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Abstract
The recycling of industrial wastes has in recent years become a priority issue. The relevant work on reducing the adverse 
effects of industrial wastes is becoming more important. Farina (raw mix) is a crude mixture obtained by grinding the raw 
materials used in cement production. The oxides at a high rate ensure that the cement raw mix waste dust is a good source of 
raw material in ceramic wall tile body production. This study used 2%, 3%, 5% and 10% cement raw mix waste dust instead 
of calcite, which is used in a standard wall tile recipe. Another industrial waste, marble dust, was also used as a source of 
CaCO3. The physical and mechanical properties of prepared samples such as firing shrinkage, dry and fired strength, and 
water absorption were examined. And firing behavior using a non-contact optical dilatometer was also studied. The study 
showed that the addition of cement waste raw mix dust improves physical and mechanical properties. Dry strength and bend-
ing strength increased as the amount of cement waste raw mix dust increase. Bulk density also increased with the addition 
of cement waste raw mix dust. Especially, 50% increase in dry strength was achieved with the addition of cement waste raw 
mix dust instead of calcite. The sintering rate (dy/dt) was negatively affected, and sintering slowed down when the higher 
amount of the addition cement waste raw mix dust. The study showed that cement waste raw mix waste dust and marble dust 
can be used as alternative raw materials for ceramic wall tiles up to 5 wt % instead of CaCO3.
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Introduction

Cement as a hydraulic binder contains raw materials such as 
limestone, iron oxide, and clay mixture. Cement is a build-
ing material obtained by melting the raw material mixture 
at high temperature and then grinding it with the addition 
of some gypsum to the clinker obtained through the instant 
cooling process. Crushing, sieving, and grinding are pre-
physical processes for all cement raw materials during the 
cement production process [1, 2]. The high levels of dust 
generated during these processes also result in environmen-
tal problems and cause health problems. Especially, the 
production of cement results in poor air quality. In cement 
industry, the environmental emissions include nitrogen 
oxides, carbon monoxide, carbon dioxide, sulfur dioxide, 

chlorides, and fluorides, smaller quantities of organic com-
pounds, heavy metals, and grey dust [3, 4]. These gases and 
dust cause both environmental and health problems. It was 
known that 5–6% of all carbon dioxide greenhouse gases due 
to the cement production [4]. The cyclones, multi-cyclone, 
bag filter, and electro-filter are used as dust chambers, in the 
production process to hold these dusts. However, the recy-
cling of these powders has not received sufficient study. The 
cement raw mix waste dust from dust chambers contains a 
high percentage of oxides, such as SiO2, Al2O3, CaO, Fe2O3, 
MgO, Na2O and K2O, which may allow use in the ceramic 
industry. Ceramic wall tile bodies contain high amount of 
calcite. Especially with their high CaO content, cement raw 
mixture waste dust and marble dust can be used as an alter-
native raw material in ceramic wall tile production [1]. Pre-
vious studies have demonstrated the ability to use cement 
raw mix waste dust as an alternative raw material source 
in porcelain tile bodies [1]. In previous study, cement raw 
mix waste dust improved physical and mechanical proper-
ties of porcelain tile bodies [1]. Ceramic tile production can 
also use industrial wastes such as sanitaryware waste, fly 

 *	 Tuna Aydin 
	 tunaaydin@kku.edu.tr

1	 Department of Metallurgy and Material Engineering, Faculty 
of Engineering, Kirikkale University, 71450 Kirikkale, 
Turkey

http://orcid.org/0000-0001-6808-9425
http://crossmark.crossref.org/dialog/?doi=10.1007/s10163-021-01210-x&domain=pdf


1190	 Journal of Material Cycles and Waste Management (2021) 23:1189–1200

1 3

ash, blast furnace slags and, waste glass as an alternative 
raw material. Previous studies have shown that sanitaryware 
waste increased the bulk density and bending strength of 
ceramic wall tile bodies [5]. The addition of blast furnace 
slag provided high strength in ceramic wall tiles and sanitar-
yware bodies [6, 7]. Today, one of the most important issues 
of ceramic manufacturers is access to raw materials and raw 
material costs. With the recycling of cement raw mix waste 
dust (CRMD) and marble dust, this study will provide an 
alternative source of raw materials that is environmentally 
friendly. Today trends are moving towards the production 
of large format ceramic wall tiles. Dry strength is one of 
the most important technological parameter that determine 
their production efficiency. Because, ceramic wall tiles are 
characterized as high porosity and high water absorption. 
The high porosity results in a decrease in dry strength. In 
this case, it causes an increase in semi-finished product dam-
age, loss of product and a decrease in production efficiency. 
In this study, the recycling of CRMD and marble dust in an 
industrial application and the increase in dry strengths are 
the most important aspects that distinguish this study from 
previous studies. The study used cement raw mixed dust, 
2%, 3%, 5%, and 10% by weight, instead of calcite, which is 
used in a standard ceramic wall tile composition.

Materials and methods

Kaolin, clay, calcite, quartz, and sodium feldspar were used 
in a standard ceramic wall tile recipe. CRMD and marble 
dust were used as a source of CaO instead of calcite. Aslan 
Cement Co., Kocaeli, Turkey provided the cement raw mix 
waste dust. In this study, marble dust was used instead of 
calcite in all compositions. STD body contains kaolin, clay, 
quartz, sodium feldspar, and calcite. RMD1 body is com-
posed of kaolin, clay, quartz, sodium feldspar, CRMD, and 
marble dust. CRMD and marble dust were used in RMD1 
in a ratio of 2% and 9%, respectively. RMD2 body contains 
CRMD and marble dust in a ratio of 3% and 8%, respec-
tively. CRMD and marble dust were used in RMD3 body in a 
ratio of 5% and 6%, respectively. In RMD4 body, CRMD and 
marble dust were used in a ratio of 10% and 1%, respectively. 
After the grinding process, the slurry was dried in an oven at 
110 °C for 24 h. The dry powders were made into granules 
ready for compression by providing moisture at 5–6%. The 
granules were shaped with a uniaxial dry press at a pressure 
of 280 kg/cm2 to a size of 50 mm × 100 mm. The green bod-
ies were then fired at 1130 °C under laboratory conditions. 
The sintering behavior was analyzed using non-contact opti-
cal dilatometer with heating rates of 10 °C min−1 (MISURA 
ODHT HSM 1600/80, Ceramic Research Centre, Turkey). 
The crystalline phases were detected with an X-ray diffrac-
tometer (Rigaku Rint, Ceramic Research Centre, Turkey) 

using a copper tube (Cu Kα radiation) in a 2θ angle interval 
from 5° to 70° with a 0.02° step. Tg–DTA analyses were 
performed using simultaneous thermal analysis unit (Jupi-
ter STA 449 F3, Ceramic Research Centre, Turkey). The 
physical and mechanical properties such as water absorp-
tion, firing shrinkage, and bending strength were performed 
in Ceramic Research Centre in Eskisehir. According to ISO 
13006 and EN 14441, the initial length of the green bodies 
was measured to determine the firing shrinkage. Then, green 
bodies were sintered at 1130 °C. Finally, the final length of 
the bodies was measured. The formula for the calculation of 
firing shrinkage is given below [8].

The fired samples were used to determine the water 
absorptions. Initially, the dry weight of the samples was 
measured (W0). Then, the samples were taken into the hot 
water tank after they were kept in cold water for approxi-
mately 10 h. After 17 h in this tank, the final weights were 
measured (W1) [6].

According to the Archimedes principle, the bulk densities 
of the samples were calculated using Eq. 3 [8].

W2: suspended weight (g).
The bending strength and dry strength of the bodies were 

determined using 3-point bending strength method. The 
bending strength values were calculated using Eq. 4 [8].

F: load (N), L: the length of the support span (mm), b: 
width (mm), d: thickness (mm).

Experimental studies

Chemical analysis and batch compositions

Table  1 shows the raw materials’ chemical analyses. 
According to the results of chemical analysis, the cement 
raw mix dust contained SiO2, Al2O3, and high CaO. In 
this study, marble powder was used instead of calcite as a 
source of CaCO3. The marble powder contained approxi-
mately 54% CaO and 0.71% SiO2 (by weight). The fire loss 

(1)
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of the marble powder used was 43%. Table 2 shows the 
batch ratios of the compositions. While STD body contains 
kaolin, clay, quartz, sodium feldspar and calcite, CRMD 
and marble dust were used in RMD1 in a ratio of 2% and 
9% instead of calcite, respectively. CRMD and marble dust 
were also used in RMD2 body in a ratio of 3% and 8% 
instead of calcite, respectively. CRMD and marble dust 
were used in RMD3 body in a ratio of 5% and 6%, respec-
tively. In RMD4 body, CRMD and marble dust were used 
in a ratio of 10% and 1%, respectively.

Phase analysis (XRD)

Figure 1 provides the X-ray diffraction patterns of the sam-
ples. According to the XRD patterns, mullite, anorthite 
phases were formed in all bodies. Quartz was detected as a 
residual phase. The Anorthite and Mullite phases in RMD1, 
RMD2 and RMD3 increased with the addition of CRMD 
compared to the STD sample. This shows an increase in the 
anorthite phase affects physical and mechanical properties, 
such as bending strength [1, 2, 5–7]. The amount of anorthite 
phase in the RMD4 body decreased compared to the STD 

Table 1   Chemical analyses (% 
by weight)

LoI loss of ignition

Raw materials SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Lol

Kaolin 65.0 23.0 0.50 0.50 0.20 0.15 0.20 0.30 10.0
Sodium feldspar 71.10 17.40 0.05 0.24 0.60 0.10 9.36 0.34 0.50
Quartz 97.64 0.73 0.18 0.03 0.10 0.01 0.01 0.470 0.43
Marble dust 0.71 0.33 0.10 – 54.75 0.34 – – 43.67
Clay 59.0 25.00 1.00 1.50 0.60 0.70 0.60 2.70 8.50
Cement raw mix dust 13.51 3.46 1.87 0.35 43.62 0.98 0.08 0.6 35.11
Calcite 0.7 0.29 0.03 – 54.8 1.0 0.04 0.08 43.5

Table 2   Batch ratios of the 
STD, RMD1, RMD2, RMD3 
and RMD4 bodies

% By weight Kaolin (%) Clay (%) Quartz (%) Sodium 
feldspar (%)

Marble 
dust (%)

Calcite CRMD (%)

STD 30 37 6 16 – 11 –
RMD1 30 37 6 16 9 – 2
RMD2 30 37 6 16 8 – 3
RMD3 30 37 6 16 6 – 5
RMD4 30 37 6 16 1 – 10

Fig. 1   X-ray diffraction patterns 
of the samples. An: anorthite, 
M: Mullite, Q: Quartz
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body. This shows that the addition of a high percentage (5%) 
of cement waste raw mix dust adversely affects firing con-
ditions [1]. Phase analysis shown that the main crystalline 
phase is anorthite phase, which is responsible for developing 
the strength of the samples. The anorthite phase was deter-
mined at a relatively high amount in the RMD1, RMD2 and 
RMD4 bodies. Anorthite was used commonly in ceramic 
tile industry due to its low sintering temperature and higher 
mechanical strength [6]. Thanks to the CRMD reacted with 
the liquid phase to form anorthite, it contributed to a higher 
mechanical strength in Sect. 3.3.

Physical and mechanical properties

Mullite morphology, mullite content, porosity, second phase 
formation, bulk density, etc. effect physical and mechani-
cal properties of porcelain tile bodies. In ceramic wall 
tile bodies, their microstructure, physical and mechanical 
properties differ from those of porcelain tile bodies due to 
the higher porosity, low mullite content and smaller glassy 
phase content. Table 3 shows physical and mechanical prop-
erties such as bulk density, water absorption, firing shrink-
age, dry strength, bending strength and colour measure-
ment. The dry strength of the all samples increased with 
the addition of CRMD compared to the STD body. Bulk 
densities, bending strength increased in RMD1, RMD2, 
and RMD3 compared to the STD body with the addition 
of CRMD while water absorptions values decreased. The 
reason for this increase, which can be seen from the XRD 
graph, in the strength values is the increase in the amount of 
anorthite and mullite phases [1, 2, 5]. However, there was 
a decrease in RMD4 compared to the STD body. The addi-
tion of a high proportion (5%) of cement raw mix waste dust 
reduced the formation of anorthite and mullite phases, as it 
adversely affected the firing conditions. A previous study 
has shown this effect [1]. As a result of the decrease of the 
two main strength phases, the strength in the RMD4 body 
decreased. However, the decrease in strength in RMD4 is 
negligible. Because, according to ISO 13006 and EN 14441 
standards, the minimum bending strength requirements for 
ceramic wall tiles is 152 kg/cm2. Dry strength is an impor-
tant production parameter for ceramic wall tiles to remain 

unbreakable during transport from one production line 
to another. Because ceramic wall tile bodies have higher 
amount of pores than the other ceramic tiles such as floor 
tile and porcelain tile. The higher amount of pores causes 
some production problems such as breakage and fragmen-
tation. As seen in Table 3, the addition of CRMD allowed 
a 50% increase in dry strengths. This is the most remark-
able result in this study. The higher dry strength contributes 
to increase the higher production stability and efficiency. 
The CIElab method was used for the color analysis [9–11]. 
Figure 2 provides images of the samples. According to this 
method, three main parameters were used to determine tile 
whiteness and color. The L * parameter refers to brightness; 

Table 3   Physical and 
mechanical properties

Sample Bulk 
density (g 
cm−3)

Water 
absorption 
(%)

Firing 
shrinkage 
(%)

Dry strength 
(kg cm−2)

Bending 
strength (kg 
cm−2)

color measurement

L* a* b*

STD 1.68 18.38 1.16 11.01 159.23 89.37 2.00 7.43
RMD1 1.72 17.66 1.40 16.62 174.13 89.32 2.01 7.28
RMD2 1.77 16.59 1.10 16.05 179.66 85.48 2.45 9.85
RMD3 1.75 18.07 0.58 16.93 161.96 88.08 2.43 9.20
RMD4 1.65 19.43 0.6 15.34 155.2 86.34 3.28 11.01

Fig. 2   Images of samples fired at 1130 °C
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L = 100 means full whiteness, and L = 0 means full black. 
The a * parameter refers to the red–green color range, and 
the b * parameter refers to the yellow–blue color range [10, 
11]. According to the data obtained in this study, the addi-
tion of CRMD precipitated a slight decrease in the whiteness 
value of the samples and a slight increase in the red and 
yellow color According to the literature, the increase in the 
amount of anorthite crystals contributes to an increase in the 
whiteness values of the ceramic bodies due to the opacifying 
effect [10]. However, high iron content of waste raw powder 
prevented increase of whiteness value.

TG–DTA

Figure 3 shows the thermal behavior of CRMD to investi-
gate the phase evolution and the reaction mechanism. For 
cement raw mix waste dust, a pronounced endothermic peak 
at 855.7 °C in the DTA curve is due to the decomposition 
of CaCO3 [11, 12]. TG–DTG curves can explain this endo-
thermic peak presented between 800 and 1000 °C. The mass 
loss is observed on the TG–DTG curves. The first mass loss, 
about 1.3 wt% at 70.2 °C, is attributed to the removal of 
moisture from the clay. The mass loss, about 1.36 wt%, is 

Fig. 3   TG–DTA graphs of CRMD
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attributed to the removal of structural hydroxyls from the 
clay mineral at a temperature range of 400–600 °C. The third 
mass loss, about 33.1 wt%, for cement raw mix dust from 
800 to 1000 °C is due to the decomposition of CaCO3 [13].

Optical dilatometer (sintering behavior)

Figures 4, 5 and 6 provide the results of firing analysis 
made with a non-contact optical dilatometer device. When 
examining the firing analysis curve of non-contact opti-
cal dilatometer of the STD wall tile in Fig. 4, the STD 
body was determined to exhibit rapid expansion up to 
about 600 °C. This is due to the quartz content of the 
marble powder. As known, quartz inversion is alpha and 
beta forms at 573 °C [12–15]. The expansion continued 
more slowly up to about 900  °C. Densification began 
after 900 °C [16]. The shrinkage was observed due to the 
metakaolinite transforms to a spinel-type phase and mul-
lite (3Al2O3·2SiO2). The spinel-type phase can be Al-Si 
spinel or γ-Al2O3 (Al-spinel) [17]. However, it is difficult 
to say which type it is due to its small poor crystallinity 
and crystal size. The STD body crystalizes at 1039 °C. 
This crystallization resulted from the formation of anor-
thite. The decomposition of CaCO3 to CaO and CO2 takes 

place first [1, 2]. And then anorthite crystal forms from 
CaO and SiO2 between 1000 and 1050 °C. In Fig. 5, an 
examination of the firing analysis curves of CRMD deter-
mines that the RMD1 body exhibited similar behavior to 
the STD body. As the amount of CRMD increased, expan-
sion and crystallization increased for RMD1 and RMD2. 
However, as Table 4 shows, the sintering rate (dy/dt) was 
negatively affected, and sintering slowed down (decrease 
in densification rate) for RMD3 and RMD4. The XRD 
analysis and technical properties supported this situation. 
As Table 4 shows, with the slowing down in the sintering 
rate (dy/dt), the crystallization and technical properties of 
RMD3 and RMD4 decreased. There are several theories 
to explain the mechanical properties of ceramic materi-
als. Especially, some factors such as the content and mor-
phology of mullite crystals and also quartz particles and 
porosity [18]. Thus, the strength of bodies increases with 
increasing mullite content. In this study, the strength of 
RMD1 and RMD2 increased due to the increase in crystal-
lization of mullite and anorthite. However, in RMD3 and 
RMD4 bodies, the decrease in content of mullite anorthite 
and decrease in densification rate resulted in a decrease in 
strength values.

Fig. 4   Non-contact optical dilatometric sintering curve of the STD body
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Fig. 5   Non-contact optical dilatometric sintering curves of RMD1 and RMD2
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Fig. 6   Non-contact optical dilatometric sintering curves of RMD3 and RMD4
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Microstructural analysis (SEM–EDX)

SEM and EDX analyses were performed to show the rela-
tionship between microstructure, physical, mechanical 
and thermal properties of the samples. The microstructure 
images of the bodies are shown in Figs. 7, 8, 9, 10, 11. The 
EDX analyses of the samples are given in Table 5. The sec-
ondary electrons were used to detect the microstructure 
analysis. In Figs.7 and 9, the samples were investigated 
using line scan EDX method. In Figs. 8, 10, and 11, samples 
were investigated using spectral point EDX analysis. Fig-
ure 7 shows SEM analysis and EDX peaks of the STD body. 
According to SEM image and EDX peaks, quartz, primary 
mullite and anorthite crystals were detected. Anorthite crys-
tals (CaAl2Si2O8) were formed from CaCO3 calcination 
during the thermal cycle to CaO and CO2 [1, 2, 6]. Primary 
mullite crystal (3Al2O32SiO2) forms from metakaolin and 

Table 4   Sintering rate (dy/
dt) values of the STD, RMD1, 
RMD2, RMD3 and RMD4 
bodies

dy/dt. 10–3

STD 5.691
RMD1 5.634
RMD2 13.59
RMD3 3.075
RMD4 1.87

Fig. 7   Microstructure and EDX peaks of STD body. Q: quartz, An: 
anorthite, PM: primary mullite

Fig. 8   Microstructure and EDX peaks of RMD1 body

Fig. 9   Microstructure and EDX peaks of RMD2 body. Q: Quartz, An: 
Anorthite, PM: Primary mullite
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non-equilibrium unstable spinel-type phase. After metaka-
olin transforms to non-equilibrium unstable spinel-type 
phase, primary mullite crystals (cuboidal) start to form 
above 1075 °C [19]. The crystal phase regions containing 
anorthite are composed of SiO2, Al2O3, CaO and Na2O 

Fig. 10   Microstructure and EDX peaks of RMD3 body

Fig. 11   Microstructure and EDX peaks of RMD4 body

Table 5   EDX analysis of bodies

Element Weight% Atomic% Compound% Formula

STD
Na K 1.21 1.18 1.64 Na2O
Mg K 1.05 0.96 1.73 MgO
Al K 13.53 11.24 25.57 Al2O3

Si K 17.34 13.83 37.09 SiO2

K K 4.48 2.57 5.40 K2O
Ca K 20.42 11.42 28.57 CaO
O 41.97 58.79
Totals 100.00
RMD1
Al K 16.80 15.03 31.75 Al2O3

Si K 5.11 4.39 10.94 SiO2

K K 2.10 1.29 2.53 K2O
Ca K 36.59 22.03 51.20 CaO
Ti K 2.15 1.08 3.59 TiO2

O 37.24 56.17
Totals 100.00
RMD2
Mg K 0.89 0.80 1.47 MgO
Al K 9.75 7.91 18.42 Al2O3

Si K 24.35 18.97 52.08 SiO2

K K 3.31 1.85 3.99 K2O
Ca K 14.13 7.72 19.78 CaO
Ti K 2.56 1.17 4.27 TiO2

O 45.02 61.58
Totals 100.00
RMD3
Mg K 2.33 2.15 3.86 MgO
Al K 20.44 17.00 38.62 Al2O3

Si K 11.12 8.88 23.79 SiO2

K K 4.35 2.49 5.24 K2O
Ca K 20.36 11.40 28.49 CaO
O 41.40 58.07
Totals 100.00
RMD4
Mg K 1.98 1.82 3.28 MgO
Al K 13.83 11.49 26.13 Al2O3

Si K 16.54 13.21 35.39 SiO2

K K 2.48 1.42 2.98 K2O
Ca K 21.27 11.90 29.76 CaO
Ti K 1.48 0.69 2.46 TiO2

O 42.43 59.47
Totals 100.00
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and MgO in Table 5. Figure 8 shows the microstructure and 
EDX peaks of RMD1 body. Table 5 also shows the EDX 
analysis of RMD1 body. As seen on Fig. 8, anorthite crystals 
were detected. The EDX analysis in Table 5 confirmed that 
the crystals are anorthite crystals. The crystal phase regions 
containing anorthite are composed of SiO2, Al2O3, CaO 
and K2O and TiO2 in Table 5. The microstructure and EDX 
peaks of RMD2 body are given in Fig. 9. Densely formed 
anorthite crystals were observed. EDX peaks and EDX anal-
ysis in Fig. 9 and Table 5 confirmed that the crystals are 
anorthite crystals. The cuboidal-shaped mullite crystals (pri-
mary mullite) were also detected. Figure 10 shows micro-
structure and EDX peaks of RMD3 body. EDX analysis of 
RMD3 body is also given in Table 5. As seen on Fig. 10, 
anorthite crystals were detected. The crystal phase regions 
containing anorthite are composed of SiO2, Al2O3, CaO, 
K2O and MgO in Table 5. As seen on Fig. 11, anorthite 
crystals were detected in RMD4 body. The crystal phase 
regions containing anorthite are composed of SiO2, Al2O3, 
CaO and K2O, MgO and TiO2 in Table 5.

Especially, as seen on Figs. 10 and 11, decrease in den-
sification rate resulted in a decrease in mullite content in 
RMD3 and RMD4. This result was responsible for decrease 
in bending strength of RMD3 compared to RMD1 and 
RMD2. However, bending strength of RMD3 is still higher 
than STD due to the higher amount of anorthite formation. 
Decrease in densification rate due to the high amount of 
CRMD addition also caused a decrease in bending strength 
of RMD4 body compared to other bodies. However, densely 
formed anorthite crystals also contributed to the bending 
strength values of RMD4 within the standard values in spite 
of the decrease in mullite content.

Conclusion

The study used a cement raw mixed waste dust (max 10% 
by weight) in a standard ceramic wall tile composition as 
a source of CaCO3. Crystalline phases such as mullite and 
anorthite in RMD1, RMD2, and RMD3 increased with the 
addition of CRMD compared with STD body. The addition 
of waste dust positively affects technological properties such 
as bending strength, dry strength, and bulk density. The 
addition of waste dust greater than 5% by weight negatively 
affects technological properties. This is, however, negligi-
ble. Because the bending strength values are still within the 
standards (ISO 13006 and EN 14441). More importantly, 
dry strength is one of the most important properties of 
ceramic tiles during production. In this study, it was shown 
that 50% increase in dry densities was achieved with the 
addition of CRMD. This is important due to production 
stability and efficiency. The most important difference that 
distinguishes this study from previous studies is the increase 

in dry strengths. Although the use of a high percentage of 
CRMD and marble dust (5% and over) adversely affected the 
sintering rate, physical and mechanical properties are still in 
ISO 13006 and EN 14441 standards. So CRMD can be used 
as an alternative source of raw material since it improves 
many technical features in ceramic tiles.
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