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Abstract
The construction industry is an application area that has continuity all over the world and requires cheap, durable, and 
environmentally friendly materials. Synthesis with alkali activation includes materials that have come to the fore in the 
construction industry in recent years. In this study using alkali activation method, a graphite/calcite mortar was prepared by 
optimizing the experimental conditions and its properties were investigated. The effects of  Na2SiO3/NaOH mass ratio, NaOH 
solution concentration, and graphite content variables on structure and compressive strength in alkaline activation synthesis 
were investigated. It was determined that the samples reached a compressive strength of 21 MPa at the end of 28 days when 
the  Na2SiO3/NaOH ratio was 2 and the NaOH concentration was 10 M. In the continuation of the optimized experimental 
conditions, the effect of the amount of graphite on the compressive strength was examined between 5 and 100% (w/w). 
Structural properties of the samples were investigated by X-ray diffraction and Fourier transform infrared spectroscopy, and 
their morphological properties were investigated by scanning electron microscopy. It was determined that C–S–H gel was 
formed and samples with heterogeneous morphology were synthesized.

Keywords Calcite · Graphite · Alkaline activation · Compressive strength

Introduction

Alkaline active materials, generally known as geopolymers, 
are of great interest to researchers [1]. Especially in recent 
years, these materials have come to the fore among building 
materials due to their unique properties such as high strength, 
superior chemical resistance, and thermal stability [2]. In 
addition, one of the most important properties of alkali active 
materials is their environmental friendliness. The reason for 
this is that it does not need a process at high temperatures. 
In the production of Portland cement,  CO2 emissions occur 
with clinker formation and kiln firing. Since this process is 
not required in activation,  CO2 emission is low [3]. It has 
been reported in research that materials prepared with alka-
line activity do not cause serious harm to the environment 
due to their low carbon footprint [4]. For example, it has been 
reported that slag-based materials synthesized by alkaline 

activation cause approximately 25–50% less  CO2 emissions 
compared to Portland cement [5].

It is possible to classify materials synthesized by alka-
line activation as materials with low or high Ca content. 
Systems with low Ca can be called geopolymers. Its main 
products in alkaline environment are N-A-S–H gel and 
three-dimensional  SiO4 and  AlO4 structures. In systems 
containing high calcium, C-(A)-S–H gel is formed in alka-
line environment. This is the case in systems where these 
two gels appear together [2]. As a result, gel products and 
units formed during the synthesis of geopolymers and 
alkali-activated materials are different [6]. Geopolymers 
formed by the reaction of alumina silicates in an alkaline 
medium are environmentally friendly, are cheap, have low 
density, have high heat resistance, have low  CO2 emission, 
and are simply processing materials [7–9]. This process, 
called the alkaline activation method, involves mixing 
alumina silicates with an activator solution in an alkaline 
medium [10]. NaOH and  Na2SiO3 solution are among the 
most used alkalis [11]. Geopolymer materials are synthe-
sized with various raw materials such as fly ash, volcanic 
ash, pumice, kaolin, metakaolin, granulated blast fur-
nace slag, and wastes [8, 12–16]. During the geopolymer 
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synthesis, parameters such as the composition of the raw 
material, alkali concentration, and curing temperature are 
important. Because it affects the structure and properties 
of the final product to be obtained at the end of the process 
[17]. Considered a new generation cement, geopolymers 
(alkali activated binders) are among the most important 
building materials in the world [18].

In recent years, carbon-based materials such as graph-
ite, carbon fiber, and multi-walled carbon nanotubes 
(MCNTs) have been preferred in the cement sector due 
to their properties. For example, carbon fiber has very 
good mechanical properties, and unmatched electrical and 
thermal conductivity, while MCNT has a high strength 
and modulus of elasticity. These materials are actually 
different forms of graphite structure [19]. Graphite is 
a common material that can be used in different areas 
(e.g., lubricity, thermal shock resistance) with important 
physical and chemical properties such as high thermal 
conductivity, low coefficient of thermal expansion, and 
resistance to solvent corrosion [20]. It is formed by non-
covalent π-π bond interaction of graphene sheets [21]. 
Calcite is an inexpensive mineral material abundant in 
nature as the most stable polymorph of calcium carbonate 
 (CaCO3) [22, 23]. Calcite, which is usually found in pure 
form, may contain impurities such as magnesium, iron, 
and manganese [24]. Studies have shown that the use of 
Ca salts accelerates the setting time by forming hetero-
geneous nucleation centers in the samples [25]. In some 
studies in the literature, metakaolin, which is one of the 
most used materials in the synthesis of geopolymers, has 
been used by modifying graphite. In the study of Zhang 
et  al., a geopolymer was synthesized with potassium 
silicate using metakaolin and graphite. When the effect 
of the amount of graphite in the geopolymer was exam-
ined, it was reported that when added in an appropriate 
amount, it had a positive effect on the flexural strength 
and dielectric constant of the samples [7]. In a study in 
which calcite was added to the metakaolin geopolymer, it 
was determined that while the amount of calcite was 6% 
by weight, the compressive strength of the geopolymer 
reached 28.88 MP [26].

In this study, graphite/calcite mortar was prepared and 
the compressive strengths of the samples were examined at 
the end of the 28th day. The effects of  Na2SiO3/NaOH mass 
ratio and NaOH concentration parameters on the compres-
sive strength and material structure on the alkaline activa-
tion process were investigated. Structural properties of the 
samples were analyzed by XRD and FTIR characterization 
analysis, and morphological properties were analyzed by 
SEM technique. For the prepared graphite/calcite mortar, 
the amount of calcite and graphite was changed as a percent-
age and its effect on the compressive strength was examined. 
In this study, the effect on the structure and compressive 

strength was investigated by using materials containing C 
and Ca instead of materials containing Si and Al. The con-
tributions of this study are several folds:

• As far as we know, the synthesis of mortar with alkali 
activation with the use of graphite and calcite raw materi-
als was studied by us for the first time.

• The process was optimized by examining the parameters 
affecting the compressive strength and structure of the 
graphite/calcite mortar.

Material and method

Materials

The raw materials to be used in the study were chosen as cal-
cite and graphite. The calcite used in the study was obtained 
from the Betta Gypsum and Construction Chemicals factory 
and from the graphite Nanografi Company. The density of 
sodium silicate used in the experiments was 1.4 g/cm3 and 
obtained from Orbital Chemical Company. Table 1 shows 
the chemicals used in process and their properties.

Experimental method

The graphite used as the starting material was first mixed 
with NaOH solution for 5 min. Then, the mixing pro-
cess was continued by adding calcite. The alkali activa-
tion process was continued with the addition of water 
and  Na2SiO3 as needed. The mixing process was con-
tinued for 20–25 min until the mortar became homoge-
neous. Then, the resulting mortar was poured into steel 
and cubic molds measuring 40 × 40 × 40  mm3. After the 
molding process, the mortar was left to rest for 24 h. It 
was observed that the drying of the samples prepared with 
high NaOH concentration (e.g., 20 M) was delayed after 
molding and they were left to rest for up to 48 h. Cubic 
specimens, which were removed from the mold the next 
day, were cured in an oven at 65 °C for 5 days. The curing 
process was continued by treating the material in the oven 
at 40 °C for 2 h and then at 65 °C. Samples prepared after 

Table 1  Properties of raw materials used in synthesis

Raw materials Chemical formula Purity (%) Molecule weight (g/mol)

Graphite C 99 12
Calcite CaCO3 95 100
Sodium hydroxide NaOH 99 40
Sodium silicate Na2SiO3 99 122
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curing were allowed to rest at room temperature for up 
to 28 days. In the synthesis, the NaOH aqueous solution 
was prepared as M (mol/L), and the  Na2SiO3 solution was 
used undiluted. The experimental flow chart of the alkali 
activation process is given in Fig. 1.

Characterization

Attenuated total reflection-fourier transform infrared 
spectroscopy spectroscopy analyses of the synthesized 
samples were performed with Perkin Elmer Spectrum 400 
model in the range of 4000–400  cm−1. XRD analyses of 
the samples were performed on Bruker AXS D8 Advance 
Model XRD device operating at 40 mA, 40 kV values at 
a scanning speed of 0.020°/min (CuKα = 1.541871°) in 
the range of 2θ = 5°–90°. Its morphological structure was 
investigated with SEM (Leo 440 Computer Controlled 
Digital). In the study, the compressive strength analyses 
of the samples were made with the Utest Material Testing 
Equipment (Novo technik) brand device given in Fig. 1.

Results and discussion

Effect of  Na2SiO3 mass ratio

Various alkali activators such as sodium silicate, sodium 
hydroxide, sodium carbonate, and potassium hydroxide can 
be used in alkali activation synthesis [27]. Literature studies 
show that  Na2SiO3/NaOH mass ratio and NaOH concentra-
tion are process parameters that significantly affect the com-
pressive strength [28]. Possible reactions of graphite/calcite 
mortar are given in Eqs. 1, 2, and 3 [1, 29]. In reactions with 
high alkalinity, the calcium carbonate reaction can give the 
necessary  Ca2+ ions for the formation of the C–S–H gel. The 
precipitated C–S–H gel may causes an increase in compressive 
strength [30].

(1)Al
2
O

3
+ 3H

2
O + 2OH− → 2[Al(OH)

4
]−

(2)SiO
2
+ 2OH

−
→

[

SiO
2
(OH)

2

]2−

(3)CaCO
3
+ 2NaOH → Ca(OH)

2
+ Na

2
CO

3

Fig. 1  Schematic images of alkali activation process



1352 Journal of the Australian Ceramic Society (2023) 59:1349–1359

1 3

The effects of  Na2SiO3/NaOH mass ratio, NaOH con-
centration, and graphite amount were investigated while 
preparing the samples. XRD spectra of calcite and graphite 
are given in Fig. 2 a and b. The sharp peak at 2θ = 29.4° in 
Fig. 2 a is a characteristic peak attributed to the crystal struc-
ture of calcite. Similarly, the peaks at 23.06°, 39.46°, 43.2°, 
and 47.5° are characteristic peaks of calcite [30, 31]. The 
sharp peak seen at 2θ = 26.4° in Fig. 2 b is the characteristic 
peak pointing to the hexagonal and crystalline structure of 
graphite [32–34].

In Fig. 3, there are XRD spectra of samples prepared in 
the presence of different  Na2SiO3/NaOH mass ratios and 
10 M NaOH solution and 5% graphite and 95% calcite. The 

results show that in all the synthesized samples, the charac-
teristic peak of calcite appeared at 2θ = 29.4°. The reason 
for this situation may be both the amount of calcite being 
higher than the amount of graphite and the insoluble calcite 
molecules in alkaline environment [22]. It has been reported 
that unreacted raw materials have a negative effect on the 
compressive strength [35]. Erfanimanesh et al. reported that 
this peak at 29.4° indicates the presence of a C–S–H (cal-
cium silicate hydrate) gel or calcite [18]. In the samples, new 
peaks appeared at 9.48° and 19.04°. New peaks appearing 
around 2θ = 19.04° may be attributed to Ca(OH)2 formation 
[36]. This result shows that calcite is activated with NaOH 
according to Eq. 3 and Ca(OH)2 is formed. The lack of this 
peak in the sample with a  Na2SiO3/NaOH mass ratio of 2 
denotes the absence of Ca(OH)2 formation.

FTIR spectra of calcite and graphite are given in Fig. 4. 
There is only one peak occurring at 2102  cm−1 in the graph-
ite spectrum and may be due to the presence of atmospheric 
 CO2 [36]. In the calcite spectrum, there are peaks repre-
senting the carbonate structure. The peak  CO3

2− seen at 
667  cm−1 of calcite is attributed to in-plane bending, while 
the peak  CO3

2− seen at 985  cm−1 is attributed to symmetrical 
stretching [37, 38].

In Fig. 5, FTIR spectra of samples prepared according 
to different  Na2SiO3/NaOH mass ratios (0.5, 1, 1.5, and 2) 
are given. The IR peaks observed in the samples and the 
chemical groups they express are given in Table 2. Peaks 
appearing at 3674  cm−1 in samples prepared in  Na2SiO3/
NaOH mass ratio 0.5, 1, and 1.5 represent O–H asymmet-
ric stretch vibrations. This result shows that free water is 
converted to bound water during synthesis [39]. In addi-
tion, the peak at 3674  cm−1 may indicate Ca(OH)2 forma-
tion. This peak disappeared when the  Na2SiO3/NaOH ratio 
was 2 [41]. According to the literature, the peak appearing 
at 2979  cm−1 may be related to the C–S–H structure [42]. 
The peaks at 1395–1434  cm−1 appearing in all samples can 
be attributed to O–C–O stretching vibration due to sodium 
carbonate formation [35]. The presence of carbonate may Fig. 2  XRD patterns of a calcite and b graphite

Fig. 3  XRD patterns for sam-
ples with different  Na2SiO3/
NaOH mass ratio
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have arisen from the reaction of free  Na+ ions with atmos-
pheric  CO2 [43]. While the mass ratio of  Na2SiO3/NaOH is 
2, when the spectrum of the synthesized sample is examined, 
the peak occurring at 1067  cm−1 is attributed to the Si–O 
asymmetric stretch and comes from the C–S–H structure [1, 
42]. This peak comes from the  Na2SiO3 structure and shows 
that it is formed in the silicate network structure [1, 39]. In 
addition, no peak was observed at 1067  cm−1 in samples 
with a  Na2SiO3/NaOH ratio of 0.5, 1, and 1.5. The peaks 

appearing at 664, 665, and 710  cm−1 in the samples are 
attributed to Al(IV)–O–Si vibrations. This result shows the 
formation of the aluminosilicate network [39]. Similarly, the 
peak occurring at about 871  cm−1 in all samples indicates 
the Si–O stretching vibration from sodium silicate [1]. Some 
peaks attributed to the calcite structure were also found in 
the FTIR spectrum of the synthesized samples. The peak 
at 667  cm−1 in calcite and the peak at 665  cm−1 in the syn-
thesized samples may have overlapped. In addition, when 
the  Na2SiO3/NaOH ratio was 2, the intensity of this peak 
decreased and shifted to 710  cm−1. This result may indicate 
that as the amount of  Na2SiO3 increases, calcite dissolves 
better and silicate network is established.

The SEM images of the samples prepared with graphite 
and calcite, and the raw materials used in the synthesis of the 
sample, and at different  Na2SiO3/NaOH ratios are given in 
Fig. 6. When the SEM image (Fig. 6a) of graphite is exam-
ined, the clustered particles and layered structure attract 

Fig. 4  FTIR spectrums of cal-
cite and graphite

Fig. 5  FTIR spectrums for 
samples with different  Na2SiO3/
NaOH mass ratio

Table 2  Infrared spectrum [1, 35, 39, 40]

Bond Wavelength  (cm−1)

O–H asymmetric stretch vibration 3674
O–C–O stretching vibration 1434
Si–O asymmetric stretching 1067
Si–Al–O bonding 710–664
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attention [33, 44]. In Fig. 6 b, it is seen that the SEM image 
of calcite resembles a structure with different geometries, 
however, including cubic, hexagonal, and crystalline calcite 
forms [24, 45].

It can be said that the graphite/calcite mortar samples 
generally have a heterogeneous structure. According to 
XRD results, there is unreacted calcite. If the amount of 
 Na2SiO3 is insufficient during activation, the raw materi-
als may remain unreacted. As the ratio of  Na2SiO3/NaOH 
increases, the integrity and compactness of the structure 
increase [46]. In Fig. 6 c, d, and e, it can be said that the 
heterogeneity in the structure decreases with the increase 
in the amount of  Na2SiO3 in line with the literature. This is 
because the raw materials dissolve better [47]. Figure 6 f is 
the sample with the highest amount of  Na2SiO3. The sample 
surface’s absence of cracks suggests that the free water has 
fully reacted [43]. As a result, it is clearly observed that as 
the  Na2SiO3/NaOH mass ratio increases, calcite and graphite 
dissolve better and gelation develops. In Fig. 6 f, it is seen 
that gelling is more.

It is clearly seen in the Fig. 7 that the compressive strength 
of the samples increases as the mass ratio of  Na2SiO3/NaOH 
increases. The highest compressive strength (21 MPa) was 
found in the sample with a mass ratio of 2. The reason for 
this situation may be the increase in compressive strength 
due to  Si+3 and  Al+4 ions released from aluminosilicates 
[48]. When  Na2SiO3 increases, the amount of silica gel also 
increases and polymerization may develop to form a prod-
uct with high compressive strength [28]. In addition, the 
formation of Ca(OH)2 in the sample can cause cracks on 
the sample surface and reduce its workability [35]. FTIR 
and XRD data support the formation of Ca(OH)2 when the 
 Na2SiO3/NaOH mass ratio is 0.5, 1, and 1.5. This result may 
explain the reason for the increase in compressive strength 
when the  Na2SiO3/NaOH mass ratio is 2. In Tippayasam 
et al., Ca(OH)2 was used as raw material in their studies. 
The increase in the amount of Ca(OH)2 in the synthesized 
geopolymer samples improved the hydration reaction and 
the formation of C–S–H gel increased. This result also led to 
an improvement in compressive strength [49]. In our study, 

Fig. 6  SEM images a graphite 
and b calcite; samples different 
 Na2SiO3/NaOH mass ratios c 
0.5, d 1, e 1.5, and f 2 (all sam-
ples at 30000 magnifications 
and at 1-μm scale)
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Ca(OH)2 formation was observed as a result of the reac-
tion. As the ratio of  Na2SiO3/NaOH increased, the amount of 
Ca(OH)2 formed and therefore the compressive strength may 
have increased. However, when the  Na2SiO3/NaOH ratio was 
2, the compressive strength reached its highest value and 
analysis results referring to Ca(OH)2 formation were not 
found. The reason for this may be the absence of Ca(OH)2, 
which can cause cracks in the structure, and the improved 
compressive strength. Experiments were continued with this 
ratio and the effect of NaOH concentration was investigated.

Effect of NaOH concentration

To investigate the effect of alkali activator on graphite/
calcite mortar properties, 5, 10, 15, and 20 M concentra-
tions of NaOH solutions were used. When the XRD spec-
tra are examined (Fig. 8), it is seen that the peak seen at 
2θ = 29.4° appeared in all samples. This peak comes from 
calcite and reveals its crystal structure [31]. The reason 

why this peak is sharp in all spectra may be the presence 
of still insoluble calcite [22]. Because calcite has poor 
solubility in basic media [50]. It is confirmed that calcite is 
partially soluble in alkaline medium [50, 51]. The increase 
in NaOH concentration may not have affected the solubil-
ity of calcite for this reason. Since the amount of calcite 
is higher than graphite, it is thought to be the prominent 
material in the structure.

In Fig. 9, the effect of NaOH concentration on the com-
pressive strength was examined in the range of 5–20 M and 
the highest compressive strength value was obtained as 
21 MPa. While the NaOH concentration was 10 and 20 M, 
the compressive strength of the samples reached 21 MPa. 
Increasing the NaOH concentration caused the sample to 
be much more sticky. Therefore, the workability of the sam-
ples decreased. Increasing the NaOH concentration may be 
unnecessary, as the same compressive strength is achieved 
at 10 M. Therefore, the optimum NaOH concentration was 
determined as 10 M.

Fig. 7  Compressive strength of 
samples prepared with differ-
ent  Na2SiO3/NaOH ratio (for 
28 days)

Fig. 8  XRD pattern of samples 
prepared with different NaOH 
concentration
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The literature shows that as the NaOH concentration 
increases, the compressive strength also increases. This may 
be due to poor chemical reaction ability at low concentra-
tions [52]. However, when the concentration of NaOH solu-
tion increases, the amount of  Na+ ion increases proportion-
ally. In this case, the amount of water is low and the amount 
of ions is high. Ion transport becomes more difficult and 
it may reduce the compressive strength [53]. In the other 
case, similarly, with increasing NaOH concentration, the 
amount of  OH− ions increases, and accordingly, dissolu-
tion and hydrolysis also increase. The appropriate value for 
compressive strength is reached when the Si and Al load 
balance is achieved in the tetrahedral structure provided by 
NaOH [54]. These results may be the cause of the imbalance 
between the increase and decrease in compressive strength 
with increasing NaOH concentration.

Effect of graphite amount on compressive strength 
of graphite/calcite mortar

In the last part of this study, experimental parameters 
 Na2SiO3/NaOH mass ratio and NaOH solution concentra-
tion were used as optimized in relation to the compressive 
strength. The effect on the compressive strength was inves-
tigated by changing different graphite and calcite percent-
ages on the total solid raw material amount. The compres-
sive strength of the samples at the end of the 28th day was 
examined by changing the graphite amount (w/w) between 
5 and 100%.

In the literature, there are studies on composites syn-
thesized by modifying calcite and graphite with different 
raw materials. The gel and chemical structures formed 
in geopolymer and alkali active mortars differ. However, 
the method used is almost the same. In a study using cal-
cite and fly ash in the literature, it was observed that the 
compressive strength increased as the amount of calcite 
increased [55]. In the study of Mizerova et  al., it was 
observed that the compressive strength decreased when 

graphite was added to the fly ash geopolymer at different 
rates. When 2% graphite was added to the fly ash geopoly-
mer, a compressive strength of 17.7 MPa was reached [56]. 
Calcite and graphite are prepared together and the effect of 
graphite amount on compressive strength is the last part of 
this study. The results are given in Table 3. Calcite has low 
solubility in the presence of alkaline medium. However, 
the slow solubility of calcite can make it available as a 
texture material on the surface. In the study of Yip et al., 
geopolymer was synthesized with calcite and metakaolin. 
They concluded that calcite can remain on the surface and 
increase the compressive strength of the gel. It has been 
reported that the presence of calcite in the geopolymer 
contributes to the formation of the geopolymer gel. C–S–H 

Fig. 9  Compressive strength of 
samples prepared with differ-
ent NaOH concentrations (for 
28 days)

Table 3  Experimental parameters and compressive strengths of the 
samples synthesized in the study

Graphite  
percentage (%)

NaOH  
concentration
(M)

Na2SiO3/NaOH Compressive 
strength (MPa)

5 10 0.5 0.6
5 10 1 0.7
5 10 1.5 5.7
5 10 2 21
5 5 2 16.9
5 15 2 16
5 20 2 21
10 10 2 2.5
20 10 2 3.1
30 10 2 1.5
40 10 2 1.8
50 10 2 1.7
60 10 2 3.1
70 10 2 2.3
80 10 2 4.8
90 10 2 3.6
100 10 2 3.5
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gel may have developed in our study by providing alkaline 
activation of calcite and graphite [22]. While the graph-
ite amount was at its lowest value (5%), the compressive 
strength reached its highest value (21 MPa). The reason for 
this situation may be that graphite causes agglomeration 
in the structure, causing defects and heterogeneity in the 
microstructure [7]. Graphite is a soft and layered material. 
The bonds between the layers are long and weak. There-
fore, its layers are more susceptible to slip and breakage. 
Due to this property, there are studies in which graphite 
is used as a filler for composite synthesis [57]. Therefore, 
the weak mechanical strength of the graphite crystals may 
cause a decrease in the compressive strength of the sam-
ples [58]. In our study, it was observed that the addition of 
5% graphite to the composite strengthened the structure in 
accordance with the literature (Fig. 10) [56].

In Table 4, the compressive strength results of the geo-
polymer and alkali active cement samples synthesized 
using different raw materials at the end of the 28th day are 
given by comparing them. As presented, the raw materi-
als commonly used in geopolymer production are fly ash 
and kaolin. Calcite and graphite materials are inexpensive 
materials that are abundantly available. However, graph-
ite has been used little in alkaline activation. It can be 
used as an important building material for the future with 
appropriate compressive strength results as a result of the 
optimization of the alkali activation process. The amount 
of raw material, alkali concentration, or synthesis method 
used by each scientist in the preparation of samples may 
differ. For this reason, the compressive strength of samples 
prepared with the same raw material is different from each 
other. In the study of Arioz et al., the compressive strength 
reached in the sample prepared with low concentrations of 
NaOH and fly ash is lower than the sample prepared with 
fly ash in the study of Ng et al. [54, 59]. This information 
shows us that many different raw materials can be used in 
the production of alkali active sample. Achieving optimum 
compressive strength may vary depending on experimental 

conditions. Calcite and graphite, selected as raw materials 
in our study, reached a good strength (21 MPa) as a result 
of alkali activation synthesis.

Conclusion

Alkali active mortar attract attention as promising materials 
for the rapidly polluted world in recent years due to their 
environmental friendliness and high compressive strength 
compared to Portland cement. In this study, the graphite/
calcite alkali active mortar was successfully synthesized by 
optimizing the experimental parameters. According to the 
results of our research:

1. optimum experimental conditions to prepare graphite/
calcite alkali active mortar with the highest compressive 
strength (21 MPa) were founded as the graphite content 
of 5%, the concentration NaOH of 10 M, and the ratio 
of  Na2SiO3/NaOH of 2;

2. according to the XRD and FTIR results, the solubility 
of graphite and calcite increased with the increase of the 
amount of  Na2SiO3/NaOH. In particular, it was observed 
in the FTIR results that the C–S–H gel and Al(IV)–O–Si 

Fig. 10  Effect of graphite 
amount on compressive strength

Table 4  Twenty-eight-day compressive strength of composites pre-
pared with different raw materials in the literature

Raw materials Compressive 
strength (MPa)

References

Fly ash 35 [54]
Metakaolin/calcium carbonate 26 [50]
Kaolinite/calcite 12.68 [13]
PEG added metakaolin 23.9 [60]
Fly ash 11.06 [59]
Limestone/calcite 48.8 [61]
Graphite/calcite 21 This study
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bond appeared, from which the silicate network devel-
oped. Similarly, Ca(OH)2 formation was not observed in 
the sample when the  Na2SiO3/NaOH mass ratio was 2. 
This result may be one of the reasons why the compres-
sive strength increases with the increase of the  Na2SiO3/
NaOH mass ratio;

3. it was revealed in the SEM images that the obtained 
samples were heterogeneous. XRD, FTIR, and SEM 
analysis results support each other;

4. while the NaOH solution concentration was 10 and 
20 M, the compressive strength reached 21 MPa; and

5. as the amount of graphite in of graphite/calcite alkali 
active mortar increased, the compressive strength of the 
sample decreased; while the amount of calcite increased, 
the compressive strength of the sample increased.

Calcite and graphite are both considered to be suitable 
raw materials for alkali active mortar synthesis because they 
are cheap and abundant materials and provide good com-
pressive strength.
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