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Abstract
This study examines the use of fly ash, a thermal power plant waste, and the effect of diatomite, a fossil algae type, on waste-
based geopolymers in the production of sustainable geopolymer binders. The effects of 1%, 2%, 3%, 4% and, 5% diatomite 
substitution on waste-based mortars were investigated. Mortars containing 10% and 12% Na+ by weight based on the binder 
material were cured at 75 °C for 48 h. The flexural and compressive strength, abrasion resistance, determination of ultrasonic 
pulse velocity, and resistance to high temperatures of geopolymer mortar samples were investigated. In addition, FESEM 
images, EDX and XRD analyses of geopolymer mortar samples were made, and their microstructures were examined. 2% 
diatomite substitution increased flexural and compressive strength. In parallel with this situation, it was concluded that the 
abrasion resistance and ultrasonic pulse velocity of the geopolymer mortar with 2% diatomite substituted increased. In addi-
tion, it has been shown in FESEM images that the microstructure has a denser morphology. All geopolymer mortars lost 
strength after the high temperatures of 300 °C, 600 °C and 900 °C. As a result, it was concluded that diatomite containing 
highly reactive silica can be used in geopolymer systems.
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Introduction

Concrete is the most used building material in the construc-
tion industry. However, while producing Portland Cement 
(OPC), the main component of concrete, it causes environ-
mental pollution and requires a lot of energy. In produc-
ing one ton of OPC, 1 kg of sulfur dioxide (SO2), about 
810 kg of carbon dioxide (CO2) and 10 kg of waste dust are 
released. Since the CO2 produced during cement production 
causes global warming and pollution of the atmosphere, new 
binding materials that can be an alternative to cement are 
needed [1, 2]. For this purpose, alkali-activated alternative 
materials have been widely investigated in recent years due 
to their environmental benefits and improved engineering 
properties [3–5]. Natural and industrially waste produced 
pozzolan are used in the synthesis of geopolymers. The most 

widely used pozzolans are fly ash, which is the waste of ther-
mal power plants, and blast furnace slag, which is the waste 
of iron and steel plants. According to the data of the Turkish 
Statistical Institute, almost 24.4 million tons of waste were 
generated from thermal power plants in 2020. Ash and slag 
wastes constituted 79.5% of these wastes. While 85.9% of 
the total waste was disposed of in ash mountains, ash dams 
or storage facilities, 13.2% was sent to licensed facilities and 
used for backfilling of mines/quarries, and 0.9% was dis-
posed of by other methods. With the use of industrial wastes 
in geopolymer systems, the waste landfill problem is solved. 
In addition, more environmentally friendly and sustainable 
products have been developed to reduce the serious damage 
to the environment [6–12].

Aluminum oxide and silicon oxide compounds in the 
structure of binders such as fly ash, metakaolin, and blast 
furnace slag are dissolved by alkali activators and pro-
vide new bond formation in geopolymer structures. Look-
ing at previous studies, alkali activators such as potas-
sium hydroxide (KOH), sodium hydroxide (NaOH) and 
sodium silicate (Na2SiO3) were generally used to synthe-
size geopolymer structures [13– 19]. The most important 
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parameters affecting geopolymer synthesis are activator 
type and curing temperature. When the studies in the lit-
erature are examined, it has been observed that while the 
synthesis of geopolymer takes place slowly at room tem-
perature, it develops more rapidly at high temperatures 
(between 60 °C and 100 °C) [20–22]. Atis et al. studied fly 
ash-based geopolymer mortar and they produced mortar 
samples with different Na + (4%–20%) ratios. The samples 
were heat cured at different temperatures (45 °C–115 °C) 
and for different curing times (24, 48, and 72 h), and the 
effects of curing conditions on mechanical properties were 
investigated. As a result of the study, it was stated that 
the mechanical strength of geopolymer mortars improved 
as the sodium ratio increased. They also observed that 
the mechanical strength increased with increasing curing 
temperature and time. It has been observed that the effect 
of thermal curing on strength decreases in cases where 
the thermal curing temperature is more than 75 °C and 
the curing time is longer than 48 h [23]. In similar studies, 
it was stated that the reaction rate in geopolymer synthe-
sis increased with increases in activator molarity, curing 
temperature, and curing time [24–26]. The potential of 
using different materials in nano- and micro-sizes with 
high silica content in fly ash-based geopolymer systems 
has been investigated in previous studies. The strength 
and durability properties of mortars were investigated by 
substituting metakaolin, silica fume, glass powder, and 
nano-silica [27–30]. Recently, it has been seen that natural 
pozzolans are used in the production of geopolymers [31]. 
However, the research on diatomite, a natural pozzolan 
containing highly reactive silica, in geopolymer systems 
has been limited. Diatomite, a natural pozzolan, consists 
of the siliceous skeletal remains of diatoms, single-celled 
organisms. Diatomite contains many minerals such as sil-
ica, alumina, and iron oxide in its structure. It has many 
advantages, such as a porous structure, low cost, and high 
silica content. It is also used in the manufacture of ceram-
ics, thermal isolation, and the elimination of heavy metal 
ions [32–34]. Thammarong et al. produced geopolymer 
samples in their study by substituting diatomite at the rates 
of 5%, 10%, 15%, 20%, and 25% by weight of metakao-
lin. They investigated the phase formation of geopoly-
mers activated with NaOH and Na2SiO3 solutions. Phase 
formation of geopolymers was investigated using XRD 
and microstructures using SEM. When the compressive 
strength of the geopolymer samples, which were cured 
at room temperature for 3, 7, 14, 21, and 28 days, was 
examined, it was observed that the compressive strength 
decreased as the amount of diatomite increased in the 
samples containing diatomite in the range of 5 to 10% by 
weight. This is explained by the high dosage of diatomite 
containing a significant amount of Si in the sample. It has 
been reported that OH− ions are insufficient to completely 

dissolve Al+3 ions, thereby reducing the compressive 
strength [32].

The aim of this study is to try to develop more economi-
cal and sustainable geopolymer binder materials instead of 
cement, which causes high carbon emissions. Fly ash, which 
is the main binder of thermal power plant waste, was used 
instead of cement. In this way, it reduced both the damage of 
cement to the environment and problems such as the storage 
and disposal of industrial waste. Diatomite, formed by the 
precipitation of algae crusts, has replaced fly ash. Diatomite 
is a natural material and contains a high percentage of amor-
phous silica. Siliceous and aluminous materials are needed 
in the production of geopolymer binders. The contribution 
of diatomite substitution to the geopolymerization process 
in fly ash-based systems has been investigated. Diatomite 
was added at rates of 1%, 2%, 3%, 4%, and 5% to the fly ash 
geopolymer mortars activated with NaOH, which contained 
10% and 12% Na+ according to the binder material. The 
mechanical strengths of mortars that were heat cured for 
24, 48, and 72 h at 75 °C were investigated. Then, the abra-
sion resistance of the geopolymer mortar samples selected 
according to their mechanical strength, the determination 
of ultrasonic pulse velocities, and their resistance to high 
temperatures were investigated. In addition, FESEM images, 
EDX, and XRD analyses of geopolymer mortar samples 
were made, and their microstructures were examined.

Materials and method

Fly ash and diatomite

Fly ash obtained from the Sugözü thermal power plant in 
Adana was used in the production of geopolymer mortars. 
Diatomite obtained from the Hırka district of Kayseri was 
used as a substitute material. The chemical content and phys-
ical properties of fly ash and diatomite are given in Table 1. 
In addition, the SEM image and XRD model of fly ash and 
diatomite are shown in Fig. 1.

Sand

CEN standard sand was used, while preparing the geopoly-
mer mortar mixes. The dry specific gravity of Rilem sand 
was determined as 2.61, and the water absorption rate was 
0.57%.

Activator and water

The alkaline activator was prepared using NaOH and drink-
able water with a purity of at least 97%.



2340	 Journal of Material Cycles and Waste Management (2023) 25:2338–2349

1 3

Mixture design

In a preliminary experiment, it was started using a 0.28 
water/binder ratio during mixture preparation as sug-
gested in previous studies. However, the addition of 
diatomite from 1 to 5% result in a reduction in work-
ability values of the mixture, therefore, it was decided 
to increase the water/binder ratio to 0.31 which provided 
appropriate workability. While producing the geopolymer 
samples, the water/binder ratio was determined as 0.31, 
and the sand/binder ratio was determined as 3.0. NaOH 
was chosen as the activator, and it was used to contain 
10% and 12% Na+ by weight, depending on the binder 
material. In the preparation of the mixtures, diatomite 
was replaced with fly ash at the rates of 1%, 2%, 3%, 4%, 
and 5%. Mixing ratios and codes of geopolymer mortars 
are given in Table 2.

Experimental program

While producing geopolymer mortars, NaOH solutions con-
taining 10% and 12% Na+ by weight, according to the binder 
material, were prepared 24 h ago. Fly ash-based geopolymer 
mortars were applied with diatomite substitutes of 1%, 2%, 
3%, 4% and 5% of the total binder. The binder and NaOH 
solution placed in the mixing pot were mixed slowly for 
30 s, and 1350 g sand was added to the pot. After continu-
ing the mixing process at slow speed for another 60 s, the 
mixer was stopped and the mortar surrounding the pot was 
collected in the middle and rested for a total of 90 s. The 
mixing process was continued for 60 s at high speed, and the 
mixing process ended. The mortar mixtures were placed in 
the lubricated steel molds with dimensions of 40 × 40 × 160 
mm and 71 × 71 × 71 mm by vibration to remove entrained 
air and bubbles, and complete compaction was obtained. 
This process has taken between 30 and 60 s. Then, they were 
placed in a preheated oven at 75 °C and subjected to thermal 
curing for 24 h, 48 h, and 72 h. After the curing process was 
completed, the samples were taken out of the oven, allowed 

Table 1   Chemical content and physical properties of Sugözü fly ash 
and diatomite

Chemical and physical properties Fly ash Diatomite

SiO2 (%) 51.70 75.70
Al2O3 (%) 26.10 6.55
Fe2O3 (%) 7.90 3.82
K2O (%) 4.55 0.99
Na2O (%) 0.64 0.87
MgO (%) 1.69 1.23
CaO (%) 3.65 2.28
SO3 (%) 0.33
Cl− (%) 0.0043
P2O5 0.48
TiO2 0.68
Loss on ignition (%) 3.40 7.4
Specific gravity (g/cm3) 2.13 1.32
BET surface area (m2/g) 1.75 42.74

Fig. 1   a Diatomite; FESEM 
image and XRD pattern b Fly 
ash; FESEM image and XRD 
pattern

Table 2   Geopolymer mortar mixing ratios

Mixture 
code

Na+ 
content 
(%)

Fly ash 
(gr)

Diatomit 
(gr)

Water (gr) Sand (gr)

D0-10N 10 450 0 140 1350
D1-10N 10 445.5 4.5 140
D2-10N 10 441 9 140
D3-10N 10 436.5 13.5 140
D4-10N 10 432 18 140
D5-10N 10 427.5 22.5 140
D0-12N 12 450 0 140 1350
D1-12N 12 445.5 4.5 140
D2-12N 12 441 9 140
D3-12N 12 436.5 13.5 140
D4-12N 12 432 18 140
D5-12N 12 427.5 22.5 140
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to cool down to room temperature, and made ready for the 
experiment. Flexural and compressive strength tests, abra-
sion resistance, ultrasonic pulsed velocity, determination of 
high-temperature resistance, and internal structure analyses 
such as FESEM, EDX, and XRD were performed on the test 
samples. For each hardened mixture, flexural tensile strength 
measurements were made using three prism specimens by 
running a third point loading test described in TS EN 196-1 
[35]. The compressive strength measurements were carried 
out according to relevant standard TS EN 196-1[35], using 
six broken pieces of the prismatic specimens obtained from 
the flexure test. An average of three specimens and an aver-
age of six specimens were used as data points for flexural 
tensile and compressive strength tests, respectively. For 
abrasion resistance, ultrasonic pulsed velocity, and deter-
mination of high-temperature resistance test, an average of 
three specimens were used.

When curing time increases from 24 to 48 h, the rate of 
increase in flexural and compressive strength were higher 
than that of while curing time increases from 48 to 72 h. 
Thus, it is considered that 48 h of heat curing time is opti-
mum. Therefore, 48 h of heat curing time was used for abra-
sion, elevated temperature resistance test, and SEM/EDX 
analysis.

After the mechanical strength results, geopolymer mor-
tar samples were determined for other tests and analyses. 
Accordingly, from the geopolymer samples containing 10% 
and 12% Na+, the reference sample, the D2 sample with the 
highest strength, and the D5 sample with the lowest strength 
were selected.

Workability

The workability of fresh mortars produced in the study was 
determined by the flow table according to the TS EN 1015-3 
[36] standard.

Flexural and compressive strength

Flexure and compressive strength tests were carried out 
by TS-EN 196-1 [35] standard. Accordingly, the flexure 
strengths were found by loading three 40 × 40 × 160 mm 
specimens from a single point. After the flexure strength 
test, the compressive strength test was performed on the 
samples divided into two parts. The compressive strength 
was determined on a 40 × 40 mm slab.

Abrasion resistance

Abrasion resistance has been determined by TS 2824 EN 
1338 [37] standard. Abrasion test samples were produced in 
71 × 71 × 71 mm molds and were performed on D0, D2, and 
D5 samples that were heat cured at 75 °C for 48 h.

Ultrasonic pulse velocity

The ultrasonic pulse velocities of geopolymer mortar sam-
ples were determined by TS 12,504-4 [38] standard with a 
Proceq brand device called Pundit. Ultrasonic pulse velocity 
measurements of the samples were made in the direction of 
their 160 mm length. Ultrasonic pulse velocity test meas-
urements were made on three samples (D0, D2, and D5) for 
each mortar mixture, and the average of these values was 
taken. Ultrasonic pulse velocities were calculated using the 
following equation.

UPV: ultrasonic pulse velocity, km/sec L: transition length, 
mm T: transition time, μs.

Elevated temperature resistance

Geopolymer binders are generally known to be elevated tem-
perature-resistant materials. Therefore, due to the replace-
ment of diatomite with fly ash, its current strength and resist-
ance to the elevated temperature of geopolymer binders are 
thought to be investigated. Thus, diatomite-containing geo-
polymer mortar samples were exposed to elevated tempera-
tures. Geopolymer mortars were subjected to high tempera-
tures at 300 °C, 600 °C, and 900 °C after 48 h of heat curing 
at 75 °C. While it was subjected to elevated temperature, 
geopolymer samples were subjected to an elevated tempera-
ture of up to 900 °C with a heating rate of 10 °C per minute. 
This heating rate is consistent with the RILEM 129-MHT 
[39] standard recommendation. Samples were kept at the 
relevant temperature for 1 h. After the elevated temperature 
periods, the geopolymer mortars were allowed to cool down 
to room temperature, and then the compressive strength test 
was applied.

FESEM‑EDX analysis

Broken surface fragments were taken from the geopoly-
mer samples produced by thermal curing at 75  °C for 
48 h, before (25 °C) and after high temperatures (300 °C, 
600 °C, 900 °C). These parts were first vacuumed, and 
then gold–palladium plating was performed by the Erciyes 
University Technology Research and Application Center 
(TAUM). Geopolymer mortar samples were examined using 
a Zeiss (GeminiSEM 500) brand device. FESEM images of 
the geopolymer mortar samples were taken at 500 magnifi-
cations. EDX analyzes were made on the determined paste 
parts of the mortar samples at 500 magnification.

UPV = L∕T.
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XRD analysis

The pieces from the produced geopolymer samples were 
ground into powder in an agate mortar to 63 microns. XRD 
analyses were made by Erciyes University Technology 
Research and Application Center (TAUM). The X-ray dif-
fraction technique determined the phases of the geopolymer 
paste material.

Result and discussion

Workability

The flow table workability of fresh geopolymer mortar 
obtained in accordance with TS EN 1015-3 [36] is presented 
in Table 3. The workability of the reference geopolymer 
mortar mixture was 113 and 125 mm for mortar containing 
10% and 12% Na+, respectively. It can be seen in Table 3 
that the addition of diatomite as a replacement with fly ash 
at 1%, 2%, 3%, 4%, and 5% caused a reduction in workabil-
ity values in comparison to the reference mortar mixture. 
For instance, the workability of the D1 mixture is 106 and 
110 mm for mortar made with 10% and 12% Na+. In a simi-
lar manner, the workability of the D5 mixture is 101 and 

103 mm for mortar made with 10% and 12% Na+. Increas-
ing the Na + amount in the mixture caused better workabil-
ity. Increasing the diatomite amount in the mixture results 
in the agglomeration of particles and reduces workability. 
An increasing amount of Na+ causes a lubrication effect 
between powder particles, thus, providing better workability.

Flexural and compressive strength

The flexural strength results of diatomite-substituted geo-
polymer mortars are shown in Fig. 2. When the flexural 
strengths of geopolymer mortars heat cured at 75 °C for 
24, 48 and 72 h are examined, the highest flexural strength 
in mixtures containing 10% and 12% Na+ was found to be 
10.6 MPa and 11.8 MPa, respectively, in the D2 mortar sam-
ple, which was heat cured for 72 h has been obtained. When 
the geopolymer mortars were examined at all curing times, 
the flexural strength values of the D1 and D2 coded mortar 
samples were higher in the mortars containing 10% and 12% 
Na+ than the reference (D0) mortar sample. The flexural 
strength values of the D3, D4, and D5 coded mortar samples 
were lower than the reference (D0) samples. The flexural 
strength of 12% Na+ diatomite-substituted geopolymer mor-
tars was higher than 10% Na+ diatomite-substituted geopoly-
mer mortars. The greatest effect of diatomite substitution 
on the increase in flexural strength at 75 °C was observed 
at the end of 72 h in mortars containing 10% Na+, at the 
end of 48 h in mortars containing 12% Na+. Accordingly, 
the contribution of high Na+ content to the flexural strength 
was faster with the presence of diatomite. When the flexural 
strength of the geopolymer mortar containing 12% Na+ and 
5% diatomite was examined, 72 h of thermal curing made 
the strength loss more striking, and lower flexural strength 
was obtained than 48 h of thermal curing.

Compressive strength results of diatomite-substi-
tuted geopolymer mortars are shown in Fig. 3. When the 

Table 3   Flow workability of fresh geopolymer mortar

Mixture code 10N (mm) 12N (mm)

D0 113 125
D1 106 110
D2 104 108
D3 104 106
D4 103 104
D5 101 103

Fig. 2   Flexural strength of 
geopolymer mortars containing 
10% Na+ and 12% Na+
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compressive strengths of geopolymer mortars heat cured at 
75 °C for 24, 48 and 72 h are examined, the highest com-
pressive strength in mixtures containing 10% and 12% Na+ 
was found to be 55.4 MPa and 54.9 MPa, respectively, in 
the D2 mortar sample (containing 2% diatomite considered 
as optimum amount), which was heat cured for 72 h has 
been obtained. At optimum diatomite amount (2% in this 
study), provide appropriate dissolution rate of silica content 
of diatomite. In addition, at the optimal amount of diato-
mite, workability of fresh mortar was found to be favorable. 
Therefore, good workability and appropriate dissolution 
rate results with highest flexural and compressive strength 
regardless of either concentration of Na+ or the curing time.

It can be seen from Fig. 1 that the intensity change of 
XRD of diatomite shows an amorphous silica phase. Also, 
the BET surface area (m2/g) of diatomite is 42.74 and is 
considered very high (see Table 1). This high surface area 
results in a higher geopolymer reaction with Na+ which 
causes higher strength compared to the reference mixture.

When the geopolymer mortars were examined at all cur-
ing times, the compressive strength values of the D1 and 
D2 coded mortar samples were higher in the mortars con-
taining 10% and 12% Na+ than the reference (D0) mortar 
sample. The compressive strength values of the D3, D4, and 
D5 coded mortar samples were lower than the reference (D0) 
samples. Results similar to flexural strength were also valid 
for compressive strength. The compressive strength of 12% 
Na+ diatomite-substituted geopolymer mortars was higher 
than 10% Na+ diatomite-substituted geopolymer mortars. 
The greatest effect of diatomite substitution on the increase 
in compressive strength at 75 °C was observed at the end of 
72 h in mortars containing 10% Na+ and at the end of 48 h in 
mortars containing 12% Na+. Accordingly, the effect of high 
Na+ content on the compressive strength was faster with the 
presence of diatomite. When the compressive strength of the 
geopolymer mortar containing 12% Na+ and 5% diatomite 
was examined, 72 h of thermal curing made the strength 
loss more striking and lower flexural strength was obtained 
than after 48 h of thermal curing. Considering both flexural 
strength and compressive strength, the mechanical strength 

results of 5% diatomite-substituted geopolymer mortars 
cured at 75 °C for 72 h were lower than those of 5% diato-
mite-substituted geopolymer mortars cured at 75 °C for 48 h. 
In previous studies in the literature, as the activator ratio 
increased, the result of the increase in strength values [23] 
was seen in the flexural and compressive strength results 
at all curing times in this study. With the increase in alkali 
ratio, the reactive silica in the structure of diatomites dis-
solved more and supported the NASH gel structure. Thus, a 
compact gel structure was formed and mechanical strength 
was increased. In addition, the substitution of 3%, 4%, and 
5% diatomite in all mixtures increased the amount of silica 
in the structure of the mixture more and the dissolution of 
Al+3 ions in the alkaline solution was insufficient. This situ-
ation has led to a decrease in mechanical strength, as previ-
ously stated in the literature [29]. In addition, the loss of 
strength in flexure and compression results is explained by 
the agglomeration of diatomite particles and reduction in the 
workability values. Since replacement of more than 2% of 
diatomite with fly ash on a mass basis results in agglomera-
tion in the mixture thus results in a reduction in workability 
value (see Table 3) resulting in un-appropriate compaction 
during the sample casting process which causes a reduc-
tion in flexural and compressive strength. Similarly, Messina 
et al. [40] and Durak et al. [41] reported that the increased 
amount of silica fume or nano-SiO2 in the geopolymer mor-
tar caused agglomeration or partial blockage in the micro-
structure. Therefore, this effect caused a decrease in strength 
development as observed in D3, D4 and D5 mixtures.

Abrasion resistance

Geopolymer mortar samples were abraded after heat curing 
at 75 °C for 48 h. Figure 4 shows the volume losses of geo-
polymer mortar samples after abrasion. The volume losses 
of the geopolymer mortars containing 10% Na+ were calcu-
lated as 21,504, 19,860, and 25,340 mm3/5000 mm2 for the 
D0 (reference), D2, and D5 samples, respectively. The post-
abrasion volume losses of geopolymer mortars containing 12 
percent Na+ were calculated as 20,553, 19,056, and 26,128 

Fig. 3   Compressive strength of 
geopolymer mortars containing 
10% Na+ and 12% Na+

2
2

.5

3
9

.6

4
9

.1

3
1

.3

3
8

.4

5
4

.6

2
3

.7

4
0

.5

5
1

.5

3
2

.5 3
9

.5

5
3

.8

2
4

.4

4
2

.7

5
5

.4

3
3

.4

4
5

.5

5
4

.9

2
1

.8

3
9

.1

4
1

.2

3
0

.6 3
6

.8

5
1

.5

2
1

.5

3
7

.8

3
9

.3

2
8

.1 3
3

.4

3
4

.5

2
1

.1

3
4

.5

3
5

.8

2
4

.8 3
1

.1

2
8

.5

0

10

20

30

40

50

60

24 hour 48 hour 72 hour 24 hour 48 hour 72 hour

10 N 12 N

)a
P

M(
t

h
g

nert
S

e
visser

p
m

o
C

Curing Time

D0 D1 D2 D3 D4 D5



2344	 Journal of Material Cycles and Waste Management (2023) 25:2338–2349

1 3

mm3/5000 mm2, respectively, when the D0 (reference), D2, 
and D5 samples were examined. The D2 sample lost less 
volume and had higher abrasion resistance than the reference 
(D0) sample at both activator ratios. The D5 sample, on the 
other hand, lost more volume and had lower abrasion resist-
ance than the D0 sample. There is a relationship between 
compressive strength and abrasion resistance, according 
to previous studies in the literature on geopolymer, and 

samples with higher compressive strength are more resistant 
to abrasion [20, 42, 43]. This behavior has been observed in 
diatomite-substituted geopolymer mortars in the literature. 
Figure 5 shows that the compressive strength values and 
abrasion losses of the geopolymer mortar samples contain-
ing 10% and 12% Na+, respectively, have a strong linear 
relationship (R = 0.9924, R = 0.950).

Ultrasonic pulse velocity

When the ultrasonic pulse velocity of the 10% Na+ con-
taining geopolymer mortars cured at 75 °C for 48 h was 
examined, the D0, D2, and D5 samples were measured at 
4.2, 4.7 and 3.4 km/sec, respectively. When the ultrasonic 
pulse velocity of geopolymer mortars containing 12% Na+ 
was examined, the D0 (reference), D2 and D5 samples were 
measured as 4.5, 4.9 and 3.7 km/sec, respectively. Ultra-
sonic pulse velocities of the samples are given in Fig. 6. 
In both activator ratios, it was observed that the ultrasonic 
pulse velocity of D2 samples with 2% diatomite substitution 
compared to the reference (D0) sample increased, and the 
ultrasonic pulse velocity of D5 samples with 5% diatomite 
substitution decreased. The ultrasonic pulse velocity of a 
material is related to the porous structure of that material. 
In previous studies in the literature, it has been reported that 
the ultrasonic pulse velocity decreases with the increase of 
the porous structure [44]. In addition, it is shown in Fig. 7 
that there is a high linear relationship between the compres-
sive strength values and the UPV values of the geopolymer 
mortar samples containing 10% and 12% Na+, respectively 
(R = 0.9999, R = 0.9672).

Elevated temperature resistance

The geopolymer D0, D2, and D5 mortar samples contain-
ing 10% and 12% Na+, which were heat cured at 75 °C for 
48 h. It was brought to the target temperature with a tem-
perature increase of 10 °C/min in the oven and exposed to 
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high temperatures separately at 300 °C, 600 °C, and 900 °C 
for 60 min. In Fig. 8, compressive strengths before and after 
high temperatures are given. After high temperatures, there 
was a loss of strength in all D0, D2, and D5 coded mortar 
samples compared to before high temperatures. However, 
the compressive strength values of 2% diatomite-substituted 
geopolymer mortars (D2) containing 10% Na+ and 12% Na+ 
after high temperatures at 300 °C, 600 °C, and 900 °C were 
again higher than the reference (D0) mortar sample. Thus, 
it is seen that the appropriate ratio of diatomite substitution 
increases the resistance to high temperatures. In addition, 
the compressive strengths of geopolymer mortars substituted 
with 5% diatomite in both Na+ ratios after the high tem-
perature were lower than the reference. The increase in the 
alkali activator ratio in the compressive strengths after the 
high temperature increased this compressive strength loss 
more. It is stated that this situation arises from the porous 
structure formed in the binder paste as a result of the ten-
dency of the alkalis not included in the NASH gel structure 
to evaporate, especially at high temperatures. In addition, 
this situation is also seen in FESEM images. In previous 
studies in the literature, it has been stated that the use of 

highly reactive silica-containing materials such as rice husk 
ash and nano-SiO2 reduces high temperature resistance [45]. 
It was observed that diatomite containing highly reactive 
silica also showed similar behavior.

FESEM‑EDX analysis

FESEM images (500 magnification) of samples containing 
10% Na+ and heat cured at 75 °C for 48 h are given in Fig. 9 
after 900 °C high temperature. On the FESEM images, the 
letter S is used to represent sand, and the letter M is used 
to represent the geopolymer matrix. In addition, EDX ana-
lyzes of geopolymer pastes in these areas were made and are 
given in Fig. 9. When the FESEM images are examined, it 
is seen that the general morphological structure of the D2 
coded geopolymer mortar samples is denser than the refer-
ence D0 coded sample. It is seen that the morphological 
structure of the D5 coded geopolymer mortar sample has 
more voids and microcracks compared to both the D0 coded 
reference sample and the D2 coded sample. Thermal shrink-
ages and expansion occur in geopolymer samples exposed 
to high temperature. These thermal shrinkages and expan-
sions cause macro cracks in the geopolymer sample [46, 
47]. On the other hand, Kong et al., in this study, fly ash 
and metakaolin-based geopolymers were investigated after 
exposure to high temperatures (800 °C). They stated that 
while the compressive strength of fly ash-based geopolymers 
increased, the compressive strength of metakaolin-based 
geopolymers decreased. While 0.1–0.2 mm cracks were 
formed on the surfaces of metakaolin-based geopolymers, 
these cracks were not observed in fly ash-based geopoly-
mers. More water was required in the production of metaka-
olin-based geopolymers compared to the production of fly 
ash-based geopolymers [48]. Metakaolin, a natural pozzolan, 
is partially similar to diatomite in these aspects. When diato-
mite with high porosity was substituted for by 2% in alka-
line medium, NASH supported the gel structure. However, 

Fig. 7   Relationship between compressive strength and UPV values of 
geopolymer mortars containing 10% and 12% Na+

Fig. 8   After elevated tempera-
ture compressive strength of 
geopolymer mortars containing 
10% and 12% Na+
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when 5% diatomite was substituted, it could not degrade 
sufficiently in alkaline environment and could not react. In 
addition, these unreacted diatomite pieces form voids in the 
paste structure when exposed to high temperatures due to 
their high porosity and humidity retention properties.

EDX analyses were obtained from the geopolymer paste 
sections boxed in Fig. 9. As a result of EDX analysis, 

mainly Al, Si, O, and Na elements were found in the geo-
polymer samples. The N–A–S–H (Sodium alumina silicate 
hydrate) gel has an important role in the development of 
strength in systems containing low calcareous fly ash in 
geopolymer structures [49, 50].

Fig. 9   After 900 °C high-temperature FESEM and EDX images of 10% Na+ containing geopolymer mortar (Mag:500 ×)
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XRD analysis

While sodalite, mullite, and quartz peaks were found in the 
reference (D0) sample, which was cured at 75 °C for 48 h, 
as shown in Fig. 10, sillimanite peaks were also found in the 
(D2) sample containing 2% diatomite. When the morpho-
logical structure of geopolymer pastes and XRD results are 
examined, it cannot be said that the increase in mechanical 
strength is directly related to the crystal structure. In addi-
tion, it is not easy to determine the geopolymeric reaction 
products by XRD alone [20, 51–54]. In this respect, it is 
more possible to explain the positive increase in mechani-
cal strength with FESEM images rather than XRD analysis.

Conclusion

The following results were obtained in the evaluation of the 
effect of diatomite substitution on fly ash-based geopolymer 
mortars:

1.	 According to the flexural and compressive strength 
results of geopolymer mortars heat-cured at 75 °C for 
48 h, 1% and 2% diatomite substitution increased the 
flexural and compressive strengths compared to the 
reference (DO) mortar sample. However, 3% (D3), 4% 
(D4), and 5% (D5) diatomite substitution decreased 
the flexural and compressive strength. In addition, it 
was observed that the rate of increase in mechanical 
strengths decreased with the curing time.

2.	 The abrasion resistance results were obtained in direct 
proportion to the mechanical strength results. Abrasion 
resistance increased with the increase in flexure and 
compressive strength.

3.	 At both activator ratios, the ultrasonic velocity of D2 
samples, which have a compact and void-free gel struc-
ture compared to reference (D0) samples, increased, 

while the ultrasonic velocity of D5 samples decreased 
due to the voids in their structure.

4.	 After the geopolymer mortars were exposed to high 
temperatures (300 °C, 600 °C, and 900 °C) for 60 min, 
the compressive strength of all D0, D2, and D5 coded 
mortar samples decreased compared to before the high 
temperature.

5.	 It has been found that 2% diatomite substitution is opti-
mum in terms of improving mechanical properties. The 
5% diatomite substitution damaged the mechanical 
properties of the geopolymer mortars. FESEM images 
support these effects on mechanical properties. When 
2% diatomite was substituted in an alkaline medium, 
diatomite substitution supported the formation of NASH 
gel, creating a denser and void-free dough structure. 
However, in the FESEM images of the geopolymer 
mortars with 5% diatomite substitution, insufficiently 
reacted diatomite pieces and a porous paste structure 
were observed.

6.	 As a result of XRD analysis, although 2% diatomite 
substitution supported the formation of a new crystal 
sillimanite peak, a direct correlation could not be estab-
lished with the development of compressive strength. 
However, this correlation could be confirmed with 
FESEM images.
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