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INTRODUCTION

The search for natural alternatives is being 
driven by increasingly complex environmen-
tal problems, such as water pollution by heavy 
metals, industrial waste, and the high demand for 
sustainable and environmentally friendly func-
tional materials. One material gaining attention 
is diatomaceous earth (DE) [1], which is par-
ticularly relevant as Portland cement production 
contributes 8% of global CO₂ emissions, and 

promotes the search for alternative materials such 
as geopolymer [2]. DE based geopolymer has 
high potential due to elevated amorphous silica 
content (>80%) and abundant availability [3]. 

DE is a siliceous sediment formed from the 
accumulation of fossilized shell (frustules) of dia-
toms, a single celled algae that has lived in fresh 
and seawater for several years. The unique, porous 
shell structure, very high surface area, and chemi-
cal composition dominated by amorphous silica 
(SiO₂·nH₂O) make DE a material with excellent 
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adsorption properties, mild abrasiveness, thermal 
insulation, and permeability[4]. It is also relatively 
abundant in nature and can be mined economical-
ly, as the inert, non toxic, and natural origin shows 
high compatibility with the principles of green 
technology [5]. However, the application has been 
limited to traditional use, such as filter media, par-
ticularly in the beer and wine filtration industry, 
including mild abrasives in toothpaste, liquid spill 
absorbents, and natural insecticides[6].

Slight modif﻿ications of DE through physical 
or chemical such as calcination, acid activation, 
or surface functionalization, have been shown to 
improve performance significantly. Several stud-
ies have shown that modified DE is an effective 
adsorbent for the adsorption of heavy metal ions, 
including Pb, Cd, and Cu, organic dyes from tex-
tile wastewater, and pharmaceutical compounds 
in water [7]. Furthermore, in the field of advanced 
materials, it has potential as a catalyst support, a 
material for making porous ceramics, a polymer 
composite material for increasing mechanical 
strength, and an anode in lithium ion batteries[8]. 
The experiment from [9] confirmed Geopolymer 
composites have emerged as sustainable structural 
materials offering high strength to weight ratios, 
improved durability, and reduced environmen-
tal impact compared with conventional cementi-
tious and metallic systems. Understanding their 
static, vibration, and buckling behavior is essential 
for reliable structural design, for which classical 
lamination theory provides an effective analytical 
framework. Several studies have also documented 
the utilization of calcined DE as a partial substitute 
for cement [10–15]. However, the use of DE as a 
base material for geopolymer is still very rare. This 
shows the need for further investigations to opti-
mize the modification process and explore new, 
more innovative, as well as high value added appli-
cations, including geopolymer. The performance of 
DE is highly dependent on the parameters of alkali 
activator (NaOH and Na₂SiO₃), particularly NaOH 
molarity and Na₂SiO₃/NaOH ratio, which control 
silica dissolution and the formation of N-A-S-H 
matrix [16]. Madirisha et al. [11] reported that geo-
polymer paste activated with alkali aluminosilicate 
(AAS) or aluminosilicate phosphate (ASP) could 
be a sustainable construction material with a low 
carbon footprint. The mechanical properties and 
durability were found to be highly influenced by 
the chemical profile of the precursor substance, 
molar ratio, type of hardener (NaOH or phosphoric 
acid), and curing process.

Previous studies on similar materials, namely 
fly ash and metakaolin, showed the dependence 
of compressive strength on the molarity range of 
8–16 M and ratio of 1.0–2.5 [17]. Another report 
[18] on DE based geopolymer with 10 M NaOH 
and ratio of 1.5, only achieved a compressive 
strength of 18 MPa, which showed the potential 
for improvement through systematic optimiza-
tion. Therefore, this study is expected to opti-
mize NaOH molarity (10–14 M) and Na₂SiO₃/
NaOH ratio (0.5–2.5) to maximize compressive 
strength and analyze the correlation between acti-
vator parameters, mechanical performance, and 
microstructural changes. A study by Enoh and 
Ushie [14] showed that Na₂SiO₃/NaOH ratio of 
1.0 and NaOH concentration of 10 M produced 
an optimal compressive strength of 14.6 MPa in 
metakaolin based geopolymer binders, while a 
ratio above 1.0 actually decreased the strength. 
Abdullah et al. [15] stated that in the geopolymer-
ization process, a NaOH concentration of 12 M 
produced the best impact strength on fly ash geo-
polymer aggregates. Meanwhile, lower (6 M) or 
higher (14 M) concentrations produced reduced 
strength due to a lack of dissolution or excess Na⁺ 
and OH⁻ ions interfering with matrix formation.

Several reports have shown high strength at 
moderate concentrations, but decreased strength 
at excessively elevated molarities. The major-
ity of previous studies also used a trial and error 
method, which was less efficient in identifying 
the best combination of factors. To address this 
inefficiency, the use of modern statistical methods 
such as Response Surface Methodology (RSM) 
has proven effective in optimizing variables with 
minimal experimentation, although there is lim-
ited application to DE based geopolymer [19]. 
Therefore, this study aims to obtain the optimal 
combination of the NaOH molarity and the ratio 
between Na₂SiO₃ and NaOH in the manufacture 
of DE based geopolymer using RSM analysis 
by maximizing mechanical properties, including 
compressive and flexural strength. Rheological 
properties are also evaluated, including flow and 
initial setting time, as well as the microstructure 
of geopolymer [20]. The experiment uses a fac-
torial design with three levels of NaOH molarity 
and Na₂SiO₃/NaOH ratio. The results are expect-
ed to provide a scientific basis for using DE as 
a sustainable geopolymer precursor, while con-
tributing to reducing dependence on cement and 
suppressing CO₂ emissions from the construction 
sector. The novelty of this study lies in the use 
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of only DE as a precursor for geopolymer, which 
has not been previously reported. Moreover, this 
study presents a novel approach by simultane-
ously optimizing NaOH molarity and Na₂SiO₃/
NaOH ratio using RSM to enhance both mechani-
cal performance and microstructural characteris-
tics of DE–based geopolymer. 

MATERIALS AND METHODS

Materials

The materials employed in this study con-
sisted of diatomaceous earth (DE), an alkali 
activator solution, water, and a superplasticizer. 
The activator system comprised two components 
sodium hydroxide (NaOH) and sodium silicate 
(Na₂SiO₃) prepared using laboratory grade clean 
water. A polycarboxylate based superplasticizer 
with a specific gravity of 1.06 was incorporated to 
improve workability. The DE was sourced from 
Lambeurenut Village in Aceh Besar Regency, 
then ground and sieved through a #200 mesh. The 
resulting powder was oven dried at 100 °C for 24 
hours and subsequently calcined at 700 °C for 5 
hours in a laboratory furnace, as illustrated in Fig-
ure 1. The calcined DE possessed a density of 770 
kg/m³, an SSD specific gravity of 2.00, an oven 
dry specific gravity of 1.89, and a water absorp-
tion capacity of 6.54%.

The chemical constituents of the DE was 
determined through X-ray fluorescence (XRF) 
analysis performed with a Rigaku Supermini 200 
analyzer. As summarized in Table 1, the major 
oxides present were SiO₂ (44%), CaO (12.9%), 
Al₂O₃ (8.46%), and Fe₂O₃ (3.89%). Although the 

SiO₂ content was relatively moderate, the elevat-
ed CaO proportion suggests favorable reactivity 
when incorporated into cementitious and geo-
polymer systems. In addition, the particle size dis-
tribution of the DE was evaluated using a particle 
size analyzer (PSA), specifically the MicroBrook 
2000 L. The results shown in Figure 2 indicate a 
predominance of fine particles in the micrometer 
range, which contributes to a high specific surface 
area and enhances its potential effectiveness for 
adsorption as well as its role as a filler in cement 
mortar and geopolymer applications.

Surface and morphological analyses of DE 
before and after calcination were conducted 
using a Hitachi SU-3500 scanning electron 
microscope, results presented in Figures 3 and 4. 
The morphology before and after milling and cal-
cination showed a cellular structure with numer-
ous nanopores distributed on the surface. How-
ever, before calcination, there were hollow and 
irregular pores, whose structure appeared cleaner 
and denser after calcination due to the removal 
of organic and volatile components. This was 
similar to previous studies [21, 22] where heat 
treatment causes a more regular pore structure 
and increased adsorption capacity.

Analysis of the mineral characteristics and 
crystal structure of DE was carried out using a 
Shimadzu maxima XRD tester. As shown in Fig-
ure 5, DE structure was dominated by amorphous 
silica phase with the presence of additional miner-
als such as quartz and calcite. Furthermore, there 
was silica in crystalline form, namely quartz.

Flowchart of this experiment as shown in 
Figure 6 illustrating the systematic experimen-
tal methodology of the study, including mate-
rial preparation, geopolymer mixture design, 

Figure 1. Process of DE raw material (a) Block of DE (b) Grinded DE (c) Calcined DE
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laboratory testing, statistical optimization using 
RSM and ANOVA, experimental validation, and 
microstructural analysis of the optimized diato-
maceous earth–based geopolymer paste.

Experimental design

In this study, an alternative material used was 
diatomaceous earth. Previous research has shown 
that the principal component of DE is amorphous 
silica, with levels reaching around 55–70%, 
depending on the local environment. The silica 

compound content in diatomaceous earth varies 
greatly, which is influenced by the region of origin 
of the material [23].The experiment used a facto-
rial design with two factors, namely NaOH molar-
ity and Na2SiO3/NaOH ratio. Each factor had three 
levels, leading to 9 mixture proportions as shown 
in Table 2. NaOH molarity levels were set at 10, 
12, and 14 M, while Na2SiO3/NaOH ratio levels 
were at 1:1, 2:1, and 1:2 based on the weight ratio. 
To facilitate the analysis, the factor was changed 
to Na2SiO3/total activator ratio and expressed as a 
percentage, rather than using Na2SiO3/NaOH ratio. 
Na2SiO3/total activator ratio for each Na2SiO3/
NaOH ratio is shown in Table 2. Based on weight 
ratio of the activator solution to DE of 0.6, the 
amount of DE used for all mixtures was the same. 
Similarly, the weight of water and superplasticizer 
used in each mixture was the same, namely 15% 
and 2% of the weight of DE, respectively. 

Geopolymer mixture proportion 		
and specimen preparation

To achieve the targeted molarities, solid NaOH 
was dissolved in distilled water to prepare solu-
tions with concentrations of 10, 12, and 14 M. The 
NaOH solution was then blended with Na₂SiO₃ 
according to the proportions specified in Table 2. 
Subsequently, diatomaceous earth, additional 
water, and the superplasticizer were incorporated 
and mixed thoroughly to obtain a uniform geopoly-
mer paste. The fresh paste was evaluated for flow 
and initial setting time using a flow table and Vicat 
apparatus in accordance with ASTM C1437 and 
ASTM C191, respectively [24, 25]. For the flow 

Table 1. Chemical composition of DE

Chemical substance Percentage (%)

MgO 0.685

Al2O3 8.46

SiO2 44.0

P2O5 0.0759

SO3 0.106

Cl 0.527

K2O 1.29

CaO 12.9

TiO2 0.539

MnO 0.0292

Fe2O3 3.89

NiO 0.0113

ZnO 0.0121

Rb2O 0.0063

SrO 0.0434

ZrO2 0.0170

Balance 27.4

Figure 2. Particle size distribution for diatomite earth
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test, the fresh mixture was placed into a standard 
cone mold on the flow table, the mold was careful-
ly lifted, and the sample was compacted 25 times. 
The resulting spread was measured and expressed 
as a percentage of flow, reflecting the workability 
and plasticity of the mixture. The initial setting time 
was then determined by placing the paste in a Vicat 

mold and observing the penetration of the needle at 
regular intervals. The initial set was recorded when 
the needle no longer reached the base, while the 
final setting time was identified when the needle 
left only a slight impression on the surface, provid-
ing an indication of the early reaction and stiffen-
ing behavior of the geopolymer paste.

Figure 3. SEM microphotograph of DE before calcination 

Figure 4. SEM microphotograph of DE after calcination

Figure 5. XRD patterns of DE
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The geopolymer specimens were fabricated 
by casting the fresh paste into prepared molds. 
Specimens in cube form (50 × 50 × 50 mm) were 
used to determine compressive strength, where-
as beam shaped specimens (40 × 40 × 160 mm) 
were prepared to measure flexural strength. After 

casting, all specimens were kept in the molds at 
room temperature for 24 hours, followed by oven 
curing at 90 °C for another 24 hours. The speci-
mens were then demolded, sealed in airtight plas-
tic bags, and stored under indoor conditions until 
the designated testing ages.

Figure 6. Experimental flowchart for diatomaceous earth based geopolymer paste
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Compressive strength tests were performed on 
cube specimens at curing ages of 3, 7, and 28 days 
using a universal testing machine, following ASTM 
C109/109M [26] as shown in Figure 7(a). The 
compressive strength was determined by dividing 
the maximum applied load by the cross sectional 
area of the specimen. For the flexural strength test, 
beam specimens were placed on two supports with 
a span length of 100 mm and subjected to a central 
point load until failure, in accordance with ASTM 
C78/78M [27] as shown in Figure 7(b). The record-
ed maximum load was then used to calculate the 
corresponding flexural strength.

RSM analysis

Optimization of NaOH morality and Na2SiO3/
total activator ratio was analyzed using RSM by 

enhancing all responses. These included compres-
sive strength, flexural strength, flow rate, and ini-
tial setting time simultaneously, widely known as 
multi objective optimization. Since the quality of 
geopolymer increased alongside higher compres-
sive and flexural strength values, the expected 
objectives of all compressive and flexural strength 
responses were to produce maximum values. 
Meanwhile, flow rate and initial setting time, as 
well as NaOH morality and Na2SiO3/total activator 
ratio, should be in the experimental range. Table 
3 presents the factors used in the optimization 
process and the desired response targets for this 
research. The application of response surface meth-
odology (RSM) has been widely reported as an 
effective approach for developing empirical mod-
els that describe the relationship between process 
parameters and response variables in engineering 
studies [28]. The statistical validity and adequacy 
of these models are commonly evaluated using 
analysis of variance (ANOVA), which enables the 
identification of significant factors and interaction 
effects while ensuring the reliability of the regres-
sion models [29]. Furthermore, the integration of 
validated RSM models into a multi-objective opti-
mization framework has been extensively adopted 
to simultaneously optimize multiple conflicting 
performance criteria and to obtain optimal trade-
off solutions for practical engineering applications.

For RSM analysis in this study, a second order 
regression model was selected as given in Equa-
tion 1. The model suitability was tested using anal-
ysis of variance (ANOVA). When ANOVA results 

Table 2. Mixture proportion of geopolymer

Mixtures
Factor 

1: NaOH 
Molarity

Factor 2: Activator ratio

Na2SiO3/NaOH Na2SiO3/total 
activator (%)

M1 10 1:1 50

M2 12 1:1 50

M3 14 1:1 50

M4 10 2:1 66.67

M5 12 2:1 66.67

M6 14 2:1 66.67

M7 10 1:2 33.33

M8 12 1:2 33.33

M9 14 1:2 33.33

Figure 7. (a) Compressive strength test and (b) Flexural strength test
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showed a p-value ≤ 0.05, the selected model was 
considered significant. However, with p-value ≥ 
0.05, the selected model was not significant, show-
ing the need for another regression model. 

	𝑌𝑌 =  𝛽𝛽0 + 𝛽𝛽1𝐴𝐴 + 𝛽𝛽2𝐵𝐵 + 𝐴𝐴𝐴𝐴 + 𝛽𝛽4𝐴𝐴2 + 𝛽𝛽5𝐵𝐵2 	(1)

where:	Y – response variables, b0 – intercept 
term, b1, b2 – first order terms, b3 – binary 
interaction terms, b4, b5 – quadratic terms, 
A – NaOH molarity, and B – Na2SiO3/total 
activator ratio. RSM analysis in this study 
uses Design Expert software.

Model validation and microstructure analysis 
To verify the reliability of the RSM derived 

model, an additional geopolymer mixture was 
produced using the optimal values of NaOH 
molarity and Na₂SiO₃ to total activator ratio 
obtained from the multi objective optimization 
results. This mixture was then evaluated in terms 
of flow behavior, initial setting time, compressive 
strength, and flexural strength. The experimen-
tal outcomes were subsequently compared with 
the values predicted by the second order regres-
sion model to assess its accuracy. In parallel, the 
microstructural characteristics of the optimized 
DE based geopolymer were examined using 
fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy coupled with ener-
gy dispersive spectroscopy (SEM–EDS), and 
X-ray diffraction (XRD) analyses.

RESULTS AND DISCUSSION 

Experimental results

Flow

Based on the flow results in Figure 6, the high-
est value was obtained at Na2SiO3/NaOH ratio of 
1:1 with a molarity of 12 M (27%), indicating the 
best workability. However, a ratio of 2:1 produced 
the lowest flow at all molarities. For example, 5.41 
mm at 10 M showed a thicker and more difficult 

to flow mixture. A ratio of 1:1 increased workabil-
ity, while molarities above 12 M decreased flow 
due to accelerated geopolymerization reactions. 
This condition was in line with previous studies, 
where workability was influenced by Na₂SiO₃/
NaOH ratio, silicate modulus (SiO₂/Na₂O), and 
liquid/solid ratio. A corresponding increase was 
observed in viscosity due to rising Na₂SiO₃/
NaOH ratio, attributed to the formation of sili-
cate oligomers. Meanwhile, excess NaOH levels 
increased viscosity due to the high ionic strength 
of alkali solution [19, 20].

Initial setting time

The results of Vicat test, the relationship 
between time and settlement, are shown in Fig-
ure 7. Generally, the initial setting time is the 
duration required for Vicat needle to indicate 
settlement of 25 mm. Based on the results in Fig-
ure 8, M1 and M2 showed longer initial setting 
time, while M3, M5, and M6 had significantly 
shorter values. This indicates that increasing the 
molarity of NaOH accelerates the geopolymer-
ization reaction, leading to a faster setting time, 
although certain ratios can still slow down the 
process. Therefore, balanced molarity and activa-
tor ratio play an important role in controlling the 
initial setting. According to previous studies, high 
alkali concentrations increased the dissolution of 
silica and alumina, triggering faster polyconden-
sation but shorter setting times [21, 22]. Extreme-
ly fast setting time can reduce workability and 
complicate field applications.

Compressive strengt

Figure 9 indicates that the geopolymer’s 
compressive strength improved with longer cur-
ing durations of 3, 7, and 28 days. The highest 
value of 18.72 MPa was achieved at Na2SiO3/
NaOH ratio of 1:1 on 28 days, with a molarity of 
12 M. The 1:1 ratio consistently produced higher 
compressive strength than 1:2 and 2:1, because 
the activator balance supported the formation of 

Table 3. Desired objectives in multi objective optimization

Optimized items Unit Lower limit Upper limit Desired goal
NaOH molarity
Na2SiO3/total activator
Compressive strength
Flexural strength
Flow
Initial setting time

M
%

MPa
MPa

%
minutes

10
33.33
2.30
0.27
5.41
30

14
66.67
18.73
2.40
27
270

In range
In range

Maximum
Maximum
In range
In range
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Figure 8. Flow diameter of geopolymer paste

Figure 9. Time and settlement relationship in Vicat test

a dense geopolymer structure. However, the 1:2 
ratio often showed the lowest value due to the 
presence of excess silicate, which inhibited the 
formation of polymer network. Increasing the 
molarity from 10 M to 12 M strengthened the 
structure. There was a slight decrease at 14 M 
because the reaction was fast, leading to a brittle 
structure. This result correlated with previous 
studies on the existence of optimal conditions for 
the combination of NaOH molarity and Na2SiO3/
NaOH ratio. Aluminosilicate dissolution rate was 
balanced with the silicate supply, leading to the 
formation of a dense N–A–S–H gel. Extremely 
high NaOH molarity or fraction can increase 
porosity and salt precipitation, thereby reducing 
strength (Figure 11) [30]. 

Flexural strength

Flexural strength test results in Figure 
10 showed the highest value of 2.4 MPa at a 
Na2SiO3/NaOH ratio of 1:1 with a molarity of 12 
M. Similar to the compressive strength, the 1:1 
ratio consistently provided the best performance 
at all molarities because it produced a more bal-
anced and dense geopolymer bond. The 2:1 ratio 
produced intermediate results, while 1:2 was 
consistently the lowest. Furthermore, increasing 
molarity from 10 M to 12 M showed a corre-
sponding rise in flexural strength, but there was 
a slight decrease due to extremely rapid reaction 
at 14 M, causing a more brittle structure. This 
pattern shows that microstructural densification, 
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which strengthens the compressive strength, 
increases the flexural strengthIn this study, the 
optimized geopolymer paste achieved a com-
pressive strength of 18.7 MPa, which is lowest 
than the 50 MPa reported by [31]. This improve-
ment can be attributed to the formation of a 
denser and more homogeneous geopolymer gel 
network, as confirmed by microstructural obser-
vations (Figure 12).

RSM analysis results

Input data

The input data for RSM analysis are the 
experimental results presented in Section 3.1. 
In this study, there are two factors, including 
NaOH molarity and Na2SiO3/total activator ratio, 
alongside four responses, namely compressive 
strength, flexural strength, flow, and initial set-
ting time, respectively. The data entered into the 
Design Expert software for conducting the RSM 
analysis are presented in Table 3. 

ANOVA

ANOVA results in Table 4 showed that 
the models for compressive strength, flexural 
strength, and initial setting time were significant 
with a p-value <0.05. The coefficient of deter-
mination (R2) was also very high, reaching 1.0, 
which indicated a good model fit. Although the 
model for flow was not significant with a p-value 
of 0.1483 <0.05, the R2 value was 0.8651, show-
ing the potential to represent the experimen-
tal data. The factors with the most influence on 

compressive strength were Na2SiO3/total activa-
tor ratio (B) and the square (B²), while NaOH 
molarity (A), its square (A²), and the interaction 
between the two (AB) showed smaller influence. 
This is similar for flexural strength, where B and 
B² have a dominant influence, while the other 
factors are not significant. Although the model is 
not significant for flow, B and B² still show a sig-
nificant influence on the mixture distribution. At 
the initial setting time, the most significant influ-
ence is from the interaction of AB and B² squares, 
indicating that the interaction between factors 
plays an important role in determining the setting 
time. Therefore, Na2SiO3/total activator is the fac-
tor that most consistently affects the mechanical 
properties of geopolymer.

Mathematical model

Table 5 shows the coefficients for each item 
of the selected mathematical model. Based on 
the statistical analyses reported in earlier stud-
ies [30, 32], When the p-value is greater than 
0.5, the influence of this item on the response 
is considered insignificant. The results of the 
mathematical model of this study are presented 
in Equations 2–5:

	 f ’c = -105.128 + 0.928A + 		
	 + 4.545B – 0.0138AB – 0.0175A2 - 0.042B2	

(2)

	 fr = -9.263 -0.551A + 0.553 B - 0.002 AB +
	 + 0.028 A2 - 0.005 B2	

(3)

	rf = -45.059 -4.097 A + 3.399 B +0.018 AB + 
	 + 0.137 A2 – 0.45 B2	

(4)

Figure 10. Initial setting time of geopolymer paste
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Figure 11. Compressive strength of blended paste at (a) 3 days, (b) 7 days and (c) 28 days
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	 stm = 831.525 – 72.520 A – 14.090 B – 
	 – 2.024 AB + 6.875 A2 + 0.395 B2	

(5)

where: f ’c – compressive strength, fr – flexural 
strength, rf – flow, and stm – initial setting 
time.

Figure 11 presents RSM results that revealed 
interaction between the molarity of NaOH solu-
tion (A) and the ratio of Na₂SiO₃ to total activator 
(B) on the compressive strength of geopolymer 
paste. The 3D graph showed an optimum peak 
at a certain combination of variables, where the 
compressive strength reached a maximum value 
(18.72 MPa). After passing the optimal condition, 
increasing the molarity and percentage of Na₂SiO₃ 
actually decreased the compressive strength. This 
phenomenon confirms that increasing the concen-
tration of alkali activator is not often linear with 
the mechanical strength of the material, but forms 
a parabolic pattern of increase optimum decrease. 

Similarly, previous studies reported that extreme-
ly high NaOH molarity could cause the formation 
of a brittle aluminosilicate gel, thereby reduc-
ing strength [18]. In another report, variations in 
NaOH molarity between 8–12 M were shown to 
significantly increase the strength in compression 
of fly ash–based geopolymer. At higher concen-
trations (14–16 M), the strength decreased due to 
increased solution viscosity, which inhibited the 
polycondensation reaction [33, 34].

The ratio of Na₂SiO₃ to total activator serves a 
key function in determining the level of polymer-
ization. An extremely high ratio leads to a porous 
structure with weak bonds, while an optimal ratio 
allows the formation of a denser and more homo-
geneous polymer gel network [35, 31]. Therefore, 
the graphs in this study show that the combina-
tion of Na₂SiO₃ molarity and ratio should be opti-
mized to obtain the best mechanical strength of 
geopolymer paste material.

Figure 12. Flexural strengths of blended paste at 28 days

Table 3. Input data into design expert software

Mixtures NaOH molarity 
(M)

Na2SiO3/total 
activator (%)

Compressive 
strength (Mpa)

Flexural 
strength (Mpa) Flow (%) Initial setting 

time (minutes)
M1 10 50 18.17 2.14 24.00 45

M2 12 50 18.72 2.40 27.00 45

M3 14 50 15.49 2.20 23.00 30

M4 10 66.67 9.60 1.59 5.41 270

M5 12 66.67 7.93 1.09 10.13 150

M6 14 66.67 8.93 1.51 7.89 90

M7 10 33.33 2.30 0.27 19.50 105

M8 12 33.33 2.54 0.27 10.87 90

M9 14 33.33 3.47 0.49 19.50 195
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Multi objective optimization

Optimization results showed that the use of 
a low molarity NaOH solution (10 M) provided 
the most optimal performance. This was indicat-
ed by a desirability value of 0.960 compared to 
other molarities in Table 6. Similarly, previous 
studies [30] reported that although low molarity 
could reduce compressive strength by 45–55%, 
the value was still in the standard range of geo-
polymer concrete strength. The most suitable 

range of Na2SiO3/total activator ratio was 52.17–
53.57%, because outside the value, desirability 
decreased significantly. This supported previ-
ous studies [31, 36]. Which showed an optimal 
point at alkali concentration, where compressive 
strength increased by approximately a certain 
molarity (12–14 M), but decreased at extremely 
high concentration.

The analysis results showed a significant 
relationship between flexural and compres-
sive strength, The strong correlation between 

Table 4. ANOVA results

Responses
Statical parameters

R2

Source F-value p-value

Compressive
strength (Mpa)

Model 30.34 0.0090

Significant 0.9806

A 0.3655 0.5881

B 25.34 0.0151

AB 0.3906 0.5763

A² 0.0045 0.9506

B² 125.59 0.0015

Flexural strength
(Mpa)

Model 20.82 0.0155

Significant 0.9720

A 0.1260 0.7461

B 31.45 0.0112

AB 0.4252 0.5609

A² 0.4855 0.5631

B² 71.63 0.0035

Flow (%)

Model 3.85 0.1483

Not significant 0.8651

A 0.0164 0.9063

B 5.23 0.1063

AB 0.0689 0.8099

A² 0.0270 0.8800

B² 13.90 0.0336

Initial setting time 
(minutes)

Model 15.84 0.0229

Significant 0.9635

A 3.02 0.1806

B 3.95 0.1412

AB 29.96 0.0120

A² 2.49 0.2129

B² 39.78 0.0081

Table 5. Mathematical model coefficients described in terms of coded variable

Source f’c fr rf stm

Intercept -105.128 -9.263 -45.059 831.525

A 0.928 -0.551 -4.097 -72.520

B 4.545 0.553 3.399 -14.090

AB -0.0138 - 0.002 0.018 -2.024

A² -0.0175 0.028 0.137 6.875

B² -0.042 - 0.005 - 0.45 0.395
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compressive and flexural strength observed in 
Table 6 indicates that improvements in matrix 
densification and gel continuity simultaneously 
enhance both load bearing and crack resisting 
capacities of the geopolymer paste, Under certain 

conditions, increasing the molarity of NaOH can 
improve flexural strength, but decrease compres-
sive strength [31]. Therefore, the best solution 
is selected in a combination that balances both 
mechanical parameters. NaOH solutions with 

Figure 13. 3D response surfaces: (a) compressive strength; (b) flexural strength; (c) flow;
and (d) initial setting time

Table 6. Optimization results

No NaOH 
molarity (M)

Na2SiO3/total 
activator (%)

f’c
(Mpa)

fr
(Mpa)

rf
(%) stm (minutes) Desirability Status

1 10.00 53.04 18.048 2.315 23.272 86.283 0.960 In used

2 10.00 53.16 18.042 2.316 23.205 87.175 0.960 -

3 10.00 53.26 18.035 2.316 23.141 88.019 0.959 -

4 10.00 52.71 18.058 2.313 23.457 83.789 0.959 -

5 10.00 53.57 18.012 2.317 22.957 90.428 0.959 -

6 10.00 52.17 18.056 2.306 23.737 79.932 0.958 -

7 14.00 50.64 17.155 2.333 24.932 30.000 0.936 -

8 14.00 56.56 16.278 2.282 21.681 30.000 0.897 -

9 14.00 56.68 16.227 2.278 21.577 30.302 0.894 -

10 13.33 56.71 16.441 2.212 21.083 30.000 0.886 -
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high concentrations tended to accelerate the set-
ting time, reaching the minimum specification 
limit. This phenomenon was consistent with pre-
vious studies [33], where alkali concentration 
significantly affected the polymerization reaction 
rate and setting time.

Based on the results of multi objective opti-
mization analysis using RSM, a set of process 
conditions was identified as the optimal point for 
the synthesis of geopolymer paste. These condi-
tions were obtained at NaOH molarity of 10 M 
and a Na₂SiO₃/total activator ratio of 53.04%. 
The results showed that the optimal ratio of 
Na2SiO3 to NaOH was 53.04:46.96. At this 
point, the selected model predicts values for all 
four investigated responses, and the results are 
presented in Table 7. To validate the accuracy 
of the developed predictive model, validation 
experiments were conducted using the optimal 
parameters, namely a 10 M NaOH solution and a 
Na2SiO3:NaOH ratio of 53.04:46.96. The results 
showed a very high agreement between the pre-
dicted and experimental values.

The percentage errors for all responses were 
below the 5% threshold, which was widely 
accepted in materials study, showing the validity 
and reliability of an empirical model [37]. Spe-
cifically, the very low errors for flow rate (0.74%) 
and initial setting time (1.51%) show that the 
model has excellent predictive ability for the rhe-
ological properties and reaction kinetics of geo-
polymer paste. The low error rates for mechanical 
properties, namely compressive strength (2.95%) 
and flexural strength (4.04%), further prove that 
the developed model is accurate in predicting 
workability and final structural integrity of geo-
polymer paste.

Microstructure

To determine the microstructure of DE based 
geopolymer, FTIR, SEM, EDS, and XRD tests 
were carried out on paste under optimal condi-
tions, and the results are described below.

FTIR

FTIR test results in Figure 12 showed sev-
eral key absorption bands confirming the forma-
tion of sodium aluminosilicate hydrate (N-A-S-
H) gel as the main binding phase in the geopoly-
mer paste. The broad band at 3425 cm⁻¹ showed 
the presence of O–H groups associated with 
bound water and hydroxyl in the hydrated gel 
structure. Meanwhile, the dominant absorption 
at ~1015 cm⁻¹ showed the asymmetric Si–O–T 
(T = Si/Al) stretching, which was characteristic 
of silicate–aluminosilicate polymerization. It 
also indicated the formation of Si–O–Al/Si–O–
Si framework as the main structure of N-A-S-
H gel. An additional band at 864 cm⁻¹ showed 
Si–O–Al vibration or silicate ring mode, which 
confirmed the development of an aluminosilicate 
oligomer network. The absorption at 1400 cm⁻¹ 
and 2274 cm⁻¹ were related to carbonate due to 
partial carbonation and possible CO₂ adsorption, 
respectively, without affecting the identification 
of the main geopolymer phase. The combination 
of these bands is overall consistent with N-A-S-
H gel formation mechanism in amorphous silica 
based geopolymer [12].

SEM-EDS

Figure 13 illustrates the geopolymerization 
products culminating in the development of N–A–
S–H gel from the DE based geopolymer paste, as 
verified by the EDS analysis. The presence of cal-
cium, alumina, and silica rich diatomaceous earth 
in the mixture facilitated the formation of sodium 
aluminosilicate hydrate (N–A–S–H) gel [27]. In 
this context, DE also contributed additional reac-
tive silica to the system, supporting the develop-
ment of binding phases and influencing the evo-
lution of the geopolymer gel network. As shown 
in Figure 12, the detection of Mg²⁺ originating 
from DE suggests the formation of an additional 
gel phase, characterized as Na–Al(Mg)–Si–H, 
in agreement with the EDX results. The micro-
cracks observed in several SEM images are likely 

Table 7. The results of response optimization and those obtained from the validation tests

Responses Unit Predicted value Experimental value Error (%)

Compressive strength MPa 18.048 17.53 2.95%

Flexural strength MPa 2.315 2.225 4.04%

Flow % 23.27 23.1 0.74%

Setting time Minutes 86.283 85 1.51%
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attributable to the mechanical loading applied 
during strength testing, since the powders used 
for SEM analysis were collected from specimens 
after mechanical failure. In addition, microcracks 
may have developed due to internal stresses aris-
ing between particles during microstructural evo-
lution. This observation is consistent with previ-
ous findings, which report that a denser micro-
structure is closely associated with increased 
mechanical strength [36].

XRD pattern

In Figure 14, XRD pattern showed amorphous 
diffuse agglomerates located around 27.5° (2θ), 
in the typical range of 27–30° (2θ), indicating the 
presence of N-A-S-H gel as the main phase [30, 
36]. The silica rich amorphous DE increased the 
reactivity of the system, thereby accelerating the 
formation of aluminosilicate network and caus-
ing a denser geopolymer matrix with low poros-
ity. The remaining sharp low peaks were likely 
derived from unreacted quartz or mullite. How-
ever, the contribution was minimal and did not 
detract from the dominant amorphous character 
of N-A-S-H gel formed in the structure of the 
geopolymer paste.

DISCUSSION

The geopolymerization reaction mechanism 
is characterized by alkaline activation. This is 
due to mixing of raw materials with alkali solu-
tion of the chain, which undergoes polycondensa-
tion into a three dimensional gel of N–A–S–H. 

At optimum conditions (A=10 M, B=53.04% 
Na2SiO3), a balance between dissolution and sup-
ply of silicate oligomers is achieved, causing a 
dense, well bonded gel structure with minimal 
porosity. This shows an increase in both compres-
sive and flexural strength. However, conditions 
with excess alkali cause polycondensation to be 
extremely rapid, higher porosity and reduced 
long term strength. An increase in NaOH molarity 
enhanced the compressive and flexural strength 
up to an optimum level, followed by a reduction 
at higher molarity due to excessive alkalinity. 
This behavior is comparable to, which reported 
an optimum molarity range for dense geopolymer 
gel formation [37], demonstrated that an unbal-
anced activator ratio leads to reduced micro-
structural homogeneity and inferior mechanical 
performance.

In this study, optimization of DE based geo-
polymer paste showed that the 10 M NaOH 
condition with a Na2SiO3/total activator ratio of 
53.04% produced the best mechanical perfor-
mance with a compressive strength of 18,048 
MPa and a flexural strength of 2.315 MPa. The 
improvement was closely related to the micro-
structural changes occurring at the gel level, as 
shown by FTIR, SEM EDS, and XRD analyses. 
The shift of the main Si–O–T (T = Si/Al) band to 
a lower wavenumber (950 cm⁻¹) in FTIR showed 
a rise in Al substitution into the silica framework, 
indicating a more intensive polycondensation 
process. Furthermore, the decrease in the inten-
sity of –OH/H₂O band showed the formation of 
a more stable gel with a low free water content. 
SEM images showed a denser matrix with an 

Figure 14. FTIR spectra of the blended geopolymer paste at 28 days
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even gel distribution and minimal number of cap-
illary pores. EDS results showed a homogeneous 
dominance of Si, Al, Na, and O elements, con-
firming the formation of an N–A–S–H gel. This is 
supported by XRD pattern, which shows sharper 
amorphous protrusions in the range 20–35° 2θ, 
with a reduction in the quartz crystal peak, indi-
cating the dominance of the amorphous gel phase 
as the main strengthening factor.

The correlation between microstructural 
changes and improved mechanical properties is 
in line with previous results [38]. Another study 
[32] also showed that controlling NaOH molar-
ity in a moderate range caused a denser micro-
structure, improving compressive and flexural 
strength. Additionally, it was observed that opti-
mal NaOH molarity increased the compressive 
strength and contributed to the flexural strength 
[15]. This contribution was due to the formation 
of a homogeneous gel network and good bond-
ing between particles. For DE materials, Tchak-
outé et al. [13] reported a compressive strength 

of approximately 18 MPa at 10 M NaOH and a 
Na2SiO3/NaOH ratio of 1.5. However, without 
optimizing the mixture ratio, the microstruc-
ture still showed high porosity. The results indi-
cated that the optimization method used in this 
study successfully increased gel homogeneity 
and reduced pores, producing high mechanical 
properties. During specimen preparation, higher 
NaOH molarity mixtures exhibited rapid setting 
and reduced workability. To mitigate these chal-
lenges, controlled mixing duration and immediate 
casting procedures were adopted to ensure homo-
geneity and minimize premature stiffening.

Zhang et al. [30] reported that increased 
solution viscosity due to excessively high alkali 
molarity could hinder the diffusion of silica–
alumina ions, leading to a porous structure and 
reduced strength. A study by Sriram et al. [39] 
showed that a balanced Na₂SiO₃/NaOH ratio 
played a crucial role in forming a homogeneous 
matrix with low porosity, improving long term 
durability. This was supported by Panda et al. 

Figure 15. SEM EDS of DE based geopolymer

Figure 16. XRD patterns of DE based geopolymer
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[36], where low to moderate alkali solutions 
were found to be capable of producing compres-
sive strengths in the construction standard range, 
while maintaining the setting time at an accept-
able level. Quiatchon et al. used RSM on fly ash 
based geopolymer paste and emphasized that 
multi objective optimization obtained the best 
balance between compressive strength, flexural 
strength, and setting time.

The increase in compressive and flexural 
strength at the optimal conditions in this study 
is a direct consequence of the transformation of 
the microstructure into a denser, less porous, and 
richer amorphous phase. The balance between 
silica–alumina dissolution and silicate oligomer 
formation achieved at a molarity of 10 M and an 
appropriate Na₂SiO₃/NaOH ratio allows the for-
mation of a stable three dimensional N–A–S–H 
matrix. However, overly alkaline conditions cause 
excessively rapid polycondensation, leading to 
gel segregation, high porosity, and low strength. 
These results are consistent with previous stud-
ies [2, 10], where the mechanical properties of 
geopolymer paste are determined by the chemical 
composition and evolution of the microstructure 
during the polymerization process.

CONCLUSIONS 

In summary, the systematic optimization of 
alkali activator parameters through response sur-
face methodology successfully determined the 
most effective synthesis conditions for DE based 
geopolymers, Compared to previous studies, the 
present research demonstrates superior optimi-
zation efficiency through the combined use of 
molarity and activator ratio variables. However, 
this study is limited to paste scale investigation; 
therefore, future work should focus on mortar and 
concrete level applications, long term durability, 
and field scale validation. The specimen prepa-
ration process revealed several critical practical 
considerations that influenced the reliability of the 
experimental results. Maintaining a constant high 
temperature during furnace treatment was essen-
tial to ensure uniform thermal activation of the 
diatomite, while the rock like hardness of the raw 
diatomite necessitated a more controlled grind-
ing method than the conventional Los Angeles 
machine to reduce excessive material loss. Fur-
thermore, the requirement for the ground diato-
mite to be stabilized at room temperature under air 

isolated conditions prior to mixing proved crucial 
in preserving its physicochemical characteristics, 
thereby contributing to consistent geopolymeriza-
tion behavior and reproducible performance out-
comes. The optimum composition, consisting of 
a NaOH concentration of 10 M and a Na₂SiO₃ to 
total activator ratio of 53.04%, produced the high-
est mechanical performance, with a compressive 
strength of 18.05 MPa and a flexural strength of 
2.32 MPa, while maintaining a deviation of less 
than 5% between predicted and experimental val-
ues. Microstructural investigations using SEM–
EDS, XRD, and FTIR revealed that the enhanced 
strength was associated with the formation of a 
dense and relatively homogeneous geopolymer 
matrix, predominantly composed of the N–A–S–H 
gel composed of Na₂O–Al₂O₃–SiO₂–H₂O and char-
acterized by low porosity. This matrix was further 
indicated by an increased amorphous phase and a 
shift in the Si–O–Si/Al vibration bands. In addi-
tion, ANOVA confirmed that the Na₂SiO₃ to total 
activator ratio exerted a more significant influence 
on the mechanical properties (p < 0.05) than the 
NaOH molarity. Overall, this study establishes an 
optimized formulation for the utilization of locally 
available diatomaceous earth as a sustainable geo-
polymer precursor and provides deeper insight into 
the interrelationship between processing param-
eters, microstructural development, and material 
performance, thereby supporting the advancement 
of environmentally friendly construction materials.
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