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Abstract
Cement is the second most used material in the world. However, its production causes serious environmental impacts. The 
carbon dioxide emission of this type of industry has a significant contribution to global warming. The sustainability that 
civil construction promotes must not only be analysed after the construction of buildings, but in the entire construction 
stage, from the material to be used to the losses in the process. In this context, it is important to note that several alterna-
tives have already been studied, such as the use of supplementary cementitious materials in concrete, such as rice husk 
ash, sugarcane bagasse and calcined clays. Although calcined clays are already used as a partial replacement for clinker in 
composite cements, several authors suggest that the material is capable of being used as a partial replacement for Portland 
cement. Thus, the objective of this work was to evaluate the potential application of calcined clays submitted to calcination 
thermal treatments for use as supplementary cementitious material. To achieve this objective, the clays were characterized 
and subsequently subjected to calcination in a muffle at temperatures equal to 500, 600, 700 and 800 °C, carrying out tests 
regarding the pozzolanic activity potential, performance as metakaolin and electrical conductivity. It was observed that for the 
proposed temperatures, the performance indices with Portland cement and use as metakaolin were met, demonstrating a high 
potential for use. Upon verifying the data found, the sample calcined at 800 °C showed the best results, both in mechanical 
performance (performance index with Portland cement and performance as metakaolin) and in the electrical conductivity 
test. In this sense, it appears that the use of calcined clays has the possibility of application as a material to minimize the 
adverse effects caused by the manufacture of Portland cement.

Keywords  Pozzolan · Portland cement · Metakaolin · Electric conductivity

1  Introduction

The construction industry strongly contributes to economic 
growth in many countries. Among the main reasons for this 
activity to be considered important, the virtues start from the 
generation of jobs in the most diverse interconnected sec-
tors, linked to the high demand for construction materials, 
in addition to the various projects built to provide the solu-
tion of infrastructure problems. In this sense, the activities 

carried out require the use of various materials that are pro-
duced and used on a large scale, such as Portland cement, 
which is the second most used material in the world, with 
manufacturing data exceeding 4.1 billion tons. of cement [1].

Together with these data, it was identified that this activ-
ity has negative effects on the environment. The cement 
industry is responsible for about 8% of all carbon dioxide 
(CO2) emitted from human activities [2] and this figure 
could reach 25% by 2050 [3], if interventions are not car-
ried out, both in terms of use of raw materials, as well as 
technological innovations for calcining materials. Linked to 
these factors, cement production demands high energy con-
sumption, which exceeds 7% of all energy used in industrial 
sectors [4].

Due to the need for innovations, actions were listed to 
reduce these adverse effects. Among the proposed activities, 
the replacement of clinker by supplementary cementitious 
materials has gained prominence in recent years. [5]. This 
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reason is mainly due to reducing the proportion of the main 
compound that emits CO2 in the manufacturing process [6] 
and replacing it with materials from industrial by-products 
or those that require a lower percentage of energy for ther-
mal activation [7].

Currently, several materials are used that partially replace 
cement, especially blast furnace slag and fly ash [8]. These 
materials come from industry by-products, which would be 
destined for landfills [9]. It should be noted that the applica-
tion of these materials is seen as a great alternative in the 
quest to promote reductions in the negative environmental 
impacts of cement production. However, a fact to be con-
sidered is related to the availability of these inputs against 
the demand for cement. In 2019, cement manufacturing, in 
national terms, was approximately 54.3 million tons [1].

On the other hand, the availability of the main materials 
used in the manufacture of cement, which are blast furnace 
slag, around 7.38 million per year, in addition to fly ash, dis-
posed mainly in Santa Catarina and Rio Grande do Sul, with 
close data to 2.2 million tons/year, do not show increasing 
rates when compared to cement production [10]. By corre-
lating the use limits provided for by NBR 16697 [11] which 
allows the replacement of clinker in up to 75% of mineral 
additions, it is noticed that the available volume of materials 
with application potential is around 17% [10]. As these are 
materials that in production scales grow in quantities smaller 
than the cement production, there is a need to identify and 
apply new materials capable of keeping up with the growing 
data of cement.

Therefore, among the materials identified as suitable for 
use, calcined clays are identified as one of the only materials 
available, in terms of quantities, to accompany the growing 
number of cement manufacturing [12]. The use of calcined 
clays has been increasing in recent years. For its applica-
tion, it is necessary that they undergo calcination thermal 
treatments, between 500 and 900 °C, so that their structure, 
previously crystalline, becomes amorphous and presents 
reactivity when inserted in cementitious matrices [13].

Linked to demanding quantitative energy for submis-
sion of calcination, when compared to the manufacture of 
cement, clays appear as an important alternative for use as a 
cementitious material, mainly because it does not emit CO2 
in the calcination process. In view of this, this work aimed to 
evaluate the potential application of calcined clays subjected 
to thermal calcination treatments for use as a supplementary 
cementitious material.

2 � Supplementary cementitious materials

Supplementary cementitious materials (SCM) are soluble 
siliceous, aluminosicious or calcium aluminosilicate pow-
ders that can be used as partial replacements for Portland 

cement in concrete mixes and for clinker in cements. Its use 
can improve properties in the fresh and hardened states of 
concrete, durability, in addition to reducing costs and envi-
ronmental impact [14, 15].

The SCM have favourable characteristics according to 
their composition and origin, and may be a filler effect, con-
tributing to the reduction of pores, increase of mechanical 
resistance and, also, activation of pozzolanic reactions in 
alkaline aqueous conditions or in contact with the calcium 
hydroxide (CH) forming hydration products such as hydrated 
calcium silicate (C–S–H) [16, 17].

Traditionally, blast furnace slag, fly ash, silica fume 
and metakaolin have been used as SCM. Despite the great 
knowledge already achieved about the impacts on cement 
hydration and concrete properties, it is important to ana-
lyse and research new SCM sources that aim to meet the 
increased demand for cementitious materials and the varied 
availability of raw materials for each region, cooperating 
for the sustainable development of the sector [14, 15, 17].

With the discontinuity of coal plants in the world, for 
environmental reasons, for example, the amount of fly ash 
currently available will tend to reduce [17]. On the other 
hand, metakaolin, despite its good performance in concrete, 
has limited use due to its price being generally higher than 
that of Portland cement [18].

Other possible sources of SCM that contain calcareous, 
siliceous, and aluminous materials are sugarcane bagasse 
ash, rice husk ash [15], calcined clays [18, 19] and red 
ceramic waste [20].

Due to the use of alternative raw materials to replace 
clinker, the Brazilian cement industry is responsible for 
emitting 564 kg of CO2 per ton of cement, around 11% less 
than the world average. The use of materials and by-products 
from other production processes also contributes to the pres-
ervation of non-renewable natural resources [21].

The use of calcined clay as a SCM has gained promi-
nence. Allied to its abundance and low production cost [17], 
the mechanical and durability properties of its use in con-
crete highlight the potential use of the material as a SCM 
[18, 19]. Clays contain clay minerals that are thermally acti-
vated, such as kaolinite, illite, montmorillonite and mica. 
Thermal activation usually occurs through calcination, mak-
ing it reactive with Portland cement in its hydration phase. 
Calcined clays with up to 25% (by weight) of kaolinite offer 
greater potential for application as SCM [18, 19].

In addition to the origin and chemical composition of the 
clay, the amount and type of impurities also interfere with 
its use as an SCM. According to these factors, each clay will 
have an ideal calcination temperature, which will be directly 
related to its reactivity [19]. Depending on its composition 
and impurities, the activation of calcined clays occurs in the 
temperature range of 550 to 950 °C, below the sintering tem-
perature, where vitreous structures would form. Because of 
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this, calcined clays have physicochemical and morphological 
properties different from conventional SCM [18].

As SCM can be applied both in the partial replacement of 
clinker in cement production and in the partial replacement 
of cement in concrete, its use has become an important tool 
for reducing CO2 emissions in the sector [14].

In addition to reducing the clinker factor and CO2 emis-
sions in the cement industry, the use of calcined clays can 
match and even surpass the binding properties of concrete 
[18].

Based on the growing use of clays such as SCM, Bediako 
et al. [19] calcined clays from the Ghana region, at tempera-
tures of 600, 700, 800, 900 and 1000 °C, for 3 h in an elec-
tric muffle. Material characterizations were carried out with 
thermogravimetric tests (TGA) and Fourier Transformed 
Infrared Spectroscopic techniques (FTIR), and compres-
sive strength tests to determine the pozzolanic activity with 
20% replacement of Portland cement by calcined materials. 
With the results obtained, it was verified that the clay used 
had a predominance of kaolinite, with an ideal calcination 
temperature that produced more reactive pozzolanic phases 
and greater mechanical resistance was 800 °C. Furthermore, 
the 20% replacement indicated that the clays behaved both 
as a filling material and as a pozzolanic material, helping in 
the initial and final resistance of the cementitious matrix.

Arslan et al. [22] evaluated mortars with substitutions of 
0, 5, 10, 15 and 20% of Portland cement by calcined kaolin 
and metakaolin exposed to temperatures of 300, 600 and 
900 °C, for two hours. 15% replacement results in improved 
mechanical performance and durability.

Similarly, Rakhimov et al. [23] replaced Portland cement 
with 5, 10, 15 and 20% of thermally activated clays (400, 
600 and 800 °C) in concrete, demonstrating superior results 
in terms of mechanical strength and density in concretes 
with the addition of 5 to 15% of clays calcined at tempera-
tures of 400 and 600 °C and milled to a specific surface area 
of 250 to 500 m2/kg.

3 � Materials and methods

3.1 � Materials

The clay used as raw material in this study was collected in 
a ceramic industry in the interior of the State of Santa Cata-
rina. Its collection took place in the form of extruded blocks 
(Fig. 1), which had moisture content equal to 1%, and they 
had not been submitted to any thermal calcination treatment.

As for the use of fine aggregate, the ranges determined 
by NBR 7214 [24] were used, which corresponded to 0.15, 
0.30, 0.60 and 1.20 mm. The initial procedures for prepar-
ing the aggregates consisted of washing to remove any 

organic matter contained, in addition to subsequent drying 
and granulometric separation for use.

As indicated by NBR 5752 [25] and 15894-2 [26], the 
cement used is of the CP II-F 32 class. This choice is 
because this cement does not have pozzolanic addition, 
which could influence the quality of the studied product.

3.2 � Methods

After collection, the clay samples were dried, ground and 
calcined in an electric muffle at temperatures correspond-
ing to 500, 600, 700 and 800 °C for 2 h [27, 28]. Then, the 
clays went through the milling process again.

To evaluate the performance of these alternative materi-
als with Portland cement, tests were carried out to assess 
fineness (#0.045 mm), specific mass, humidity content, 
loss on fire, performance index with Portland cement, per-
formance with metakaolin and electrical conductivity. Fig-
ure 2 presents the flowchart of the experimental procedure.

3.2.1 � Milling

The executive milling stage was carried out using a Los 
Angeles Abrasion type ball mill with steel balls with a 
diameter of 17 mm. This activity took place by drying the 
clay for about 24 h in an oven at a temperature of 110 °C. 
Linked to these factors, a sphere mass ratio was defined in 
relation to the mass of the sample to be ground. Therefore, 
based on studies by Pouey [29] and Cordeiro [30], a ratio 
of 1:5 was defined.

Fig. 1   Clay in natura
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3.2.2 � Characterization

The granulometric composition and evaluation of the fine-
ness (#0.045 mm) of the clays was determined using the 
Mastersizer 2000 equipment. Afterwards, the clays were 
further characterized through specific mass tests—DNER-
ME 093 [31], humidity content—NBR NM 24 [32] and fire 
loss—NBR NM 18 [33].

For the evaluation of the performance index of calcined 
clays with Portland cement and the use as a high reactivity 
pozzolana, they were evaluated according to the prescrip-
tions determined in NBR 5752 [25] and NBR 15894-2 [26].

After mixing (Table  1), which was carried out in a 
mechanical mortar mixer, six cylindrical specimens of 
(50 × 100) mm were moulded, in triplicate, which were 
submerged in a tank of water saturated with lime for cur-
ing until the test of resistance to axial compression at 7 
(Cement + SCM High reactivity pozzolan) and 28 days 
(Cement + SCM Pozzolan). The bases of the samples were 
ground for the mechanical resistance test. The performance 
index was then calculated by the ratio of the average resist-
ance of the mortars with the alternative materials by the 
average resistance of the reference mortar.

Finally, the electrical conductivity test was performed 
according to the method proposed by Luxán et al. [34]. 
This procedure was carried out with the use of 200 ml of a 
supersaturated solution of calcium hydroxide, submitted to 
a temperature of 40 ± 1 °C under agitation. After 60 s, the 
first reading was performed, which obtained the conductiv-
ity of the calcium hydroxide solution. Subsequently, 5.0 g 
of calcined material were added and after 120 s, the sample 
was subjected to a new reading to obtain the conductivity 
result of the solution with the calcined clay.

It should be noted that the conductivity meter used reads 
in milliSiemens per centimeter (mS/cm) at 25 °C. As the 
sample was at 40 °C, the conversion to the actual conductiv-
ity result was performed using Eq. (1)

Fig. 2   Methodological proce-
dures Collec�on of clays

Milling

Muffle calcina�on

600 °C500 °C 800 °C700 °C

d(0.9) 75 μm

Milling

Fineness evalua�n 
(#0.045) Specific mass

Pozzolanicity index with 
cement

Performance like 
metakaolin Eletric condu�vity   

Humidity         Loss to fire

Table 1   Mix proportions of mortars

Material Reference Cement + SCM
Pozzolan

Cement + SCM
High reactivity 
pozzolan

Cement CPII-F-32 (g) 624 468 530
SCM (g) – 156 94
Sand (g) 1872 1872 1872
Water (g) 300 300 300
Superplasticizer (g) – Adjustable Adjustable
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After the necessary conversions, the calcined clays were 
classified according to the data proposed by Luxán et al. 
[34], with the conductivity variation shown in the test, as 
shown in Table 2.

With the results in hand, the samples were classified 
according to their degree of pozzolanicity using the elec-
trical conductivity technique. The realization of this essay 
consisted in the search for informative curtailment regarding 
the pozzolana developed, in addition to mechanical appli-
cation with the direct replacement of cement, linked to the 
responses obtained with the use of electrical conductivity, 
which is the direct contact of the sample with the hydroxide 
of calcium.

4 � Results and discussion

4.1 � Characterization of clays

After the calcination procedures, substantial changes were 
observed in several aspects, one of the most evident of which 
was the colour (Fig. 3). The in natura sample had a milder 
colour, with little colour intensity, however, after the thermal 
calcination treatments, they showed reddish tones, which 
corroborate the activation of iron oxide after calcination 
[35].

Linked to the colour change, the calcined samples tend 
to present variations in diameters, mainly regarding the 
increase, due to the chemical reactions that took place. This 

(1)

Electrical conductivity at 40◦C = Elec. conductivity at 25◦C

× [1 + 0.019 × (40 − 25)]

way, laser granulometry analysis was carried out to identify 
possible variations in clay diameters. Figure 4 presents the 
granulometric profiles of the clays before and after the cal-
cination procedures.

By observing the development of the granulometric 
curves, due to the thermal treatment, the samples presented 
a progressive increase in the profiles. Similar facts are por-
trayed in literature [5, 36, 37]. One of the factors that must 
be observed in relation to the granulometric profiles is the 
ratio of the percentage corresponding to 90% of the particles 
(d90) (Table 3). This data is of great importance, especially 
for SCM there are specific criteria corresponding to d90, to 
verify the use as pozzolana and metakaolin.

The values expressed in Table 3 verify the observed 
increases in the granulometric profiles and corroborate with 
the thesis of the change in diameters when the samples are 
submitted to thermal treatments. Linked to these factors, the 
aspects demonstrated by NBR 5752 [25] and NBR 15894-2 
[26] stipulate maximum values that must be respected for 
use as pozzolan and metakaolin, for the latter correspond-
ing to a maximum of 10% of material retained on the 45 µm 
sieve.

Table 2   Evaluation of pozzolanic activity by measuring conductivity

Material classification Conductivity 
variation (mS/
cm)

Non pozzolanic Less than 0.4
Medium pozzolanic Between 0.4 e 1.2
Good pozzolanicity Bigger then 1.2

Fig. 3   Samples before and after 
calcination heat treatments
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Fig. 4   Granulometric composition of clays

Table 3   D(90) of the particles after thermal calcination treatments

Diameter Sample

500 °C 600 °C 700 °C 800 °C

d(90) (µm) 102 110 105 116
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Based on the limits established by regulatory standards, 
the samples required milling for use as SCM. Grinding 
techniques followed the same operational procedures as the 
initial milling and the milling stop criterion was when the 
samples met the requirement of 10% of material retained on 
the 45 µm sieve. The milling time of the samples was around 
4 h to meet the necessary granulometries.

Regarding the physical and chemical characteristics, 
as well as the necessary requirements for classification as 
pozzolans, they were followed according to the aspects 
provided for in current regulations, summarized in Table 4. 
Regarding the specific mass, the in natura sample presented 
a result equal to 2.51 g/cm3. When subjected to calcination 
heat treatments, the samples demonstrated superior results 
compared to the input. This increase factor may be linked 
to the change in the diameter of the particles because of the 
chemical reaction that took place [22, 38].

Another aspect observed in the characterization of the 
samples in physical terms is with respect to the humidity 
content. Brazilian regulations provide for a maximum value 
of 2% for highly reactive pozzolans (metakaolin), a value 
that did not come close to any of the analysed samples.

For the results obtained in the fire loss test, the national 
regulations determine the data of 3% as the maximum 
observed limit for classifying the material as metakaolin. 
The exposed results prove that all the samples submitted 
to calcination are classified as pozzolana and metakao-
lin. When relating the reduction in the fire loss data, it is 
observed that the samples submitted to higher temperatures 
had a lower fire loss value, when compared to the lower 
temperatures, an effect already observed in calcination of 
clays for use as SCM [39, 40].

4.2 � SCM performance

Data regarding performance with cement at 28 days were 
obtained by virtue of the treated combinations, correlating 
both the granulometry (75 µm) and the temperatures used 
(500, 600, 700 and 800 °C). In this phase, the main search 
consisted of punctual observation in which it was considered 
whether the variation in temperature exerted impacts on the 
performance of the samples. In view of these aspects, Fig. 5 
depicts the results obtained by breaking the moulded speci-
mens. Together, the data related to compressive strength and 
the pozzolanic activity index are available.

NBR 12653 [41] and NBR 16697 [11] determine the 
minimum values that materials must meet to be classified 
as pozzolan, two percentages of reactivity are observed, 
which differ only in class in application. When observing 
the results found, the samples calcined at 500 and 700 °C 
showed the lowest activity indices when compared to the 
other data. However, despite the portrayed difference, all 
samples reached values above the minimum required for 
classification and use as pozzolans.

The heat-treated sample at 800 °C showed the best result 
compared to the other results. In this circumstance, the clay 
may have shown a higher degree of reactivity, due to having 
been subjected to a favourable temperature together with the 
time that provided a greater degree of reactivity, reducing its 
crystalline content [42].

In a performance analysis, the samples were subjected 
to analysis regarding use as metakaolin, which is analysed 
for its performance after seven days. If it is a shorter time 
when compared to use as pozzolan, the results must present 
at least 105% of the reference resistance for classification as 
possible use as metakaolin.

Table 4   Characterization 
and requirements of calcined 
samples

Test Sample (°C) Results Pozzolan (%) Metakaolin (%)

Fineness (#0.045 mm) 500 9.9  ≤ 20  ≤ 10
600 8.9
700 9.2
800 8.8

Specific mass (g/cm3) 500 2.52 – –
600 2.52
700 2.54
800 2.56

Humidity (%) 500 0.63  ≤ 3.0  ≤ 2.0
600 0.61
700 0.52
800 0.46

Loss to fire (%) 500 3.70  ≤ 10  ≤ 4.0
600 3.60
700 3.15
800 2.90
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Figure 6 presents the results consistent with the break-
age of the specimens for analysis regarding performance as 
metakaolin. Upon verifying the data obtained, it is noted 
that all samples met the minimum required by the standard 
for classification as metakaolin. One should consider using 
calcined clays that do not always present favourable results 
for use as metakaolin [43].

In a similar way to what was observed in the analysis as 
pozzolan, a sample calcined at 800 °C showed the highest 
reactive percentage for use as metakaolin. In this sense, it 
was tested that this temperature data corresponded to the 
best result among those analysed. This respiratory fac-
tor, along with the other results, demonstrated that the 
temperature of 800 °C demonstrates that it is the optimal 
calcination temperature.

Together with the compressive strength tests to evaluate 
performance with pozzolan and metakaolin, the electrical 
conductivity test was carried out. This test directs the cal-
cined sample into direct contact with calcium hydroxide 
and thus, the change in conductivity exerted by the mate-
rial can be observed.

Table 5 depicts the results regarding reactivity using the 
electrical conductivity technique. The results showed that 
only the sample subjected to heat treatment corresponding 
to 500 °C did not meet the minimum required for classifi-
cation as pozzolanic.

For the other results found, the data varied between 
0.53 and 0.67 mS/cm, which fit into a classification of 
average degree of reactivity for pozzolans. The application 
of this technique has stood out in the medium and recent 
range in research with the use of clayey materials for use 

Fig. 5   Pozzolanicity index with 
Portland cement
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as pozzolans [35, 44, 45] which obtained results close to 
those found in this work.

5 � Conclusions

As a result of pressures to reduce the adverse environ-
mental impacts of Portland cement manufacturing, several 
materials began to be studied and applied in the industry 
with the aim of providing for their replacement. Among 
these, calcined clays are identified as one of the only 
materials with technical and volume capabilities to sup-
ply the demand for materials that can replace cement and/
or clinker in the manufacturing process, without missing 
important product characteristics.

In this sense, the results showed that for the time and 
temperatures adopted, the samples met the minimum 
requirements for use both as pozzolana and metakaolin. 
Among the analysed samples, clay calcined at 800 °C 
showed the best results in all treated aspects.

The mechanical performances were very promising 
when correlated with the corresponding replacement per-
centages of each phase. When mechanical results were 
correlated with electrical conductivity, only the sample 
subjected to 500 °C did not reach the minimum data for 
classification as pozzolanic medium.

Based on these factors, it is concluded that the tem-
peratures and calcination time were sufficient to provide 
calcined material with the necessary properties for use as 
SCM. Therefore, the continuation of studies with higher 
temperatures and variable residence times to reduce the 
energy demand, together with evaluations of other types 
of clay to enable the characterization of new sources of 
SCM, becomes propitious.
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