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ABSTRACT 
 
This study examines the incorporation of treated Flue Gas Desulphurization (FGD) by-products from the glass industry in Malaysia 
into non-stoichiometric cordierite compositions, focusing on its effects on the physical, mechanical, and microstructural properties. 
New ceramic samples were developed using a blend of kaolin, silica, talc, and treated FGD sludge. The results indicate that increasing 
the amount of treated FGD sludge leads to desirable properties such as a low thermal coefficient of expansion (2.62 – 3.64 x 10-6/ 
℃), reduced density, and decreased average flexural strength (34.43 – 54.69 MPa), along with an increase in average porosity (17.04 
- 31.90 %). Notably, ceramics that were treated with 3 wt% FGD sludge crystallized α-cordierite at a lower sintering temperature 

(1250 ℃), whereas traditional solid-state reaction methods need higher temperatures (>1350 ℃) to make α-cordierite. Overall, 
replacing feldspar with treated FGD sludge in non-stoichiometric cordierite formulations presents a sustainable strategy for 
recycling industrial waste and reducing the need for natural resources. The resulting materials exhibit characteristics suitable for 
lightweight construction applications, such as commercial bricks, due to their light weight, adequate flexural strength, and 
appropriate porosity. 
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1. INTRODUCTION 

 

Flue-gas desulfurization (FGD) is a waste incineration 
process that commonly uses limestone (CaCO3) to 
eliminate sulfur dioxide (SO2) from power plant flue gas 
emissions [1]. Nippon Electric Glass Sdn Bhd (NEGM) 
produces 135 tons of sludge with high sulphur content 
every month. The sludge is disposed of via landfill at an 
operating cost of RM400 per ton. Such disposal methods 
can cause heavy metals to leach into rainwater, 
contaminating groundwater and rivers [2]. Thus, it is 
necessary to investigate the potential application of FGD 
sludge waste to reduce environmental pollution [1]. 
Numerous researchers have explored the potential of 
sludge as an alternative material in plaster moulds [3], [4], 
ceramic production [5], and cement substitutes in soil 
stabilization [6]. The investigation is crucial for mitigating 
the environmental issues arising from sludge waste 
accumulation and converting it into a valuable alternative 
material in ceramic production. 
 
X-ray fluorescence elemental analysis shows that the FGD 
obtained from glass manufacturing contains high 
concentrations of boron and other alkaline oxides in 
addition to Ca and S. The presence of glass-forming oxides 
and modifying oxides in the sludge waste powder may act 

as sintering aids to promote the crystallization of the 
crystalline ceramic phase.  
 
Cordierite is a valuable crystalline phase in the MgO-Al2O3-
SiO2 ternary system. Cordierite can be classified into two 
major polymorphs, namely α-cordierite and β-cordierite 
[10],[11], which can be distinguished based on the crystal 
system and Al-Si ordering [12]. Most natural cordierites 
form β-cordierite at low temperatures, have an 
orthorhombic crystal system and a space group symmetry 
Cccm; while α-cordierite, also known as indialite, forms at 
high temperatures, has a hexagonal structure with space 
group symmetry of P6/mcc [13], featuring a disorder of Al-
Si distribution [14]. Cordierite has excellent thermal shock 
resistance, a low thermal expansion coefficient (≤ 4.0 x 
106/℃), a low dielectric constant (4.0 – 5.0 at 1 MHz), 
good chemical durability, excellent refractoriness, and 
mechanical properties [7],[8],[9], and therefore has many 
important applications. However, it was difficult to 
crystallize α-cordierite at a lower temperature since the 
crystallization temperature is near to its incongruent 
melting temperature. Therefore, nucleating agents or 
sintering aids are normally added to enhance the 
crystallization temperature of the α-cordierite phase. 
This study explored a novel approach to replace different 
amounts of magnesium oxide with treated FGD sludge 
powder in non-stoichiometric cordierite compositions. Sun 
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et al. [15] have shown that calcium can substitute 
magnesium in cordierite systems, facilitating the 
dissolution of cordierite grains and promoting the 
formation of anorthite phases. Conversely, Lamara et al. 
[16] suggested that sintering kaolin-magnesia mixtures 
without the addition of CaO resulted primarily in the 
nucleation and growth of monolithic cordierite. This study 
is innovative as it investigated the use of FGD sludge, 
which is rich in calcium and also contains B2O3, i.e., a 
significant glass former and sintering aid, as a potential 
substitute for MgO to enhance the crystallization of α-
cordierite. This substitution could reduce the reliance on 
MgO and also offer a sustainable solution for managing 
FGD sludge waste. Despite the promising potential of FGD 
sludge in modifying ceramic compositions, no studies have 
tested its use as a sintering aid in cordierite formulations. 
Therefore, this research addresses this gap and provides 
new insights into the effects of FGD sludge as a 
replacement for MgO in cordierite ceramics. 
 

 
2. Materials and Methods 

 
2.1. Materials 

Raw FGD sludge used was obtained from Nippon Electric 
Glass Malaysia, NEGM. Silica (SiO2), magnesium oxide 
(MgO), aluminium oxide (Al2O3), talc (3MgO•4SiO2•H2O), 
and kaolin (Al2O3•2SiO2•2H2O) each with a purity of  ≥ 
92% were procured from Ipoh Ceramic Sdn Bhd. 

2.2. Methods 

The synthesis of cordierite ceramic using the solid-state 
reaction method was performed in two steps: (i) the 
preparation of treated FGD sludge, and (ii) the preparation 
of non-stoichiometric cordierite composition of 
2.8MgO•1.5Al2O3•5SiO2 incorporating various amounts of 
treated FGD sludge. 
 
The treated FGD sludge powder was produced through 
calcination at a temperature of 1100℃ for 3 hours to 
eliminate any moisture (both physical and crystal water), 
impurities, organic matter, and unstable gas. The calcine 
sludge powder was left overnight and then pulverized into 
fine particles using a Pulverisette 6 machine. The 
composition of treated FGD sludge in varying percentages 
(0wt%, 1.5wt%, 3.0wt%, and 4.5wt%) was selected to 
substitute MgO content in the non-stoichiometric 
cordierite formulation, as detailed in Table 1. Each 
composition was accurately weighted and milled using a 
planetary mill at 300rpmfor 1 hour using tungsten carbide 
as the grinding medium to ensure a homogenous mixture. 
The resulting powder mixture was then pressed into a 
cylindrical die shape with a diameter of 12 mm under a 
pressure of 11MPa, forming a pellet structure. Next, the 
samples were sintered at 1250 ℃ for 3 hours at a heating 
rate of 5℃/min before characterization. 

 

 
2.3. Characterization 

X-ray Fluorescence (XRF) was used to detect the chemical 
composition of the FGD sludges in dried powder. The X-ray 
diffraction (XRD) patterns of the samples were acquired 
using Bruker's X-ray Diffraction D8-Discover instrument, 
operating with Cu-Kα radiation at a wavelength of 
1.5418Å, and measurements were conducted in the range 
of 5° ≤ 2θ ≤ 90° with a step size of 0.03. Microstructural 
analysis was performed on the samples at magnifications 
of 500x and 5000x using a TM3000 Tabletop Scanning 
Electron Microscope (SEM). Bulk density and apparent 
porosity were determined using the Archimedes method, 
with distilled water serving as the  
liquid media, as described in reference [18]. The flexural 
strength was measured using a three-point bend test 
machine, following the procedure outlined in reference 
[19]. The coefficient of thermal expansion of the sample 
was obtained using dilatometry (Model-Linseis 
DTAPT1600), in the temperature range from 20℃ to 1000 
℃ at a heating rate of 5℃/min.  
 

3. Results and Discussion 

 
3.1. Chemical properties of treated FGD sludge used in 
non-stoichiometric cordierite formulation. 
  
The treated FGD sludge powder utilized in this research 
highly exhibits alkalinity, with a pH of 9.33. This alkalinity 
primarily arises from the use of limestone (calcium 
carbonate) in most FGD techniques as an alkali sorbent to 
capture acidic compounds like sulphur, resulting in the 
formation of solid alkali particles [2]. Table 2 shows the 
chemical composition of the raw material used in this 
research. The primary constituents detected in the treated 
FGD sludge powder is calcium oxide (CaO), sulphur 
trioxide (SO3), and aluminium oxide (Al2O3), constituting 
46.9%, 42.2%, and 7.9%, respectively. Additionally, other 
components including iron (III) oxide (Fe2O3), chromium 
(III) oxide (Cr2O3), and potassium oxide (K2O) are also 
present.  
 
The addition of CaO in cordierite compositions has been 
well documented in the literature. Malekzadeh and 
Rezvani stated that CaO enhances the formation rate and 
intensity of α-cordierite [20]. N. Ibrahim et al. [21] 
successfully synthesised α-cordierite with anorthite as a 
minor phase by adding 5wt% of CaO and sintering at 900℃ 
using glass methods. Furthermore, CaO has also been 
employed as an additive to facilitate the nucleation and 
growth of cordierite. S. Lamara et al. [16] reported that an 
increase in CaO led to a decrease in the cordierite 
formation temperature and an increase in the activation 
energy.  
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Table 1. Sample composition with different weight percentages (wt%) of treated FGD sludge powder used. 

Raw Material FGD 0 FGD 1.5 FGD 3.0 FGD 4.5 

Sludge 0 1.5 3.0 4.5 

Silica 0.133 0.133 0.133 0.133 

Magnesia 4.50 3.00 1.50 0 

Alumina 4.052 4.052 4.052 4.052 

Talc 29.485 29.485 29.485 29.485 

Kaolin 61.822 61.822 61.822 61.822 

 
Table 2. Chemical compound of treated FGD sludge used (wt%). 

 

Materials CaO SO3 Al2O3 Fe2O3 Cr2O3 K2O TiO2 Others 

Treated 
FGD Sludge 

46.90 42.2 7.90 1.38 0.20 0.70 0.08 0.72 

 

 
The presence of silica and alumina in the raw material 
used in this study provides advantages for the synthesis of 
high-purity α-cordierite through the solid-state reaction 
method [22]. However, impurities found in all raw mineral 
substances such as in mineral talc and kaolin, can hinder 
the synthesis of high-purity α-cordierite phases [23],[24]. 
Many researchers have demonstrated that high-purity 
cordierite can be obtained by incorporating pure silica, 
alumina, and magnesia in the presence of both talc and 
kaolin [25],[26]. 
 
The XRD patterns of the treated FGD sludge used are 
presented in Fig. 1. By employing the search match method 
for phase identification, the treated NEGM’s FGD sludge 
exhibits the presence of anhydrite phase, CaSO4 (ICSD 98-
000-5306) with the most intense peak at 2θ = 25.42° 
[002], 2θ = 31.18° [021], and 2θ = 38.76° [022]. On the 
other hand, gypsum, CaSO4•2H2O (ICSD 98-001-1992) has 
a density of 1.99 g/cm3 with the most intense peaks at 2θ = 

28.24°, which corresponds to the plane [22-1] only. The 
XRD and XRF results for the sludge are consistent with 
each other, reflecting that the predominant compounds in 
the sludge were CaO and SO3.  

The crystal system of the cordierite phase in 
sample FGD 0 and sample FGD 1.5 is orthorhombic with 
space group Ccm, whereas sample FGD 3.0 and sample 
FGD 4.5 exhibit a hexagonal crystal system with space 
group of P6/mcc. Furthermore, only β-cordierite has an 
additional peak at 2θ = 15°, which corresponds to the 
plane (111), while α-cordierite lacks this peak. Although 
both α-cordierite and β-cordierite show an almost similar 
pattern, there is a distinct intensity peak located at 2θ = 
21.71°, that belongs to the plane (112). α-cordierite 
records a lower intensity peak compared to β-cordierite, 
with a difference of 18.4%. The precise quantification of 
both α-cordierite and β-cordierite in each sample is 
challenging due to the severe overlap in their peak 
positions. 

3.2. Effect of sludge addition on the phase 
transformation and crystallization of cordierite 
ceramic. 
 
Fig. 2 demonstrates XRD patterns for four non-
stoichiometric cordierite samples prepared by adding 
different amounts of treated FGD sludge powder. It is 
evident that each sample distinctly exhibits the presence of 
α-cordierite (Al4Mg2O18Si5) or β-cordierite 
(Al4Fe0.86Mg1.14O18Si5) with the most intense peak at 2θ = 
10.48°. Additionally, minor phases such as forsterite, 

sillimanite, and anorthite are also detected in the sintered 
sample. Notably, the highest peak of forsterite (Mg2SiO4) 
diffracted at 2θ = 20.48° crystallized in sample FGD 0 and 
FGD 1.5 only. Sillimanite (Al2O5Si) phase, with the most 
intense peak at 2θ = 60.13°, is observed in samples FGD 0 
and FGD 1.5, while anorthite (CaAl2Si2O8), with the most 
intense peak at 2θ = 21.99° begins to crystallize at samples 
FGD 3.0 and FGD 4.5. A detailed phase analysis of the 
sintered samples is tabulated in Table 3, and the 
quantitative analysis of each sample sintered at 1250℃ 
obtained by refining XRD data can be seen in Table 4. 
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Figure 1. The X-ray diffraction patterns of treated FGD sludge. A = anhydrite, G = gypsum 

 

 

The sample FGD 0 is a pure non-stoichiometric cordierite 
composition that exhibits a limited ability to crystallize α-
cordierite phases through solid-state methods, indicating 
that the composition requires a higher sintering 
temperature. The formation of α-cordierite phase 
gradually increased with increasing treated FGD sludge 
powder in the mixture but began to decrease in sample 
FGD 4.5 because the anorthite phase started to grow with 
the increase in CaO molar ratio in the sample composition.  
On the other hand, the formation of forsterite decreases 
with a decreasing amount of MgO. In conclusion, β-
cordierite is present in FGD 0 and FGD 1.5 while α-
cordierite is exclusively found in FGD 3.0 and FGD 4.5. 
 For better observation, the XRD pattern for FGD 
3.0 was focused on 2θ ranging between 9° and 80°, as 
shown in Fig. 3. These peaks could not be observed as 
clearly in Fig. 2, as the intensity of the cordierite phase 
located at 2θ = 10.45°, corresponding to the plane (110) 
for FGD 3.0 is abnormally higher than the other samples. 
Minor phases such as forsterite and sillimanite tend to 
crystallize at low sintering temperatures in comparison to  
 

 
FGD 3.0 and FGD 4.5. This behavior can be attributed to the 
excess MgO content in the composition of samples FGD 0 
and FGD 1.5. The presence of forsterite and sillimanite 
indicates that the complete diffusion of atoms does not 
occur since Al, Si, and Mg atoms form two different 
compounds. The absence of a glassy phase or fluxing 
compound during the sintering process impedes the 
diffusion of atoms and the formation of stable compounds. 
The most pronounced peak of forsterite is detectable at 2θ 
= 20.48°, corresponding to the plane (010), while the 
strongest peak of the sillimanite phase diffracted at 2θ = 
60.13°, which belongs to the plane (033). When the 
concentration of treated FGD sludge powder exceeds 4.0 
wt.% in the composition, the anorthite phase begins to 
crystallize. The strongest anorthite peak is observed at 2θ 
= 21.99°, corresponding to the plane (200). In this case, the 
formation of anorthite depends on the balance between 
Al2O3 and CaO in the CaO-Al2O3-SiO2 field [27]. In the 
presence of CaO, minor phases such as fosterite and 
sillimanite phase tend to recrystallize into more stable 
phases such as cordierite.  

 
Figure 2. The X-ray diffraction patterns of the sintered samples at 1250 ℃ with different sludge content. 

 C = cordierite, F = forsterite, S = sillimanite, A = anorthite.
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Table 3. The phase analysis of sintered samples with different amounts of treated FGD sludge. 

H = Hexagonal, O = Orthohombic, A = Anorthic. 
 

Samples Porosity 
(%) 

Density (g/m3) Flexural 
strength (MPa) 

Volume shrinkage 
(%) 

Coefficient of thermal 
expansion (℃-1) 

FGD 0 20.31 2.48 54.69 31.00 1.82 x 10-6 

FGD 1.5 17.04 2.44 45.75 25.07 0.98 x 10-6 

FGD 3.0 27.05 2.36 41.12 17.61 2.24 x 10-6 

FGD 4.5 31.90 2.67 34.43 16.54 -1.16 x 10-6 

 
 

 
 

 
Figure 3. Full scale of XRD pattern for sample FGD 3.0. 

 
Increasing the amount of treated sludge substitution 
resulted in a more intense peak of the cordierite phase at 
2θ = 10.45°, which belongs to the plane (110), but it 
deteriorates as the concentration of FGD sludge powder 
substitution reaches 4.5 wt.%. The difference in the 
intensity peak of each sample diffracted at 2θ = 10.45° and 
their respective percentages (%) are presented in Fig. 4.  
According to Fig. 4, the increase was 88.57% for FGD 1.5, 
97.59% for FGD 3.0, and 70.91% for FGD 4.5. Since the 
testing parameters remain constant, the higher intensity 
peak observed in the plane (110) might be due to the 
preferred orientation, crystal growth direction pattern, or 
the presence of impurities element substitution on that 
specific plane [28]. 

 
Figure 4. The intensity peak of each sample diffracted at 2θ = 

10.45° [110] and their percentage of difference (%). 

 

Fig. 5 shows the microstructure of all sintered cordierite 
samples with and without FGD sludge powder addition. As 
the amount of treated sludge increases, the presence of 
pores inside the sample increases. However, a large 
number of irregular particles accumulate in the pores in 
the internal structure of the sample sintered at 1250°C, 
indicating that the sintered sample is not fully densified.  
 

 

 
Figure 5. The scanning electron microscopy (SEM) images of the samples sintered at 1250℃ with different sludge contents at a 

magnification of 500x (left) and 5000x (right) (a) FGD 0, (b) FGD 1.5, (c) FGD 3.0, and (d) FGD 4.5. 
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As demonstrated in Table 2, the XRF analysis of the treated 
FGD sludge powder reveals a sulfur trioxide (SO3) content 
of 42.2 %. Therefore, increasing the amount of treated FGD 
sludge added to the composition resulted in a higher pore 
content in the samples. Sample FGD 3.0 and FGD 4.5 
exhibited interconnected pores due to the addition of a 
large amount of treated sludge. All samples with treated 
FGD sludge addition exhibit the formation of super-
micropores, as the pore sizes of sample FGD 1.5, FGD 3.0, 
and FGD 4.5 fall within the range of 10 µm to 100 µm, 
while the pores in FGD 0 can be classified as inter-
micropore since their sizes range from 1 µm to 10 µm [29].  
 
XRF results showed that despite the thermal treatment of 
FGD sludge powder at a calcination temperature of 1100°C, 
sulfur dioxide (SO2) gas could not be completely 
decomposed. According to Sievert et al. [30], anhydrite 
remains thermodynamically stable up to 1180 ℃, and as 
suggested by Z. Wang et al. [31], the decomposition of 
CaSO4 occurs at around 1150 ℃. Thus, the decomposition 
of SO2 takes place during the sintering of the sample, 
leading to the formation of pores in the internal structure 
of samples with the addition of treated FGD sludge. 
Moreover, an increased amount of treated FGD sludge in 
the samples also results in the creation of larger pores. The 
gradual decomposition of gas to form pores during 
sintering is a beneficial method for preparing porous 
ceramics. High-strength porous ceramic materials are 
advantageous for building structural applications because 
the thermal conductivity of the material can be effectively 
reduced. 
 
As depicted in Fig. 5b, the microstructure of sample FGD 
1.5 exhibits a significant amount of glass phases, primarily 
due to its higher porosity content compared with FGD 3.0 
and FGD 4.5, resulting in unobstructed grain boundaries 
[32]. Notably, the increase in the FGD sludge powder 
addition leads to a substantial increase in the quantity of 
liquid phases. These liquid phases play a crucial role in the 
sintering process of the α-cordierite phase at 1250℃ by 
wetting the raw particles and accelerating ion transport 
[33]. A discernible amount of liquid phase is visible in 

Fig.3d. The interaction between calcium (Ca) and silicon 
dioxide (SiO2) in the sludge successfully forms a silicon-
rich molten glass phase at a lower sintering temperature 
[34], especially at 1250℃. 
  
3.3. Effect of sludge addition on the physical and 
thermal characteristics of cordierite ceramic. 
 
Table 4 presents the properties of the sintered samples 
prepared with varying weight percentages of FGD-treated 
sludge powder. As shown in Table 4, the porosity values of 
the samples at different quantities of sludge are in 
agreement with the SEM morphology displayed in Fig. 3. 
The porosity of the samples decreases with the addition of 
1.5 wt% of sludge, but it continues to increase with the 
addition of 3.0 wt% and 4.5 wt%.  
 
Furthermore, the density of the samples decreases with 
the increasing quantity of treated FGD sludge powder and 
experiences a sharp increase in the case of sample FGD 4.5. 
This phenomenon can be attributed to the presence of 
minor phases in the cordierite ceramic bodies, each with 
its distinct density. Fosterite and sillimanite have densities 
of 3.22 g/cm3 and 3.17 g/cm3, respectively. Meanwhile, 
samples FGD 0 and FGD 1.5 exhibit moderately lower 
densities compared to the theoretical density of the 
phases, owing to the formation of pores leading to a 
reduction in sample density. Theoretically, pure α-
cordierite has a density of 2.52 g/cm3, while the sample 
with the most crystallized α-cordierite, i.e., sample FGD 3.0 
has the lowest density of 2.36 g/cm3. Sample FGD 3.0 
displays a slightly lower density value than the theoretical 
value of cordierite’s density due to the presence of pores in 
the sample. The formation of anorthite phase, which aligns 
with the theoretical density value of 2.76 g/cm3, occurred 
in sample FGD 4.5. This explains the increase in the density 
value of the sample, even though it had a higher pore 
content. Therefore, the density of the sample is 
predominantly influenced by the theoretical density of 
each phase and the presence of pores in the sintered 
samples. 

 
As stated in Table 4, the flexural strength of the samples 
decreases with the increasing amount of treated FGD 
sludge powder addition. This decline is attributed to the 
decomposition of SO3 during sintering, which leads to an 
increase in the porosity of cordierite as the treated FGD 
sludge rises. Lian et al. [35] emphasized that the strength 
of porous materials is significantly affected by the porosity 
within their internal structure. The presence of a 

substantial volume of air voids in porous materials can 
weaken the bonding of the internal component [36], thus 
diminishing the materials' ability to withstand pressure. 
The theoretical flexural strength of cordierite stands at 66 
MPa, However, the flexural strength of all the examined 
samples displays a decreasing trend due to the presence of 
minor phase and porous internal structure.  

 
Table 4. Properties of the sintered samples at 1250 ℃ with different treated sludge contents. 

 
Samples Porosity 

(%) 
Density (g/m3) Flexural 

strength (MPa) 
Volume shrinkage 

(%) 
Coefficient of thermal 

expansion (℃-1) 

FGD 0 20.31 2.48 54.69 31.00 1.82 x 10-6 

FGD 1.5 17.04 2.44 45.75 25.07 0.98 x 10-6 

FGD 3.0 27.05 2.36 41.12 17.61 2.24 x 10-6 

FGD 4.5 31.90 2.67 34.43 16.54 -1.16 x 10-6 
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In addition, as seen in Table 4, all the samples exhibit a 
diminishing trend in shrinkage and a denser internal 
structure. Surprisingly, despite having a lower pore 
concentration, sample FGD 1.5 displays lower flexural 
strength compared to FGD 0. This is due to the slower rate 
of shrinkage, rendering sample FGD 1.5 unable to form a 
dense body capable of withstanding a load. The SEM 
images also demonstrate that the pore size of FGD 1.5 is 
significantly larger than that of FGD 0, which accounts for 
the reduction in flexural strength. Nonetheless, the 
relatively low flexural strength of cordierite ceramic does 
not impede its use in common applications such as heating 
elements, resistors, band heaters, ovens, furnaces, and 
fuses [10]. It is also suitable to be used as a brick because 
the minimum standard requirement for a commercial brick 
is only 5 MPa [37]. 
 
Fig. 6 illustrates the thermal expansion of sintered 
cylindrical pellets with varying compositions of treated 
FGD sludge. A dilatometer test was conducted on all 
sintered samples, spanning from room temperature to 
1000 ℃, with a heating rate of 5 ℃/min to determine the 
coefficient of thermal expansion (CTE). As highlighted by 
R. Wool et al. [31], CTE results provide insights into the 
average atomic spacing changes with increasing 
temperature, offering a perspective at the atomic level. 
Typically, materials with weaker bonds tend to exhibit 
higher CTE values, reflecting changes in bond length as 
temperature rises. Furthermore, Ardebili et al. [38] noted 
that the thermal expansion rate varies with material types, 
as different materials expand differently at the same 
heating rate due to the attachment of different 
arrangements of elements in the structure as a function of 
temperature. 
 
The dilatometric curve provides valuable insights into the 
sintering reaction of the materials, revealing a three-phase 
process:  shrinkage from room temperature to 200 ℃, 
expansion from 200 ℃ to 780 ℃, and shrinkage from 780 
℃ to 1000 ℃. Despite the samples being stored under 
sealed conditions, the presence of clay minerals such as 
kaolin, known for its substantial specific surface areas, 
allows for water absorption by the samples [39]. In 
addition, the formation of slaked lime (calcium hydroxide, 
Ca(OH)2) takes place due to  CaO’s affinity for water 
absorption at room temperature [40]. The chemical 
reaction for this process is shown in Equation 1. Notable, 
sample FGD 3.0 exhibits a lower rate of shrinkage, with a 
CTE value of -3.72 x 10-6/℃ compared to other samples, 
reflecting its modest volume fluctuations and lower water 
absorption capabilities. 
 
CaO + H2O → Ca(OH)2     (1) 
 
The second phase of the sintering reaction commences at 
200 ℃, with all samples experiencing thermal expansion. 
During this stage, grain development takes place, which 
affects densification. C. Maniere et al. (2018) reported that 
grain expansion slows down the sample densification as 
grain size directly affects the diffusional path of 
segregation. Notably, two distinct CTE values are detected 

within the temperature range 200 ℃ to 400 ℃ on samples 
FGD 0 and FGD 1.5 displaying similar rates of expansion 
(CTE values of 3.64 x 10-6/℃ and 3.53 x 10-6/℃, 
respectively). In contrast, samples FGD 3.0 and FGD 4.5 
exhibit lower CTE values, indicating the presence of a high 
amount of α-cordierite crystalline phase in these samples. 
Both samples recorded a CTE value of 2.62 x 10-6/℃ and 
2.70 x 10-6/℃, respectively. The theoretical CTE value of 
α-cordierite is notably lower (approximately 1.5 x 10-6/℃ 
to 4.0 x 10-6/℃) than other phases present in the samples, 
which is due to the rigid tetrahedral framework and 
anisotropic expansion of the octahedral framework of the 
α-cordierite structure, making it capable of withstanding 
high temperature with minimal volume change [42][43].  
 
 

  
Figure 6. Dilatometric curve of sintered cylindrical pellets with 

various treated FDG sludge compositions. 

 
When compared to the early stages of expansion, the 
second rate of expansion of all samples shows a decrement 
even at high sintering temperatures. According to R. 
Khattab et al. [44], factors contributing to this decrease in 
thermal expansion include the development of 
microcracks due to the difference in thermal expansion 
between the glassy phase and the matrix, lattice thermal 
anisotropy, and the presence of pores in the sample 
structure. At this stage, grain growths in all samples begin 
to slow, indicating the activation of glassy phase formation 
in the sample. The presence of numerous large pores in the 
sample with treated FGD sludge explains this occurrence. 
Importantly, this grain growth takes place within the pore 
and does not affect the overall volume changes of the 
sample. 
 
The third and final phase extends up to 780 ℃ for samples 
FGD 0, FGD 1.5, and FGD 3.0 while FGD 4.5 starts at 890 ℃, 
at which all samples commence shrinking. The softening 
temperature for each sample can be explained during this 
phase. Here, the fluxing element and glass former, like CaO 
and B2O3, respectively, in the treated FGD sludge begin to 
melt and produce a glassy phase. This glassy phase diffuses 
between the atoms, reducing the gaps between grains and 
facilitating the crystallization of the most equilibrium 
compound. Notably, sample FGD 4.5 achieves a higher 
softening temperature due to the presence of larger pores 
and requires a higher temperature to produce a sufficient 
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glassy phase to diffuse between the grains. This 
explanation aligns with M.J. Pomeroy [45], where glass 
softening temperature (TD) coincides with rapid 
contraction of sample length. Table 5 shows the changes in 
thermal expansion coefficients of samples throughout the 

stages of dimensional changes as a function of treated FGD 
sludge substitution in non-stoichiometric cordierite 
composition. 
 

 
Table 5. Coefficient of thermal expansion of sample as a function of treated sludge addition at each stage of dimensional changes.  

  

Stages 
CTE value (x 10-6/℃-1) 

Shrinkage  Expansion 1 Expansion 2 Shrinkage  

Temperature (℃) 30 - 200 200 – 400 400 - 780 780 - 1000 

Sample 

FGD 0 -5.92 3.64 1.28 -0.83 

FGD 1.5 -6.11 3.53 1.37 -1.80 

FGD 3.0 -3.72 2.62 1.31 -2.12 

FGD 4.4 -6.09 2.70 0.25 -2.81 

 
G. H. Chen [46] reported that the addition of raw CaO to 
cordierite composition resulted in the formation of α-
cordierite with a higher CTE value (4.00 x 10-6/℃ - 4.25 x 
10-6/℃) compared to the reference sample without CaO. 
Conversely, the incorporation of CaO derived from treated 
FGD sludge facilitated the crystallization of the α-cordierite 
phase, yielding a remarkably low thermal expansion (CTE 
value; 2.62 with 3.0 wt% of treated FGD sludge addition), 
well below the reported CTE value of 4.0 x 10-6/℃ and 
lower. Therefore, the addition of treated FGD sludge offers 
substantial benefits to produce α-cordierite ceramics, 
particularly high-refractory porous bricks. 
 
4. Conclusion. 
 
In conclusion, samples sintered at 1250 ℃ for 3 hours have 
revealed severely noteworthy findings. These samples 
exhibit high porosity, low density, moderate flexural 
strength, and a notable low coefficient of thermal 
expansion.  Rietveld analysis confirms that cordierite is the 
primary crystalline phase (β-cordierite: FGD 0 and FGD 
1.5, α-cordierite: FGD 3.0 and FGD 4.5), with the 
manifestation of minor phases such as fosterite and 
sillimanite in sample FGD 0 and FGD 1.5 and anorthite in 
sample FGD 3.0 and FGD 4.5. Of all samples sample FGD 3.0 
demonstrated the most favorable performance with an 
impressive composition of 89.6wt% of α-cordierite and 
10.4 wt% of sillimanite alongside an exceptionally CTE 
value of 2.24 x 10-6/℃.  The empirical results underscore 
the potential for the cost-effective crystallization of α-
cordierite through the solid-state method, even at a 
relatively low sintering temperature of 125 °C, by utilizing 
desulfurized sludge as CaO precursor that also contains 
B2O3 that functions as nucleating agent and sintering aids. 
Notably from an environmental perspective, the utilization 
of FGD sludge in the synthesis of cordierite offers a 
significant advantage by facilitating industrial waste before 
it reaches landfills and reduces the demand for natural 
resources. This approach exemplifies a sustainable and 
eco-friendly solution with far-reaching implications for 
materials science and environmental conservation. 
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