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Abstract 
 
The goal of the present study was to produce geopolymers based on flay ash and recycled 
ladle furnace slag as starting materials. This aim was extended to study the applicability of 
using these geopolymers as a catalyst for the production of biodiesel. Geopolymers were 
prepared in multiple batches using fly ash and ladle slag in the presence of an alkali solution. 
X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FT-IR) were used to 
assess the phase identification of the manufactured geopolymers. The apparent porosity 
and bulk density as physical properties of the processed materials were evaluated. In 
addition, a compressive strength test was conducted. A trial was carried out utilizing the 
calcined geopolymer powders at varying temperatures (110-700 oC), as a catalyst in the 
production of biodiesel. This process was achieved in the presence of soybean oil and 
methanol. The kinetic viscosity, flash point, and density of the prepared biodiesel were 
measured to assess its efficiency. The gained results showed that ladle slag and fly ash could 
be effectively used to manufacture geopolymer bulk materials. The density and 
compressive strength of the prepared geopolymers were improved by increasing the fly ash 
content in the batches. The batch containing 30% fly ash and 70% slag exhibited the highest 
compressive strength (14.5 MPa) of the developed geopolymers. In addition, the generated 
biodiesel's viscosity, flash point and density measurements fell within the expected ranges 
of 2.8-5.1 mm2/s, 90-135 °C and 0.848-0.885 g/cm3, respectively. 

 

Introduction 

Cement is regarded as a typical building 

component. Currently, the annual global consumption 

of ordinary Portland cement (OPC) is projected to 

reach 4.1 billion tones in 2022. In 1995, the total 

volume of cement production was just 1.39 billion 

tons, indicating an increase in the construction 

industry. The principal greenhouse gas released 

during cement manufacturing as one main byproduct 

is CO2. It contributes approximately 7% of the CO2 

input to the atmosphere overall. In general, OPC 

manufacturing is a very polluting, high-temperature, 

and energy-consuming process [1,2]. Owing to these 

conditions, researchers are now looking at cheaper 

and more environmentally friendly building materials 

with excellent compressive strength. Currently, 

geopolymer cement is considered a new building 

material under research. The fact that geopolymers 

are manufactured from industrial waste as raw 

materials and have a more environmentally friendly 

manufacturing process than OPC is a significant 

advantage. Geopolymers are ceramic-like amorphous 

inorganic polymers that can be synthesized via solid 

aluminosilicate polycondensation in a highly alkaline 

medium through geopolymerization below 100 °C [3]. 

They are formed by networks or chains of covalently 

bonded mineral molecules. Because they are 

polymers, they should be discussed using vocabulary 

specific to polymers rather than the conventional 

nomenclature employed by ceramicists. 

   In recent years, geopolymers and their 

composites have received considerable attention 

owing to their distinct and beneficial performance [4]. 

These materials combine some desirable properties 

owing to their characteristics of cements and 

inorganic polymers, including low energy 

consumption, low CO2 emissions compared to (OPC), 

acid resistance, thermal stability, chemical stability, 

high mechanical properties, and good thermal 
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resistance [5]. Nowadays, they are used in a wide 

series of various applications owing to their different 

properties for medicinal applications, radioactive and 

toxic waste control, cementitious and construction 

materials, advanced binders, high-temperature 

resistant ceramics, fire protection, heat-resistant 

coatings, optical applications, and catalytic materials 

[6-9]. 

   Geopolymer production utilizes waste materials 

and manufacturing byproducts rich in alumina and 

silica, such as waste glass powder, ground granulate 

blast furnace slag (GGBS), ferrochrome ash, 

metakaolin (MK), and fly ash (FA), as well as waste 

agriculture, such as rice husk ash and sugarcane 

bagasse [10-13]. The compressive strength is 

increased when NaOH and commercial Na2SiO3 

solutions are utilized as activators in the company of 

fly ash and pulverized granulated slag of blast 

furnaces as the supply materials [14,15]. Fly ash, a 

byproduct of burning coal, is now utilized to 

synthesize geopolymer materials because of its high 

silica and alumina content. Recently, FA has 

frequently exhibited significant levels of lime and 

sulfite owing to changes in raw coal and coal-burning 

technologies [16]. Chen et al. indicated that the 

mechanical properties of geopolymers based on fly 

ash first increased and then decreased with increasing 

sulfite and lime content. According to the findings, the 

created geopolymers had the best qualities at 20°C 

when the sulfite and lime contents were 4% and 11%, 

respectively. The increases in flexural strength and 

compressive strength at 28 days after demolding were 

15.56% and 17.91%, respectively. The reduction in 

drying shrinkage was 60.65% [17]. According to 

research, fly ash, slag, building waste, and other low-

energy-consumption industrial wastes can be 

employed as raw materials for geopolymer 

manufacturing, which can save more than 75% of 

energy and reduce emissions by more than 95% [18-

20]. Recent studies have indicated that fly ash or slag 

can be used in concrete as a binder through the 

process of polymerization as activators with alkali 

components. Through the geopolymer reaction, the 

formation of the inorganic binder is due to the 

activation of fly ash as a source of aluminates and 

silicates in a highly alkaline solution. The production 

of calcium silicate hydrate gel (C-S-H gel), as created 

in OPC, is caused by the activation of slag as a source 

of calcium and silicates. Arie et al. investigated the 

ability of alkali-activated slag/fly ash mortar blends at 

a suitable temperature to substitute OPC in concrete 

to reduce the environmental influence on CO2 

evolution. The results indicated that the best strength 

results were produced by combining the percentage 

of 0.5 slag to 0.5 fly ash, and by increasing the fly ash 

content, the values of the standard deviation 

improving the stability of the specimen were reduced. 

It is also recommended that a 0.5 fly ash blend with 

0.5 slag could supply a solution to the heat 

preservation requirement for geopolymers based on 

fly ash [21]. 

   Owing to their catalytic properties, 

geopolymers, such as aluminosilicate-based ceramics 

[22], are applied as heterogeneous catalysts for the 

production of biodiesel. Recently, heterogeneous 

catalysis has been considered green chemistry 

because it allows for faster mechanical separation of 

products, thereby substituting conventional unit 

procedures that consume energy (such as distillation) 

or generate waste (such as solvent extraction) [23]. 

One of the many challenges faced by green chemistry 

is the use of solid catalysts to convert animal fats and 

vegetable oils to short-chain alcohols to produce 

biodiesel as ethyl or methyl esters [24-28]. 

   The aim of this study was to produce 

geopolymers as binding materials using ladle furnace 

slag waste slag and fly ash (FA). Additionally, it is 

challenging to use the produced geopolymers as 

heterogeneous catalysts for the production of 

biodiesel. Enhanced properties were obtained by 

using an appropriate amount of slag. The produced 

geopolymers were evaluated as biodiesel catalysts, 

and their physical properties, including compressive 

strength, were evaluated. 

 

Experimental method 

Initial Materials 
    The present investigation utilized water-cooled 

ladle furnace slag sourced from the slag yard at the Ezz 

flat steel company, situated in the Suez governorate 

of Egypt. Initially, the slag was pulverized for a period 

of three hours using a laboratory ball mill, resulting in 

the production of a fine powder with a specific gravity 

of approximately 3000 kg/m3 and a surface area of 

approximately 610 m2 kg-1. 

   On the other hand, low calcium fly ash (class F: 

according to ASTM C 618) [29] and high silicate (SiO2) 

content were applied as primary raw materials. The fly 

ash used had a (SiO2 + Al2O3 + Fe2O3) content of 

88.01%, which is less than 70%; a CaO content of 

2.62%, which is greater than 10%; and a composition 

of 1.93% SO3 according to ASTM C618 [30]. The 

chemical composition of the sodium silicate solution, 

which was purchased from Fisher Scientific Company 

in the UK, was 30.1% SiO2, 9.4% Na2O, and 60.5% H2O 

(silicate modulus, SiO2/Na2O = 3.2). Its density at 20°C 

was 1500 Kg/m3. Additionally, Sigma-Aldrich Co., USA, 

provided NaOH pellets (98% purity). 

Geopolymers preparation 
    Initially, the sodium silicate solution and 10 M (molarity) 

NaOH solution were combined in a 1:1 ratio to create the 

alkali activator solution, which was then left to settle until 

it was transparent. This solution was prepared at least 24 

h prior to the production of pastes to allow it to reach 

equilibrium. A ball mill was employed to blend, mix, and 

homogenize a multitude of ladle furnace slag (LFS) and fly 

ash batches for 30 min, as outlined in Table 1. 

Table 1 Studied geopolymer batches 

Sample No. F0 F10 F20 F25 F30 

Fly Ash (FA) 0 10 20 25 30 

Ladle furnace slag 
(LFS) 

100 90 80 75 70 
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   The addition of the desired alkali activator solution 

to the planned mixes was determined based on the 

proportions of the mixed elements. The mixing 

process was completed by vigorously mixing the 

mixture continuously for 10 min by hand to ensure 

good adhesion among the ingredients. The fresh 

mixture pastes were placed into plastic cube molds 

with dimensions of approximately 2.5 cm x 2.5 cm x 2 

cm for length, width, and height, respectively. The 

molds were then vibrated on a vibrating table for 

approximately 1-2 minutes to eliminate any air 

bubbles and create a more compact paste. A thin-

edged trowel was used to smoothen the paste 

surface. The molds were then placed inside a humidity 

chamber at a constant temperature of 23 ±2 °C and 

100% relative humidity. The molds were covered with 

a thin plastic film to prevent excessive moisture loss 

for the first 24 h. After demolding, the synthesized 

cubes were maintained at room temperature for 28 

days after demolding. Each sample was then dry-

cured under ambient laboratory conditions at 

atmospheric pressure, with no effort made to control 

the humidity during the curing process. 

Characterization of initial materials and fabricated 
geopolymers 
    Using a Bruker S4 X-ray fluorescence model, which was 

imported from Germany and came with a Rh source and a 

2.2 KW power tube, the chemical composition of LFS and 

fly ash was examined. The mineralogical phase 

compositions of the ingredients and resulting 

geopolymers were determined using a Siemens D5000 

powder diffractometer operating at 40 kV and 30 mA with 

Cu-K radiation (wavelength = 0.15406 nm). The 

diffractometer was set to a step size of 0.02° and step 

step-time of one second within the range of 10 < 2θ <100. 

The XRD patterns of the produced samples were 

compared with the ICDD (JCPDS) standard cards. To verify 

the composition and determine the functional groups of 

the ingredients and fabricated geopolymers, FTIR was 

used in conjunction with FT/IR-ATR-Wistar-Alpha. Spectra 

were recorded between 400 and 4000 cm-1 at a resolution 

of 4 cm-1 at 25°C. 

     Three sets of each mix were examined for bulk density, 

apparent porosity, and compressive strength in 

accordance with the guidelines set forth by ASTM C 

20=2000 and ASTM C109. The water displacement method 

was used to determine the density and apparent porosity 

in accordance with Archimedes’ principle. The 

compressive strength was assessed using an automatic 

testing machine with a load capacity of 1000 KN and a rate 

of 0.025 KN/mm2/s. Additionally, the microstructure of 

the generated geopolymers was investigated using EDX 

equipment in conjunction with scanning electron 

microscopy (SEM-JEOL Ltd., Japan). 

 

Figure 1 Chart diagram describing the experimental 
procedure. 

      To use the fabricated geopolymer as a catalyst in 

the production of biodiesel, the following steps have 

been done. After milling into fine powders, the 

geopolymer samples were heated to a range of 

temperatures, including 110, 300, 500, and 700 °C. 

Commercial soybean oil and methanol were used in a 

transesterification reaction to produce biodiesel. To 

ensure that all the methanol in the flask was forced to 

reflux, the reaction was conducted in a 100 ml flask 

that was vigorously stirred and connected beneath a 

vertical condenser with cold water. For 

transesterification, a molar ratio of 7.5:1 was used 

with a catalyst concentration of 3%. For each sample, 

the reaction time was 4 h. The mixture was cooled 

once the reaction was complete, and the generated 

phases (catalyst, biodiesel, and glycerol) were 

separated using centrifugation. To remove the extra 

methanol, the separated biodiesel phase was heated 

to 100°C and evaporated. The density, flash point, and 

kinematic viscosity of the produced biodiesel were 

measured to evaluate its efficiency. Viscosity and 

density measurements were performed using the 

Stabinger SVM 3000 model of the Anton Paar 

apparatus.  The average of triplicate measurements 

was used to record the data. The SYD-3536 tester 

calculated the flash point according to ASTM-D93. 

 
Results and Discussion 
Evaluation of the Starting materials 
    As analyzed by XRF, the chemical compositions of 

both the fly ash and ladle furnace slag are listed in 

Table 2. As can be observed, SiO2 and Al2O3 are the 

main components of fly ash, along with a few 

additional minor oxide impurities. In contrast, LFS 

waste contains primarily SiO2, Al2O3, MgO, and CaO 

along with a few other minor oxides. SiO2 and Al2O3 

were present in lesser amounts than CaO or MgO, 

indicating a greater basic character (2.14). 

  The XRD pattern of the LFS (Fig. 2) shows that it 

consists of calcium aluminum oxide (Ca12Al14O33), 

calcium aluminosilicate (Ca2Al2SiO7), dicalcium silicate 

(Ca2SiO4), and magnesium oxide (MgO) phases as 

impurities. Fig. 3 illustrates the XRD pattern of the fly 

ash. It is shown that the mullite and quartz phases 

were the two major phases and a small amount of 

hematite phase. 
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Table 2 Chemical composition of FA and LFS in mass, 

% 

Composition FA LFS 

Al2O3 27.83 4.09 

Na2O 1.13 0.02 

MgO 1.43 6.62 

CaO 2.62 58.23 

SiO2 50.97 26.27 

Fe2O3 9.21 1.69 

TiO2 1.15 0.44 

K2O 3.73 0.01 

MNO --- 0.85 

SO3 1.93 --- 

 
Figure 2 XRD pattern of ladle furnace slag. 

 

Figure 3 XRD pattern of fly ash. 

     Figure 4 shows the FTIR spectra of LFS, which reveal a 

broad band at 3723 cm-1 attributed to the vibration of OH 

groups in response to adsorbed water. The Mg-O vibration 

bond of magnesia is represented by bands located at 2358 

and 1585 cm-1, whereas the Al-O bond of calcium 

aluminates or calcium aluminum silicate is responsible for 

the band at 663 cm-1. The Si-O silicate band is indicated by 

the band at 423 cm-1. The FTIR spectra of fly ash is shown 

in Figure 5, which reveals that –OH stretching and H-O-H 

bending vibrations of bound water molecules, trapped in 

polymeric framework cavities and absorbed on the 

surface, are indicated by the band area 3500-1600 cm-1. 

The Si-O-Si bands characteristic of quartz are indicated by 

the band area 1600-1000 cm-1, while the symmetric 

stretching of Si-O-Si and Al-O-Si bonds, describing the 

creation of an amorphous to semi-crystalline alumino-

silicate materials, is specified by the band area 800-500 

cm-1. Bands below 500 cm-1 are characteristic of the 

bending vibrations of Si–O–Si and O-Si-O bonds. 

 

Figure 4 Fourier transmission IR spectrum of ladle 
furnace slag. 

 

Figure 5 FTIR spectrum of fly ash. 

Geopolymers characterization 
Physical properties of fabricated geopolymers 

       According to various studies, the concentration 

and type of alkali activator, size of the starting powder 

particle, solid/liquid ratio, temperature at which the 

casted pastes cure, and chemical composition of the 

starting materials are the primary factors that 

influence the physical properties of geopolymers [31-

33]. The apparent porosity (AP) and bulk density (BD) 

of the slag-fly ash geopolymers are displayed in Fig. 6. 

As can be observed in Fig. 6a, the bulk density 

decreases from 1.93 to 1.82 g/cm3 when the amount 

of fly ash added to the geopolymer increases. This 

decrease in bulk density is attributed to the fact that 

the oxides of ladle slag have a higher density than fly 

ash. Furthermore, micro-and nanopores are present 

in the resulting structures owing to the development 

of hydrated components such as sodium aluminum 

silicate hydrate (NASH), calcium aluminum silicate 

hydrate (CASH) and calcium silicate hydrate (CSH). 

This is evident in Fig. 6b, which shows that the 

porosity increased with the addition of up to 30% fly 

ash. 

XRD pattern of produced geopolymers 

       In this study, the starting materials used for 

producing geopolymers were silica-alumina-rich fly 

ash and calcium oxide-silica-rich slag. Therefore, it is 

expected that batches high in fly ash will form a NASH 

gel structure with a Na2O-Al2O3-SiO2-H2O structure, 

whereas batches rich in slag will produce a CSH phase 

[34,35]. Additionally, intermediate batches possess 

the capacity to produce CSH and CASH phases. Fig. 7 

shows The XRD patterns of the produced 
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geopolymers. It is important to note in this research 

that the reaction of slag, fly ash, and sodium silicate 

activator produces phases that range from 

amorphous to partially crystalline. A poorly crystalline 

phase [C-A-S-H] was identified as the primary phase. 

The batch F0, which includes 100% LFS, demonstrates 

CSH as the chief phase. The broad peak at 2 Theta, 

which ranges from 20° to 40°, indicates that the 

geopolymer is mainly amorphous. Numerous studies 

have demonstrated that the produced C-A-S-H 

lamellar structure in alkali activated slag strongly 

resembles that of tobermorite [36-38]. In the 

dreierketten silicate chains, Al3+ in C-A-S-H replaces 

Si4+, which is charged equally by alkali or Ca2+ cations 

[36]. In the case of N-A-S-H, alkaline cations (such as 

Na+) balance out the charge balance associated with 

Al3+, while Si4+ and Al3+ are organized in tetrahedral 

shapes to make 3D structures. Furthermore, N-A-S-H 

has a variable Al/Si ratio that normally falls between 

0.28 and 0.36 [40]. It is established that the 

production of NASH gel with good mechanical 

characteristics occurs when FA is activated by NaOH 

in the presence of a sodium silicate solution, whereas 

when FA is present, as in the case of the F25 and F30 

samples, the alkali activation of LFS speeds up the 

geopolymerization process and creates new phases 

that could assist the geopolymer-gel gain strength. 

Prior research has demonstrated the presence of 

geopolymeric gels and CSH/CASH (NASH and NCASH) 

in various batches containing slag or calcium 

hydroxide as calcium sources [41]. 

Figure 6 shows the bulk density of studied geopolymers 

cured in air for 4 weeks (a) and the apparent porosity of 

synthesized geopolymers cured in air for 4 weeks (b) 

produced at different 100% to 70% LFS 

Figure 7 XRD patterns of studied geopolymers cured in 

air for 4 weeks. 

FTIR of produced geopolymer 

       Fig. 8 shows FTIR spectra of the produced 

geopolymer after four weeks of curing. Regarding the 

bending and stretching of the OH group, small and 

wide bands were observed at 3400–3470 and 1420 

cm−1, respectively. When more fly ash is introduced, 

their intensities increase slightly, resulting in the 

production of geopolymer phases (NASH, NCASH). 

These bands are ascribed to H2O molecules that have 

been adsorbed or cached in large spaces in the 

geopolymeric skeleton connected to the reaction 

products [42,43]. The band at 1409–1439 cm-1 was 

ascribed to O–C–O bond stretching vibrations, 

indicating the presence of CO3
-2 produced as a result 

of ambient carbon dioxide [44]. This band becomes 

smaller as more geopolymer phases emerge, or as the 

phases that are rich in calcium and insatiable for 

carbonation become smaller. A significant 

concentration of Na2CO3 can impede the progress of 

geopolymerization. T represents the tetrahedrons of 

Si or Al, and the asymmetric stretching vibration of the 

Si–O–T bonds is responsible for the prominent band 

at 958–990 cm−1. The addition of more fly ash led to a 

higher degree of geopolymerization, resulting in the 

formation of a strongly cross-linked geopolymer gel 

framework. As the geopolymerization process 

concludes, the band that signifies this phenomenon 

shifts slightly to a lower wave number (958–990 cm−1). 

This shift may be attributed to the partial substitution 

of tetrahedral aluminum (AlO4) with tetrahedral 

silicon (SiO4). The resulting aluminosilicate gel alters 

the chemical structures surrounding the Si–O bond. 

After polymerization, the band at 790 cm−1, which 

corresponds to pure fly ash, and the Al-O and Si-O 

bending shifts to a higher wavenumber (950 cm−1). 

This suggests that increased concentrations of AlO4 

were formed during the disintegration of fly ash 

[45,46]. Only batches with higher amounts of FA 

exhibit a short band between 851 and 863 cm−1, which 

is attributed to the symmetric stretching vibrations of 

Si–O–Si (Al) bridges. Conversely, the band at 865 cm−1 

was ascribed to the symmetric stretching of Al–O–Si, 

whereas the band at 436 cm−1 related to the bending 

of Si–O–Si and O–Si–O bonds [47]. 
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Figure 8 shows the FT-IR spectra of the geopolymers 

that were produced and cured in air for one week. 

Microstructure of produced geopolymer 

     Figs. 9, 10, and 11 show the EDAX analysis and SEM 

micrographs of geopolymers F0, F10, and F30, 

respectively. Significant variations in the 

microstructures of the generated geopolymers were 

noted. Large gaps between coarse, well-crystalline 

grains characterize the geopolymer made entirely of 

slag (F0). Since most of the grains are large and coarse, 

there are not many tiny pores found in the 

microstructure. These large grains had outlines of 

small, distorted grains with coarse edges. EDAX 

examination of these grains indicated that they were 

high in calcium. These phases consist of trace amounts 

of CASH, NCASH, and magnesium silicate hydrate 

(MSH) along with CSH and/or NCSH. On the surfaces 

of the main phases (CSH, NCSH, or both), CASH grains 

appear as long plate nanograins or fiber-like particles. 

Conversely, the F10 geopolymer, which is made up of 

90% slag and 10% FA, has a microstructure that is 

comparable to that of the F0 geopolymer, but with 

more grain growth. There were large, clumped 

coarser granules in the microstructure. This 

microstructure also exhibited indications of large 

voids. Some geopolymer gels were formed in this 

sample once 10% FA was added. The development of 

tiny gaps between the gels is favored by the 

establishment of geopolymer networks. As evidenced 

by the apparent porosity results (Fig. 6b), this sample 

has a larger porosity than the sample made entirely of 

slag because it has large voids as well as tiny pores. 

Owing to the inclusion of FA at the expanse of the LFS, 

as shown by the EDAX analysis, F10 exhibits a 

comparatively lower calcium content with an increase 

in aluminum, suggesting the creation of certain 

geopolymer phases. The microstructure of the sample 

made from 70% LFS with 30% FA (F30) was completely 

altered. A number of characteristics have emerged. 

First, a significant number of small pores are formed, 

which largely reduces the huge spaces. This was 

caused by the creation of more geopolymer phases 

(gel networks). Second, a significant number of long 

CASH plate grains were found in the microstructure, 

acting as reinforcements for the geopolymer gel. The 

apparent porosity may have increased because of the 

formation of more geopolymer gels with numerous 

tiny pores (Fig. 6b). The improvement in the strength 

of F30 is due to the long-plate CASH phase reinforcing 

the geopolymer gel network. 

Figure 9 presents the SEM (a) and EDAX (b) analyses of 

the geopolymer that was synthesized using 100% slag 

and cured in air for 28 days. 

Figure 10 displays the SEM (a) and EDAX (b) analysis 

results for the geopolymer samples prepared using 

10% fly ash and 90% blast furnace slag, which were 

cured in air for 28 days. 

Figure 11 SEM micrographs (a) and EDAX (b) analysis 

of geopolymer prepared from 30%FA and 70% slag, 

cured in air for 28-days. 

Compression strength of produced geopolymer 

       Prior to the evaluation of the mechanical 

properties, the specimens were visually inspected for 

potential cracks. Provided they are free of cracks, they 

are relatively large, as shown in Fig. 12. Figure 13 

shows the compressive strength of the fabricated 

geopolymers. When 10% FA was added to the ladle 

slag (batch F10), the compressive strength decreased. 

However, when 30% FA (batch F30) was added, the 

compression strength improved and reached a 

maximum value of 14.5 MPa. The fluctuation in 

strength indicates a varying degree of gel formation 

and the extent of interaction between the LFS and FA, 

which influences the geopolymer microstructure. The 

addition of 10% FA resulted in increased porosity, 
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which diminished the compression strength. 

Conversely, sample F30, which contained 30% FA, 

exhibited the highest compression strength. This can 

be attributed to two factors. First, long plate-like 

grains of CASH phase are formed, serving as the 

interlocking mechanism for the matrix. Second, only 

small-sized pores are generated in the geopolymer 

gel-structure, with fewer large voids present. 

Although there are numerous small pores, their 

impact on the value of compression strength is 

insignificant compared to the large voids that weaken 

the strength. Therefore, the addition of Ca with an 

aluminosilicate group either enhances or weakens the 

mechanical properties of the fabricated geopolymers, 

based on their ratios and the development of CASH-

gel. Evidently, an optimal ratio exists that can yield the 

best possible strength, as demonstrated by the 

outcome for F30 sample. 

Figure 12 Visual observation of prepared geopolymers 

cured in air for 28-days. 

Figure 13 Compressive strength of sunthesized 

geopolymers cured in air for 28-days, produced at 

different 100% to 70% LFS. 

 
Biodiesel production in the presence of 
geopolymer powders 
     Mono-alkyl esters of long-chain fatty acids derived 

from renewable vegetables or animal fats, known as 

biodiesel, are utilized in ignition engines. These fuels 

are subject to diesel and biodiesel fuel regulations 

owing to their essential characteristics, including flash 

point, viscosity, and density [48]. The density of 

biodiesel is known to vary between 0.848 and 0.885 

g/cm3 at 38°C. This variation in density can affect the 

performance of the fuel-injection system, resulting in 

increased viscosity and higher density. For instance, 

an increase in density from 0.848 to 0.885 g/cm3 can 

result in an increase in viscosity from 2.8 to 5.1 

centistokes (1 centistokes = 1 mm2/s) [49]. Kinematic 

viscosity plays a significant role in the functionality of 

fuel-injection systems, particularly at lower 

temperatures. As the viscosity of biodiesel increases, 

less atomization of the fuel spray occurs, which results 

in imprecise injection procedures. Reports suggest 

that the kinematic viscosity of various biodiesels 

derived from various oils ranges between 2.8 and 5.1 

centistokes (cSt) at 38 °C [50]. The flash point indicates 

the ignition characteristics of a fuel, with higher flash 

points indicating lower volatility. Biodiesel produces 

fewer pollutants and exhibits better ignition quality 

than petroleum-based diesel. It is sulfur-free and has 

a high flash point. European standard reports the 

lowest flash point for biodiesel as 101 °C, whereas 

ASTM D-93 specifies that the flash point of biodiesel 

must be between 93 and 130 °C. Table 3 displays the 

density, flash point, and viscosity information for 

certain biodiesel samples produced with the 

geopolymer catalyst. The amount of biodiesel 

produced was determined by the temperature at 

which the geopolymer catalyst was calcined, with 

higher temperatures producing more biodiesel than 

lower temperatures. Figure 14 illustrates the images 

of the separated biodiesel samples and the selected 

sample biodiesel (catalyst, biodiesel, and glycerol 

layers). The data in Table 3 indicate that the density, 

flash point, and viscosity values of these biodiesel 

samples fall within the typical range of common 

biodiesels. 

Table 3 Physical properties of chosen biodiesels 

synthesized via geopolymer catalyst 

Figure 14 Images of as-prepared biodiesels before 

separation (A) and separated biodiesel (B) 

Sample Firing 

Temp, °C 

Density, 

g/cm3 

Viscosity 

mm2/sec 

 

Flash 

Temp, 

°C 

F0 500 0.87001 4.3906 135 

F10 300 0.86210 4.4207 131 

F20 700 0.86185 4.4413 132 

F25 300 0.86071 4.4617 130 

F30 700 0.86142 4.4620 129 
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Conclusions 

The following findings were established: 

1. As a result, we were able to properly dispose 

of waste and develop a useful geopolymer 

catalyst for energy-related applications, 

particularly in the production of biodiesel. 

2. Fly ash and slag from ladle furnaces were 

successfully combined to create hardened 

bulk geopolymers with enhanced 

compressive strengths and physical 

characteristics. The addition of fly ash to slag 

resulted in the formation of sodium and 

calcium aluminum silicate hydrate phases 

(NASH and CASH, respectively), which 

improved the properties of the slag. 

3. The resulting geopolymer structure's big 

voids and small pores significantly affect its 

mechanical and physical properties. The 

batch with the highest compressive strength 

(14.5 MPa) consisted of 70% slag and 30% fly 

ash. 

4. The production of biodiesel from methanol 

and soybean oil is facilitated by the effective 

calcination of fine geopolymer powders at 

different temperatures. The generated 

biodiesel's density, viscosity, and flash point 

were all within the range of previously well-

known biodiesel parameters. 
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