeared at least partly to have been crystallized upon 
cooling, since distinct areas with differing concentration 
of Ca and K were noticed. Also Al was observed to have 
dissolved from the ceramic material.  
 The matrix of Vibron that had been in contact with 
the melt displayed an affected region of 0.2-0.5 mm into 
the sample with mainly K as intrusive element, 
resembling the results of the exposure of pure K2CO3. 
The solidified melt contained about 10 weight percent Al.  
 

 

 
 

Figure 2: SEM micrograph of Vibron exposed to K2CO3-
CaCO3-SiO2 and analysis of elemental compositions. A melt 
composed of Si, K, Ca and some Al was formed. K had reacted 
with and penetrated into the material in contact with the melt. 
Point e in the figure is such an area, the elemental composition 
shows that K is has been transported into the material while Ca 
has not. The solidified melt displayed heterogeneity with areas 
more rich in either K or Ca, points a, b and d shows areas of 
different compositions within the melt. Some Al had been 
dissolved into the melt, as can be seen on the elemental 
compositions for a to d. 
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XRD- and Rietveld analysis made in the interface region 
between melt and refractory material showed formation 
of mainly kaliophilite and leucite in 22 respectively 11 
weight percent and also kalsilite and K(2-x)Al(2-x)SixO4 in 
4 and 2 weight percent (see Tab. II).  
 For the Victor material the penetration of the melt 
into cracks and pores was deeper, and could be found 
down to about 1 mm into the material. Limited reactions 
between the melt and the ceramics were observed in 
connection to the cracks, K was observed in the reacted 
parts Al-richer material appeared to be less affected by 
the presence of the melt. 
 

 

 
 
Figure 3: SEM micrograph of Victor with melt. On comparing 
point a and b’s elemental composition, they are much alike, 
indicating that it is melt that has been transported into cavities in 
the refractory. Point c, is of another composition and 
morphology, it is likely to be refractory material attacked by K. 

 XRD- and Rietveld analysis made on a surface in the  
melt-refractory interface showed formation of large 
amounts of wollastonite, 41 weight percent, and also 
leucite, kaliophilite and leucite in 9, 8 and 5 weight 
percent (see Tab. II). 
 
3.4 Attack on grains 
 K was the only ash forming element that exhibited 
interaction with the grains. Depending on availability of 
K and composition of the grains, the attack took on 
different forms and extent. On grains composed of pure 
alumina, no trace of reaction could be found. Grains with  
higher concentration of Si developed a 20-150 µm 
reaction layer with cracks propagating inwards through 
the whole layer. Some grains with good access to K 
developed two distinct different layers. One outer with 
more than 20 weight percent K and one inner with about 
10 weight percent K. Cracks were propagating through 
both these layers and stopped at the interface of second 
layer and the pristine grain. 
 

 
 
Figure 4: SEM micrograph of grain with two reacted layers. 
 
3.5 Thermodynamic calculations 
 The phases leucite and anorthite (CaAl2Si2O8) are 
thermodynamically stable at the conditions and 
compounds used in this experiment. It was also found 
that a carbonate melt can be formed under these 
conditions, especially if the pressure is elevated. 
 

Table II: XRD- and Rietveld analysis on exposed materials. The three first phases, cristobalite, mullite and corundum are 
the only original phases that could be detected. Weight percent of crystalline phases. 
 
 Material Vibron Victor 

 Ash K2CO3 
K2CO3-CaCO3-

SiO2 
K2CO3 

K2CO3-CaCO3-
SiO2 

 
Distance from exposed 

surface 

2 mm under 
exposed 

Slag-refractory 
interface 

2 mm under 
exposed 

Slag-refractory 
interface 

Identified phase Formula     
      
cristobalite SiO2 7 4 2  
mullite 3Al2O3·2SiO2 56 46 17  
corundum Al2O3 3 12 67 37 
leucite KAlSi2O6  11  9 
kalsilite KAlSiO4 4 4 4 5 
kaliophilite KAlSiO4 10 22 8 8 
 K(2-x)Al(2-x)SixO4 20 1 2  
wollastonite CaSiO3    41 
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4 DISCUSSION 
 
 Significant differences between the materials was 
observed when exposed to pure K2CO3; Vibron displayed 
discoloration, filled out matrix and formation of more 
than 30 weight percent new phases, mainly  
K(2-x)Al(2-x)SixO4 whereas Victor showed no discoloration 
or expansion and formed less than 15 weight percent new 
phases (kaliophilite most frequent) and K penetrated 
deeper into the material than for Vibron. If the densities 
of the newly formed phases deviate from the original 
density it will give rise to stress and eventually failure. 
 No increased levels of Ca could be found inside the 
materials after exposure to K2CO3 and CaCO3 while 
matrix- and grain attacks by K was observed to be similar 
as when exposed to pure K2CO3. This was the case for 
both materials.  
 The melt produced by the ash composition K2CO3-
CaCO3-SiO2 has both protective and harmful properties; 
it prevents K from inward penetration, leading to less 
interactions with - and effects on - the material. On the 
other hand it is partly dissolving the refractory since Al 
was observed in the melt. This could dissolve the 
material and move the actual surface of the refractory. A 
continuous thinning of the protective layer will 
eventually lead to failure. If the insulation becomes 
thinner in an operating unit, there will be increased heat 
losses. This heat loss, however, may at some point be 
enough to keep the remaining material so cold that the 
slag will be solid and stop the wear on the construction 
materials. 
 The two materials showed somewhat different 
behavior when exposed to the melt; Vibron’s matrix 
absorbed K and formed a reacted area similar to the one 
seen when exposed to pure K2CO3. For Victor the melt 
had penetrated further down in cracks, as if it flows easier 
within this material. Once inside K from the melt reacts 
with silica rich components. 
 The result of the thermodynamic calculations was not 
entirely coherent with the observed phases; leucite was 
found but no anorthite. Other phases, not predicted to be 
thermodynamically stable was also observed, see Errore. 
L'origine riferimento non è stata trovata. 2. A reason for 
this can be that locally different component 
concentrations create a composition where formation of 
other phases is favored. Another cause can be slow 
formation of some phases that could not be observed e.g. 
anorthite. 
 
 
5 CONCLUSIONS 
 

• K is the most active element in attack on the 
two refractory materials. Ca does not have any 
direct effect on the material but takes part in the 
formation of melt when the synthetic ash is 
composed of K2CO3-CaCO3-SiO2. 

• K is transported faster in matrix than in grains, 
thus becoming a distribution media for attack 
on grains. 

• The melt formed from the K2CO3-CaCO3-SiO2 
mixture strongly prevents K from penetrating 
into the materials but at the same time it 
dissolves the refractories, to some extent. 

• As a result of the K attack the crystalline phases 
leucite, kalsilite, kaliophilite and K(2-x)Al(2-

x)SixO4 is formed. 

6 FURTHER WORK 
 
 To fully explain the degradation of refractories for 
biomass gasification applications, much more work is 
needed. This work is a start to develop knowledge about 
the basic phenomena that leads to chemical attack. Some 
suggestions for further work within this area are: 
 

• Transport rate of ash-forming elements in 
different materials. 

• Investigation of dissolving rate of materials 
exposed to continuously flowing slag. 

• Study of physical properties in reacted material. 
(Heat conduction, density, crushing strength) 

• Experiments at higher pressures 
• References from biomass gasification units 

operating under constant conditions for a 
longer period of time. 

 
In this way recommendations can be formulated for 
materials selection for entrained flow gasification of 
various biomass mixtures with regard to alkali attack and 
formation of a protective deposit layer by suitable 
additives. 
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