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Abstract
This study aims to evaluate the pottery waste obtained from a pottery company in Cappadocia (Turkey) in the production of 
geopolymer mortars (GMs), which is becoming increasingly interesting in construction technology. For this purpose, mortars 
were prepared by replacing the fly ash with pottery wastes at proportions of 0%, 10%, 20%, 30%, and 40% by weight. Flow 
table, water absorption, apparent porosity, flexural strength, compressive strength, and high-temperature resistance tests were 
applied to GMs. Diopside, calcium silicate hydrate, and wollastonite crystals were observed in phase analyses performed by 
XRD for mortar containing 40% pottery waste. The observed microstructure analysis of before and after high-temperature 
tests was performed to investigate the effect of pottery waste on GMs. Consequently, better results were obtained at high-
temperature strength up to 800 °C compared to the reference (0% pottery waste) by replacing up to 40% of fly ash with pot-
tery waste to improve the physical and mechanical properties. Pottery waste replacement enhanced the flexural strength and 
compressive strength at 28 days by up to 26% and 64%, respectively, compared to reference mortar at ambient conditions. 
Furthermore, considering the overall mechanical and microstructural analysis, GMs with pottery waste promise sustainable 
mortar production and waste elimination. The pottery waste is a potential alternative material to be successfully recycled in 
the eco-friendly geopolymer mortars as a replacement of fly ash up to 40% level.
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Introduction

There has been a significant increase in consumption due 
to the growing population. In addition, the rise in indus-
trial manufacturing also led to a surge in the generated haz-
ardous/non-hazardous solid waste. Awareness has already 
been raised about the harm such solid wastes cause to both 
human health and the environment. Studies are carried out 
by researchers on the recycling of wastes and their usability 
as raw materials in a variety of fields (Khale and Chaudhary 
2007; Zeybek 2009).

The construction sector produces vast quantities of green-
house gas emissions during cement manufacturing. Consider-
ing the damage caused by such gas emissions on the environ-
ment, the usage of wastes in the manufacturing processes of 
geopolymer materials that are used in the production of mate-
rials resistant to heat and corrosive environmental conditions 
may contribute to the elimination of such problems (Alvarez-
Ayuso et al. 2008; Atabey 2017; Maraş 2021). In terms of the 
environmental impact, and similar/higher mechanical-durabil-
ity properties the most significant advantage of geopolymers 
in comparison with cement-based mortar is that geopolymer 
production releases much less CO2. The reason for this is that 
there is no elevated temperature calcination phase during the 
geopolymer synthesis (Atabey 2017; Alomayri and Adesina 
2021). Geopolymers are based on the formation of three-
dimensional polymeric chains between Al–Si–O complexes 
as a result of the dissolution of wastes or by-products such 
as alumina and silica-rich metakaolin, fly ash, and ground 
blast furnace slag in an alkali solution (Arellano Aguilar et al. 
2010; Robayo-Salazar and de Gutierrez 2018; Atabey and 
Bayer Ozturk 2021). The cost of fly ash which is one of the 
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main materials used in the production of geopolymer concrete 
increased parallel to the value of the geopolymer due to the 
long distances to thermal power plants. Classified as waste, 
fly ash has become one of the main materials for the genera-
tion of geopolymer. Moreover, as fly ash may be used in the 
manufacturing of concrete, cement, aggregate, gas concrete, 
brick, road, and ground improvement applications, the cost of 
manufacturing increased, which led manufacturers to turn to 
different raw materials or solid waste materials (Kaplan and 
Gultekin 2010).

Pottery, including earthenware, stoneware, and porcelain, 
is a ceramic made from raw materials, such as clay, quartz, 
and feldspar, through densification at firing temperatures of 
1000–1400 °C (Hao et al. 2022). It is possible to obtain prod-
ucts of various sizes by shaping the mud by hand or through 
a potter’s wheel. Such products include earthenware bowls, 
pots, jugs, vases, jars, etc., with or without glazing. Pottery 
making continues in the Avanos district of Nevsehir province 
on the banks of the Kizilirmak river while carrying the traces 
of the past (avanospottery.com 2022). Avanos district of the 
Cappadocia region is predominantly known as the handicraft 
center of the region. In the pottery plant located in the said 
district, handmade jars, flower pots, press-printed products, 
indoor and outdoor ceramics shaped by casting and garden 
ceramics have been produced since 1998 (avanospottery.com 
2022). Faulty products that are discarded at the furnace exit 
after production in the company form a large pile in the stock 
area and since their recycling to production is carried out to a 
very limited extent, they create a storage problem due to visual 
pollution as well as being kept as waste.

In the literature, the effects of using red clay ceramic 
powder (Keppert et al. 2018), fine waste dust from brick 
and roof tile production, red mud (Mucsi et al. 2019; Qaidi 
et al. 2022), ceramic tile waste (Reig et al. 2014; Huseien 
et al. 2019, 2020), and sanitaryware wastes (Atabey and 
Bayer Ozturk 2021; Bayer Ozturk and Atabey 2022) were 
investigated. In the studies carried out with ceramic wastes, 
it is seen that especially ceramic tiles/sanitaryware wastes 
have been the subject of research in geopolymers in the lit-
erature. But, we have not found any studies addressing the 
use of pottery wastes by the alkali activation method. This 
study investigated the effect of the usage of pottery wastes 
which are industrial wastes produced in Avanos-Cappadocia 
(Turkey) in geopolymers produced with fly ash on the geo-
polymer strengths, phase, and microstructure.

Materials and methods

Materials

Pottery wastes, fly ash, river sand, sodium hydroxide 
and tap water were used to produce geopolymer mortars 

(GMs). The pottery wastes for the geopolymer mixtures 
were obtained from Anadolu Pottery (Avanos/Nevşehir). 
The wastes obtained from the company as post-fired shards 
were exposed to a grinding process in the ring mill of BC 
Teknoloji (Nevşehir) company to pass through a 63-µm 
sieve. The specific gravity of the F fly ash taken from the 
Sugözü/Turkey thermal power plant is 2.30, and its residue 
on 45 µm sieve is 20%. Sieve analysis values of sand are 
presented in Fig. 1. The pottery ceramic wastes preparation 
process in the factory and preparation of pottery waste-based 
mortars are shown in Fig. 2. Bulk specific gravity saturated 
surface dry of river sand is 2.67, and water absorption rate 
is 1.94 (TS EN 1097-6). The purity of sodium hydroxide 
used as an activator is 98.3%. Potable tap water was used 
in the mixtures (TS EN 1008). Discarded pottery wastes 
were supplied from Anadolu Pottery (Avanos-Turkey) com-
pany and were ground in a ring mill and sieved through a 
63-micron sieve. The chemical analysis of pottery waste and 
fly ash was performed by using X-ray fluorescence analyses 
(XRF, Rigaku ZSX spectrometer) and is given in Table 1. 
The total SiO2 + Al2O3 ratio in chemical contents was shown 
as 70% and 82% for pottery waste and fly ash, respectively. 
The CaO ratio of pottery waste was found as 16.31%. The 
X-ray diffraction analysis of pottery waste is demonstrated 
in Fig. 3. The phases obtained from the waste are quartz 
(SiO2), microcline (KAlSi3O8) and diopside (Mg0.964 Fe0.036) 
(Ca0.94Na0.06) Si2O6.

Mix design and experimental method

The mortars’ ratio of liquid/powder (Powder: fly ash + pot-
tery wastes) in the mortars was determined as 0.40, and the 
sand/powder ratio was 3. Sodium hydroxide (NaOH) was 
used at 12 M (87 g) as an activator. The amounts of materi-
als used to prepare the mixture are presented in Table 2. 
The first mixture in which fly ash was used as 450 g was 
taken as the reference (0% pottery) and new mixtures were 
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Fig. 1   Sieve analysis of sand
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prepared by adding 10%, 20%, 30%, 40%, and 50% pottery 
waste instead of fly ash. In order to prepare the solution, 
water and NaOH were added to glass jars and the chemical 
was dissolved completely by shaking for about 1 min. Since 
the reaction of sodium hydroxide with water was exother-
mic, it was kept at room temperature until it cooled down to 
that point. Using these solutions at room temperature, mortar 
samples of 40 × 40 × 160 mm3 were produced according to 
TS EN 196-1 standard (EN 196-1). A Hobart-type mixer was 
used in the preparation of the mortar mix. Solution and pow-
der wastes were first placed in the mixing bowl and mixed 
for 30 s (140 rpm), and then, sand was added within the 
second 30 s (140 rpm). Mixing was then continued at high 
speed (280 rpm) for another 30 s. The mixer was stopped, 

the mortar on the walls of the container was collected in 
the middle in the first 30 s, and it waited for a total of 90 s. 
Then, the mixing process was completed by continuing at 
high speed for another 60 s.

M0 (0% pottery waste) was determined with only fly ash 
to study the effect of pottery waste ratio, curing time, and 
elevated temperature on the geopolymer mortar and this mix 
was pointed out as a control sample (reference). The code 
of mixes was determined based on varying pottery waste 
amounts in the geopolymer sample. For example, M10 rep-
resents replacing 10% of fly ash by pottery waste.

The flow table test was carried out on the mortars in 
accordance with the TS EN 1015-3 standard (TS EN 
1015-3) when they were still fresh. Next, the mixtures 
were poured into mortar molds containing 3 chambers of 
40 × 40 × 160 mm3. The mixtures poured into the 3-cham-
ber mortar molds were then placed in an oven while still 
in their molds and were subjected to heat-curing at 90 °C 
for 24 h. Following the heat-curing process, mortar samples 
that were removed from their molds were kept in laboratory 
conditions at a temperature of approximately 23 ± 2 °C at 
28 days. Then, unit weights, water absorption and apparent 
porosity of the samples were determined. Water absorption 
and porosity tests of geopolymer samples were measured 

Fig. 2   Preparation of pottery waste and production of mortar from pottery waste and fly ash

Table 1   Chemical analysis of 
pottery waste and fly ash (%)

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 MnO SiO2/Al2O3

Fly ash 60.51 21.69 7.85 1.52 1.65 0.53 0.92 2.58 – – 2.78
Pottery waste 54.46 15.77 3.51 16.31 3.04 0.37 1.25 3.26 0.66 0.0 3.45

Fig. 3   XRD phase analysis of 
pottery waste

Table 2   Mixture proportions of mortars

Mixtures Fly ash, g Pottery waste, g Sand, g NaOH, g Water, g

M0 450 – 1350 87 180
M10 405 45 1350 87 180
M20 360 90 1350 87 180
M30 315 135 1350 87 180
M40 270 180 1350 87 180
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after curing at 90 °C for 24 h. After the curing times were 
completed, the mortar samples were taken from the oven 
and cooled to room temperature. Then, the water absorption 
and porosity values of the samples were measured according 
to (ASTM C642-06) at 28 days. Flexural (FS) and com-
pressive strength (CS) tests were carried out on the samples 
in accordance with the TS EN 1015-11 standard (TS EN 
1015-11) at 28 days. Each experimental value was found by 
averaging the results from 3 samples.

The samples produced to investigate the effects of ele-
vated temperature were subjected to heat-curing for 24 h and 
were then kept at room temperature for 28 days. At the end 
of 28 days, samples were subjected to high temperature of 
400 °C, 600 °C, and 800 °C for 60 min with a temperature 
increase of 5 °C/min, and the samples were left to cool down 
slowly for 24 h. An electric furnace (Carbolite CWF1200) 
was used for the high-temperature test. Microstructure 
examinations were also carried out using a scanning electron 
microscope (SEM, Zeiss Gemini 500) to investigate how the 
geopolymer samples prepared with the addition of pottery 
waste instead of fly ash affected the crystal formation and 
morphology change in internal structures. The samples taken 
for microstructural examination were coated with gold with 
the intent of capturing better display.

Results and discussion

Workability test was conducted on the GMs in the experi-
mental study, while they were fresh. Unit weight, apparent 
porosity, water absorption, flexural strength, compressive 
strength, and elevated temperature tests were carried out on 
the hardened samples. In addition, SEM and XRD analy-
ses were carried out for microstructure investigations. The 

findings obtained at the end of the experimental study are 
given below;

Flow table test

Flow table test values of mortars produced in this study are 
shown in Fig. 4. Workability test values of fresh mortar sam-
ples were in the range of 150–111 mm. Workability values 
decreased in comparison with a rise in the amount of pottery 
waste added instead of fly ash. In the preliminary trials, the 
workability value of the 50% pottery waste-added mortar 
was obtained as 111 mm. It has been determined that a maxi-
mum of 40% pottery waste can be added as the mortars have 
difficulty settling into the mold. Thus, measurements have 
been evaluated up to 40% for mortars, as mortar poses a 
problem in filling and consistency of the mold. In the previ-
ous studies, the specific surface area, grain shape, activa-
tor ratio and high CaO content and the development of the 
reaction rate and the formation of the C–A–S–H gel have 
been shown as factors affecting the workability (Liew et al. 
2017; Shilar et al. 2022). It is thought that the workability 
values of the mortars, which are prepared with the increasing 
addition of pottery wastes, which have a higher CaO content 
(Table 1) compared to fly ash, improve the reaction rate, and 
their workability values decrease.

Water absorption and apparent porosity

Figure 5 shows the results of water absorption and appar-
ent porosity tests conducted for the samples. The water 
absorption ratio of the GMs was calculated in the range 
of 8.4% and 7.8% and the apparent porosity in the range 
of 16.4% and 15.2%. With the increase in the amount of 
pottery waste, we found that the apparent porosity and 

Fig. 4   Flow table test results of 
mortars
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water absorption amount of the samples generally showed 
a trend of decrease compared to the M0. This result points 
to the fact that a dense structure was produced thanks to 
the reaction of crystals that may be formed due to CaO in 
waste with C–A–S–H gel in mortars activated with GMs 
with pottery waste. In addition, the water absorption of 
mortars is indirectly related to pore connectivity and vol-
ume. Ismail et al. (2014) stated that the C–A–S–H gel has 
a less porous structure than the N–A–S–H gel, which is 
the main reaction product occurring in the alkali-activated 
fly ash system (Ismail et al. 2014). When water absorption 
and porosity results of the samples were correlated with 
the compressive strength, the results were found to support 
each other (Fig. 7). In the previous studies, it was seen that 
the increase in the compressive strength of geopolymer 
mortars decreases the water absorption and porosity value 
(Thockhom et al. 2009; Jeyasehar et al. 2013).

Flexural strength

The changes in the flexural strength of the produced samples 
are shown in Fig. 6. While the FS of the reference speci-
men (M0) was found as 5.8 MPa at 28 days, the range of 
FS values of other samples (M10–M40) was obtained as 
6.2–7.3 MPa along with the increase in the amount of pot-
tery waste added. The GMs containing 40% pottery waste 
(M40) achieved the highest FS value (7.3 MPa) in 28 days. 
This value is 26% higher than the reference sample (M0). 
This result indicates that the appropriate amount of pot-
tery waste substitution contributes to the flexural strength 
development of GMs. Pottery waste replacement positively 
affected the FS in all curing times (1, 7, and 28 days). The 
reason for this is believed to be the higher CaO amount in the 
pottery waste compared to fly ash (CaOwaste16.31 > CaOUK 

1.52) (Table 2). It was observed in the literature that the 
flexural strength of samples rose to higher values due to the 
bond structure and bonding characteristics of CaO (Yip et al. 
2008; Chindaprasirt et al. 2018). Moreover, when CaO from 
a calcium-rich raw material reacts with water, it generates 
heat from the exothermic process at ambient temperatures, 
and this created heat accelerates the reaction rate. Ca in the 
gel structure is also important in forming C–A–S–H and 
N–A–S–H alkaline-activated gels, and calcium has a posi-
tive contribution to the development of strength. This way 
the formation of reaction products is also affected by the 
accelerated reaction in fly ash-based geopolymers, and the 
mechanical strengths are thus improved (Chindaprasirt et al. 
2018; Vafaei and Allahverdi 2006; Temuujin et al. 2009; 
Pangdaeng et al. 2014). The literature stated that there are 
two types of alkali aluminosilicate gel: Al-rich and Si-rich 
gel. The interaction between the Al-rich gel and the unre-
acted fly ash particles causes more microcracks to form in 
the gel matrix, reducing the strength (Fernandez-Jimenez 
et al. 2006). As the Si/Al ratio in the mixture increases, 
the flexural strength of the mortars will increase thanks to 
the good bonding between the geopolymer mortar and the 
aggregate, and the strong Si–O–Si interaction (Shilar et al. 
2022). It is seen that the increasing Si/Al ratio (Fig. 6) due 
to the increase in the amount of pottery waste affects the 
flexural strength.

Compressive strength

The compressive strengths of the GMs are also shown in 
Fig. 7. As was the case in the flexural strength results, an 
increase in the compressive strength was established in 
line with the increase in the amount of the added pottery 
waste instead of fly ash. While the CS was 20.1 MPa at 

Fig. 5   Water absorption and 
apparent porosity of mortars
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28 days for the M0, the range of compressive strengths was 
found as in the range of 24.9 and 32.9 MPa for other sam-
ples (M10–M40). While the compressive strength of the 
reference specimen at 7 days was found as 16.0, the CS of 
the M40 specimen reached 26.2, an increase of approxi-
mately 64%. Otherwise, the compressive strength of the 
GMs gradually increased with the pottery waste ratio and 
reached its highest value at the 40% replacement level (M40) 
in all curing times. For instance, at room temperature, the 
compressive strength of specimens prepared with 10%, 20%, 
30% and 40% pottery waste raised by 24%, 43%, 46%, and 
64% at 28 days, respectively, as compared to that of the M0. 
The highest CS was 29.3 and 32.9 MPa, respectively, for 
the M30 and M40 for 28 days. The literature states that the 
CaO content increases the strength of geopolymers and that 
the CaO content has a significant effect on the formation 
of N(C)–A–S–H gels (Chindaprasirt et al. 2018; Pimraksa 

et al. 2009; Kaya 2020). For this reason, it is thought that 
the increasing CaO content in the content due to the increase 
in pottery waste had a positive effect on the strength (Lee 
and Kang 2016). The improvement of CS by the inclusion 
of pottery waste can be attributed to the ability of the dense 
alumina silicate gel structure to fill the voids by accelerating 
the geopolymerization reaction.

Elevated temperature exposure

The flexural and compressive strength values after being 
subjected to elevated temperature are presented in Figs. 8 
and 9, respectively. It was determined that the flexural and 
compressive strength values of all the samples exposed to 
400 °C, 600 °C, and 800 °C temperatures were reduced. The 
test results demonstrated that each temperature range had a 
distinct pattern of strength loss. Higher strength results were 

Fig. 7   1-day, 7-day, and 28-day 
compressive strength of GMs
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obtained in the samples containing pottery waste compared 
to the reference specimen. In the samples in which 40% 
pottery waste was used, the strength values reached higher 
levels more than twice the value obtained for the reference 
specimen at all three temperatures.

It is reported that the microstructure is affected by high 
temperature and the formation of micro cracks is the rea-
son for the decrease in the flexural strength under the influ-
ence of temperature in the literature (Sarıdemir et al. 2020). 
Additionally, the factor affecting the strength is microstruc-
tural development (acicular crystals such as wollastonite, 
dense microstructure) as well as porosity. While the flexural 
strength of the M0 at 400 °C is 1.2 MPa, the range of FS 
observed in the samples containing pottery waste was from 
1.9 to 3.4 MPa depending on the amount of waste increase. 
For the reference sample, the flexural strength was observed 
as 1.0 MPa at 600 °C and higher FS was observed from 1.2 

to 3.2 MPa for the samples containing pottery waste. At 
800 °C, the flexural strength value of the reference mortar 
reduced from 5.8 to 0.4 MPa with respect to their unheated 
(25 °C) atmosphere. The reductions in the flexural strength 
values of pottery waste incorporated GMs varied from 0.6 
to 1.5 MPa.

With the increase in the amount of pottery waste, higher 
compressive strength was obtained in the mortars exposed 
to high temperatures compared to the reference samples. 
For example, while the CS values of M0 mortar at 400, 
600 and 800 °C were 9.9, 8.7, and 5.6 MPa, these values 
were obtained for the M40 sample as 18.4, 19.5, and 19.7. 
(Fig. 9). An increase in SiO2/Al2O3 ratio may be responsible 
for the augments in compressive strength due to Si–O–Si 
bonds, which are more potent than Si–O–Al bonds (Dux-
con et al. 2007; Ozer and Soyer Uzun 2015; Lahoti et al. 
2017). In previous studies, the usage of Ca-rich materials in 

Fig. 8   Flexural strength of 
GMs at ambient and elevated 
temperatures
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GMs at ambient and elevated 
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geopolymer mortars has been reported to improve strengths 
(Yip et al. 2008; Bernal et al. 2011; Qian and Song 2015; 
Peyne et al. 2017). Accordingly, it is thought that both the 
high Si/Al ratio and CaO content of the samples contain-
ing pottery wastes increased the CS values compared to 

the reference at elevated temperatures (Davidovits 1989). 
The SEM analyses (Figs. 11, 12 and 13) were employed 
to explain the strength and microstructure relationship and 
the formation of wollastonite, diopside and calcium silicate 
hydrate crystals. It stated that the toughening effects of wol-
lastonite usage result from the needle-like form of wollas-
tonite that significantly bridge cracks at the micro-level in 
previous studies. Thus, it delays microcrack coalescence and 
increases strength (Dutkiewich et al. 2022).

Phase and microstructure analysis

The phases of M0 and M40 samples are shown in Fig. 10. 
The crystalline phases were identified as diopside, quartz, 
and vermiculite (Na–K–Al–O–Si 12H2O) derived from 
pottery waste, additionally wollastonite (CaSiO3), calcium 
silicate hydrate was formed depending on a high amount 
of Ca content in pottery waste. Sharp-high peaks (espe-
cially wollastonite) indicate the referential growth in the 
M40 sample. Microsommite (Na4K2Ca2(AlSiO4)6ClSO4), 
calcium silicate hydrate, and sodium aluminum silicate 

Fig. 10   XRD patterns of M0 and M40 samples (W wollastonite, d 
diopside, v vermiculite, s sodium aluminum silicate hydrate, c cal-
cium silicate hydrate, m microsommite)

Fig. 11   SEM images of M0 a 
before elevated temperatures 
(25 °C), b at 400 °C, c at 
600 °C

Fig. 12   SEM images of M10 
a before elevated temperature, 
(25 °C), b at 400 °C
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hydrate (Na4Al2Si6O172H2O) were formed in the M0 sam-
ple. After the displacement of fly ash and pottery waste 
(from M0 to M40), the peak of sodium aluminum silicate 
hydrate was reduced, wherein the peaks of wollastonite, 
calcium silicate hydrate, and diopside became progres-
sively stronger. Rising the Ca amount caused a more com-
pact and finer microstructure indicating that calcium is 
acting as a seeding or precipitating element. Several stud-
ies stated that calcium-containing compounds were formed 
by the interaction of the calcium hydroxide with dissolved 
aluminosilicates or sodium silicate solution. The probable 
reaction products would be calcium silicate hydrate (C 
S H) or calcium aluminosilicate either in amorphous or 
poorly ordered crystalline form which would be difficult to 
detect by XRD (Temujin et al. 2009). Therefore, the wol-
lastonite observed and calcium silicate hydrate peak inten-
sities exhibited an increase compared to M0. Additional 
calcium released from the pottery waste reacts rapidly with 
Si and Al to form the geopolymeric gel and this may have 
formed wollastonite crystals.

Sample microstructures at 400 °C and 600 °C were inves-
tigated before and after elevated temperatures on the M0 
specimens. Upon further examination of general and mag-
nified images of the sample microstructures, we observed 
following the increase in temperatures that a few fibrous 
crystals were observed at 400 °C before and after elevated 
temperatures, and however, they disappeared at 600 °C 
(Fig. 11). It is observed that acicular crystals disappear, 
and spherical particle agglomerations of 0.5-micron form 
at 600 °C. Calcium alumina silicate hydrate (CASH) spheri-
cal formations were found in images, but we found that these 
structures did not make a considerable contribution to the 
condensation due to the increase in temperature and that the 
porosity increased. This explains the decreases in strength 

arising from temperature increase in the reference specimen 
(Fig. 11).

Microstructures of the samples of pottery wastes were 
included in the highest and lowest ratios instead of fly ash 
were compared. It is thought that especially with the increase 
in pottery waste from 10 to 40%, the large and numerous 
acicular crystals that develop due to the high CaO and SiO2/
Al2O3 content in the pottery waste compared to the fly ash in 
its composition, interlock with each other and improved the 
strength of mortars. The changes in the general and magni-
fied microstructures of the samples before elevated tempera-
ture and after firing at 400 °C were investigated (Figs. 12 
and 13). When examining the image of the M10 specimen 
before elevated temperature, we found that the structure 
was in the dense alumina silicate gel structure in the image 
given with small magnification, and acicular crystals (wol-
lastonite) began to form in the enlarged images. When exam-
ined the microstructure of the M10 specimen at 400 °C, it 
was observed that acicular crystals became evident because 
of temperature, and crystals larger than 1 µm were formed. 
With the rise in the Ca/Si ratio, the morphology of the cal-
cium silicate hydrate gel, a product of hydration, transforms 
from a thin sheet to a long fibrous structure (Chen et al. 
2022). This proves how long fibrous crystals (wollastonite) 
and calcium silicate hydrate were formed in the M10 speci-
men with the high CaO from the pottery waste compared to 
the reference specimen and with the reduced SiO2 content 
compared to the fly ash. We found that these long fibrous 
crystals tend to exhibit a compact structure and the alumina 
silicate gel can fill the voids and contribute to obtaining a 
dense structure. This may also explain the rise in strength 
values and decrease in water absorption in samples contain-
ing pottery waste before and after elevated temperature.

When examining the microstructure of the M40 specimen 
containing 40% pottery waste before elevated temperature, 

Fig. 13   SEM images of M40 a 
before elevated temperature, b 
at 400 °C
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we established that the long acicular crystals became more 
pronounced and reached 10 µm in size and formed a com-
pact structure by interlocking (Fig. 13a). The reason why 
these acicular crystals became more pronounced was the 
high amount of CaO in the pottery waste. Following the 
addition of 40% pottery waste, the amount of CaO in the 
structure increased even more compared to the reference. 
This difference is evident in the enlarged versions of the 
microstructures. The acicular shape of wollastonite may 
overlap between each other and form network structures that 
can resist the flow of the mixture (Bong et al. 2020). In addi-
tion, with the increase in the Ca/Si ratio, the morphology 
of the calcium silicate hydrate gel, which is the hydration 
product, transforms from thin sheet to long fibrous structure 
(wollastonite crystals) and the compressive strength values 
increase in recent studies (Timakul et al. 2016; Bong et al. 
2020). Upon exposure to high temperature at 400 °C, the (C, 
N)–A–S–H gel structure and needle-like crystals that began 
to dissolve in between were observed. It is noteworthy that 
the observed needle-like crystals before high temperature 
were disappear at 400 °C, and the presence of an amor-
phous structure containing round crystals in the markings 
with round (Fig. 13b).

Conclusion

•	 Replacing fly ash with pottery waste by up to 40% led to 
decreasing the flow table diameter. However, the GMs 
made by replacing 10% had a similar value to the M0.

•	 The addition of pottery waste reduced the void ratio, and 
accordingly, a slight decrease was observed in the water 
absorption ratio.

•	 The addition of pottery waste increased the flexural 
strength values compared to the reference (before the 
fire). M40 mortars compared to M0 have 26% higher 
flexural strength at 28 days.

•	 Regarding the mortar containing pottery waste, 40% 
was found to be the most effective level of substitution 
to improve the compressive strength during all curing 
period.

•	 The substitution of pottery waste for fly ash in GMs 
increased the high-temperature resistance.

•	 The strengths of the samples were continuously 
decreased with rising the temperature up to 800 °C. How-
ever, pottery waste-based mortars decreased at a lower 
rate compared to the control group.

•	 In phase and microstructure examinations of the sam-
ples, wollastonite, calcium aluminum silicate hydrate, 
and sodium aluminum silicate hydrate crystals were 
observed. It was observed that long fibrous wollastonite 
crystals became more pronounced as they formed a com-
pact structure by interlocking at 400 °C for M40. The 

reason why crystals became more pronounced is the high 
CaO content in pottery waste.

•	 With the use of pottery waste up to 40% instead of fly ash 
in the manufacturing of geopolymer, the obtained val-
ues in the mechanical properties were more than higher 
than the reference sample. In addition to the mechanical 
tests of the obtained geopolymer mortar, the production 
cost and environmental impact also have a significant 
effect on the determination of the optimal pottery waste 
content. Technically, economically and ecologically opti-
mum pottery waste level was found to be 40% by weight 
in fly ash-based geopolymers. High pottery waste usage 
will paramountly contribute to the waste recycling in the 
pottery industry.
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