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Abstract
Aim of study was to verify the effect of temperature on the pozzolanic reactivity of thermally activated attapulgite and 
sepiolite samples. Activation temperatures were selected: 650, 700 and 750 °C for attapulgite and 800, 825 and 850 °C for 
sepiolite. Content of pozzolanic reactive SiO2 and Al2O3 after thermal treatment and the amount of Ca(OH)2 consumed in 
the pozzolanic reaction were measured. It should be noted that a higher activation temperature improves the reactivity of 
attapulgite and sepiolite. The upper limit for the increase in the pozzolanic reactivity of these materials is the formation 
of enstatite and the deactivation of silica. In addition to reactive decomposition products, series of minerals formed in the 
reactions of attapulgite and sepiolite with impurities present in them are also observed.
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Introduction

The term 'pozzolanic reactivity' refers to siliceous-alumi-
nous materials and is defined as a chemical reaction between 
reactive SiO2 and Al2O3 presented in these materials (the 
fraction of SiO2 and Al2O3 contained in the glassy constitu-
ent in them) and calcium hydroxide in the presence of water 
to form C–S–H and C–A–H phases that possessed cementi-
tious (hydraulic) properties [1].

The most popular materials used because of their 
pozzolanic properties are, for example, siliceous fly ashes 
from the process of bituminous coal dust combustion in 
furnaces of power and heat and power generating stations 
in the temperature range of 1200-1400ºC. Thanks to this 
property, which causes complex chemical reactions in 
the cement paste, the hardened cement mortar structure 
is filled with additional products that are able to seal and 
strengthen it [1–4]. However, the time of initiation of the 
pozzolanic reaction of fly ash is delayed until the release 
of calcium hydroxide crystals as a product of hydration of 

C3S (after a relatively short period of cement hydration) [5] 
and C2S (after a relatively long period). Slow pozzolanic 
reaction rate of fly ash (slower than the hydration of pure 
Portland cement) leads to low strength and slow rate of 
strength development of cement with fly ashes at early 
ages; additional amounts of C–S–H and C–A–H phases from 
the pozzolanic reaction are formed after a long time (after 
90 days or later) which improve cement strength [4, 6–9]. 
Studies [10–13] show that the finer fraction of siliceous fly 
ashes reveals improved pozzolanic reactivity.

According to the Kyoto Protocol to the United Nations 
Framework Convention on Climate Change (UNFCCC), 
adopted in Kyoto on December 11, 1997, the reduction of 
CO2 emissions from the coal-fired power plants is realized 
by substituting coal fuel with sustainably produced biomass. 
This results in variable properties of fly ashes from coal and 
biomass combustion [10–15], a consequence of which is the 
lower pozzolanic reactivity of coal-biomass fly ashes and the 
slower development of the strength of cement mortar that 
contains them with time of hydration [12, 27, 28].

The reduction of CO2 emissions from the cement 
manufacturing process is realized by substituting Portland 
cement clinker with waste materials (including through 
greater uptake of blended cements). In power and heat and 
power generating stations, if the fuel feed for boiler contains 
greater than approximately 10% biomass, the resulted fly ash 
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quality impact can be significant enough to affect utilization 
in cement applications.

The use of metakaolin as an artificial pozzolan for cement 
mortar has received considerable interest in recent years. 
The benefit of using metakaolin is manifested by enhancing 
the strength of cement mortar, particularly during early age. 
This very early strength enhancement is due to a combi-
nation of the filler effect and accelerated cement hydration 
in the presence of metakaolin. Studies [15] show that the 
substitution of 10 mass% of CEM I 52.5R by metakaolin 
causes a decrease in the early compressive strength, but this 
reduction is not significant and after 28 days, the strength 
of this cement blend is similar to that of CEM I 52.5R. This 
phenomenon is easily explained by the pozzolanic effect, 
which always delays in time. In the case of metakaolin, this 
time is relatively short compared to that of fly ashes and 
is about a month. The grinding of metakaolin to a higher 
Blaine specific area affects its pozzolanic reactivity [16]. 
However, metakaolin is more expensive material than Port-
land cement, although its processing involves moderately 
low temperatures and its overall production cost is signifi-
cantly less than that of Portland cement.

Due to artificial pozzolans, in the form of supplemen-
tary cementitious materials used, added as a partial replace-
ment for Portland cement clinker in cement mixes, the fresh 
and hardened properties of cement-based building mate-
rials are improved [21–23], new pozzolanic materials are 
sought, for example thermally activated magnesium silicates 
such as attapulgite (Mg5Si8O20(OH)2·4H2O) and sepiolite 
(Mg4Si6O15(OH)2·8H2O). The use of attapulgite as s sup-
plementary cementing material is mentioned in the articles 
[17–22]. The influence of sepiolite on the hydration and 
mechanical properties of Portland cement has been reported 
in [23].

For thermally activated attapulgite, until now studies have 
primarily focused on the compressive strength of cement 
blends [20, 22, 24], including the effect of the curing tem-
perature [19]. The progress of hydration of cement mixture 
with an addition of activated attapulgite was evaluated as 
content of non-evaporable (chemically combined) water 
[20–22], content of reactive SiO2 [21] and content of free 
CaO [22]. Shi et al. [20] and Kh Al-Noaimi [22] found that 
the reactivity of attapulgite is not as good as that of fly ash, 
but it can be used as a replacement for cement. Zhang et al. 
[21] showed that thermal activation improves the reactivity 
of attapulgite by generating a greater amount of reactive 
SiO2, resulting in more additional hydrates produced that 
increase the strength of cement mortar.

In the case of thermally activated sepiolite, Canbaz and 
Eryilmaz [23] presented only the influence of thermally 
activated sepiolite on the strength of lime mortar; the 
workability of lime mortar is decreased proportionally to 
the sepiolite content. A higher content of sepiolite means 

that the greater amount of water is necessary to obtain 
cement paste of standard consistency, a consequence of 
which is the reduction in strength.

The publications [20–22, 24] and [23] indicate the 
effective use of attapulgite and sepiolite (respectively) as 
a pozzolanic additive, but do not allow one to point out the 
optimal activation temperature or the appropriate dose of 
these materials to cement.

The aim of this study is to verify the relationship 
between the thermal activation temperature of attapulgite 
and sepiolite and the pozzolanic reactivity of these materi-
als. This relationship is very important from the point of 
view of the strength of cement and lime mortars modi-
fied with thermal activated attapulgite or sepiolite. The 
attempts were made to study the role and to indicate the 
estimated values of these two parameters combined with 
additional evaluation and critical analysis of the pozzo-
lanicity of attapulgite and sepiolite testing methods.

Materials and methods

Materials

The materials used were ordinary Portland cement types 
of CEM I 32.5R and CEM I 42.5R supplied by one of 
the Polish cement companies and high-purity commercial 
magnesium silicate clays such as attapulgite and sepiolite.

Preparation of thermally activated attapulgite 
and sepiolite samples

The commercial attapulgite and sepiolite samples were 
heated in an electric furnace at temperatures of:

•	 650, 700 or 750 °C for attapulgite (at temperatures 
at which dehydroxylation of attapulgite has already 
occurred),

•	 800, 825 or 850 °C for sepiolite (temperature of 850 °C 
corresponds to the decomposition of sepiolite and the 
beginning of crystallization of enstatite).

After the temperature was reached, the samples were 
kept in a furnace for one hour. The activated attapulgite 
samples were denoted: A650—temperature of 650 °C, 
A700—temperature of 700 °C and A750—temperature of 
750 °C. For the activated sepiolite samples, the symbols 
were: S800—temperature of 800 °C, S825—temperature 
of 825 °C and S850—temperature of 850 °C.
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Methods

Chemical composition of materials

The loss on ignition (LOI) of cements CEM I 32.5R and 
CEM I 42.5R was determined according to the method 
described in the PN-EN 196-2:2013 standard [25]. Loss on 
ignition was calculated by heating cement samples in sepa-
rate porcelain crucibles to a constant mass in a furnace at 
a temperature of 1100 °C in an oxidizing atmosphere. The 
chemical oxide compositions (CaO, SiO2, Al2O3, Fe2O3, 
MgO, Na2O, K2O and SO3) of the cements were determined 
using methods described in the PN-EN 196-2:2013 standard 
[25].

In the case of the attapulgite and sepiolite samples, the 
chemical composition (SiO2, Al2O3, Fe2O3, CaO, MgO, 
Na2O, K2O, TiO2, P2O5 and F-fluorine) was tested by X-ray 
fluorescence analysis (XRF) using a WD-XRF Axios Max 
spectrometer with a Rh 4 kW PANalytical lamp.

Phase composition of materials

The phase compositions of CEM I 32.5R and CEM I 42.5R 
cements were calculated using the Bogue method [26]. How-
ever, it should be noted that the Bogue method gives only the 
theoretical (potential) phase composition of these cements 
based on the calculations from their chemical analysis.

The identification of phases in attapulgite and sepiolite 
samples was carried out by means of the X-ray diffraction 
(XRD) technique using a Philips X’Pert Pro MD diffractom-
eter (Cu Kα1 line monochromatized with a Ge(111) mono-
chromator). Standard Bragg–Brentano geometry with a θ–2θ 
setup was applied (0.008° step size and 5°–90° 2θ range).

Thermal analysis (DTA/TG/DTG) of attapulgite and sepiolite 
samples

The thermal decomposition of the attapulgite and sepiolite 
samples was investigated in an OD 102 thermoanalyzer 
in air atmosphere. The samples were heated to 1100 °C at 
heating rate of 0.1 °C/min−1. Endothermic and exothermic 
peaks corresponding to phase transitions are presented in 
the DTA curves. The mass losses on the thermogravimetric 
(TG) curves related to these effects were determined.

Pozzolanic properties of thermally activated attapulgite 
and sepiolite samples

The pozzolanic properties of thermally activated attapulgite 
and sepiolite were tested using the chemical method. The 
content of pozzolanic reactive components (SiO2 and also 

Al2O3) in thermally activated attapulgite and sepiolite was 
determined as well as the consumption of calcium hydroxide 
by these materials was analyzed.

Determination of reactive SiO2 and Al2O3 according 
to the ASTM C379‑65 standard

Using the ASTM C379-65 standard [27], it was possible to 
determine the contents of reactive SiO2 and Al2O3 in ther-
mally activated attapulgite and sepiolite samples. Reactive 
SiO2 and Al2O3 were the fractions of SiO2 and Al2O3 that 
were soluble with a 1 M sodium hydroxide solution (NaOH).

Determination of Ca(OH)2 consumption by attapulgite 
and sepiolite samples according to the modified Chapelle 
test

The Chapelle test according to the NF P18-513 standard 
[28] is one of the direct methods to determine pozzolanic 
reactivity based on calcium hydroxide consumption. This 
direct methodology carried out in an aqueous lime-attapulg-
ite or lime-sepiolite system, for one hour at temperature of 
90 °C with continuous stirring, allows the quantification of 
Ca(OH)2 fixed by attapulgite and sepiolite, respectively.

Ca(OH)2 consumed by thermally activated attapulgite 
and sepiolite (PAA and PAS indexes, respectively) was 
calculated according to the equation:

where
PAA/PAS—pozzolanic activity of attapulgite and 

sepiolite, respectively, in milligrams of Ca(OH)2 fixed by 
1 g of these materials,

V1—volume of 0.1 N hydrochloric acid necessary to 
titrate 25 mL of the final solution obtained without tested 
materials (blank test), in milliliters,

V2—volume of 0.1 N hydrochloric acid necessary to 
titrate 25 mL of the final solution obtained with the tested 
materials, in milliliters.

Determination of the amount of products formed 
in the Ca(OH)2‑attapulgite(or sepiolite)‑water system 
according to DTA/TG/DTG analysis

For the experiment, mixtures of activated attapulgite (or 
activated sepiolite), Ca(OH)2 and water in a proportion of 
1:3:4 were prepared. The A750 and S850 samples were 
selected for this study and the pastes with their addition were 
named, respectively, CH-A750 and CH-S850. The mixtures 
were stored in tightly closed containers for 28 and 90 days 
at a temperature of 80 °C. After that, the DTA/TG/DTG 

PAA/PAS =

V
1
− V

2

V
1

⋅

74

56
⋅ 1000



7614	 G. Malata, E. Tkaczewska 

1 3

analysis was performed. TG losses were determined in the 
following temperature ranges:

•	 0–250 °C—dehydration of hydrates,
•	 250–550 °C—dehydroxylation of Ca(OH)2 (with the 

maximum rate at 505 °C),
•	 550–850 °C—decarbonization of CaCO3.

Results and discussion

Chemical compositions of materials

The results of the chemical analysis of CEM I 32.5R and 
CEM I 42.5R cements are shown in Table 1. The loss on 
ignition in both cements does not exceed the acceptable 5 
mass% content according to the requirements given in 
PN-EN 197-1:2012 standard [29]. Additionally, the sulfate 
content (as SO3) is below the 4 mass% limit.

The chemical composition of commercial (non-heat 
treated) magnesium silicate clays used in the experiment, 
such as attapulgite and sepiolite, is presented in Table 2.

As can be seen in Table 2, the MgO content in attapulgite 
is 10.67 mass% and is lower by more than two times 
compared to sepiolite. The contents of Al2O3 and Fe2O3 in 
attapulgite are 12.10 and 3.93 mass%, respectively, while 
those in sepiolite are 5.26 and 1.60 mass%, respectively 
(the decrease in the content of Al2O3 and Fe2O3 in sepiolite 
is more than twice). The share of CaO dominates in the 
chemical composition of attapulgite and sepiolite. The CaO 
content is slightly smaller in sepiolite than in attapulgite. 

Na2O, K2O, TiO2 and P2O5 appear as minor components. 
The results of chemical composition agree with the data 
[30].

Phase composition of materials

The potential phase compositions of the CEM I 32.5R and 
CEM I 42.5R cements based on the Bogue equations [26] 
are given in Table 3. Their main phases are C3S (alite) and 
C2S (belite), and the rest are C3A, C4AF and CaSO4. For 
CEM I 42.5R cement, the C3S content is 61.80 mass% and 
is lower by approximately 8% compared to that of CEM I 
32.5R cement, while the C2S content is 16.02 mass% and is 
three times higher. The C3A content in CEM I 42.5R cement 
is 8.21 mass% and is higher by approximately 10% as com-
pared to CEM I 32.5R cement. For cement CEM I 42.5R, the 
C4AF content is 2.86 mass%, while in CEM I 32.5R it is 9.55 
mass%. The phase compositions of two Portland cements 
used correspond to data from the literature [1, 32, 33].

The XRD patterns of commercial (non-heat treated) 
attapulgite and sepiolite samples are presented in Figs. 1 
and 2, respectively. On XRD pattern of attapulgite, in 

Table 1   Chemical composition of CEM I 32.5R and CEM I 42.5R 
cements

a Loss on ignition determined at temperature of 1100 °C
b Sodium equivalent: mass% Na2Oe = Na2O + 0.658∙K2O

Chemical 
component

Method Content/mass%

CEM I 32.5R CEM I 42.5R

LOIa By the PN-EN 
196-2:2013 
standard [25]

3.51 2.71
CaO 63.69 64.79
SiO2 19.15 21.85
Al2O3 4.81 3.70
Fe2O3 3.14 0.94
MgO 1.76 1.70
Na2O 0.30 0.38
K2O 0.77 0.92
SO3 2.71 3.01
Na2Oe

b 0.81 0.99
CaOfree By the ethylene 

glycol method-
ology [31]

1.81 1.80

Table 2   Chemical composition of non-heat treated attapulgite and 
sepiolite samples by X-ray fluorescence analysis (XRF)

Chemical component Content/mass%

Attapulgite Sepiolite

SiO2 62.738 61.302
Al2O3 12.101 5.258
Fe2O3 3.932 1.596
CaO 4.597 3.042
MgO 10.974 24.106
Na2O 0.081 0.284
K2O 0.870 1.042
TiO2 0.552 0.207
P2O5 1.111 0.110
F 0.376 0.461

Table 3   Potential phase composition of CEM I 32.5R and CEM I 
42.5R cements based on the Bogue equations [26]

Phase Content/mass%

CEM I 32.5R CEM I 42.5R

C3S 67.52 61.80
C2S 3.97 16.02
Silicates 71.49 77.82
C3A 7.43 8.21
C4AF 9.55 2.86
Aluminates 16.98 11.07
CaSO4 4.88 5.12
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Fig. 1   XRD pattern of commercial (non-heat treated) attapulgite
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Fig. 2   XRD pattern of commercial (non-heat treated) sepiolite
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addition to the diffraction peaks of the main phase, there 
are also the peaks of calcite and quartz (Fig. 1). Sepiolite 
gives diffraction peaks from the sepiolite, enstatite and 
calcite (Fig. 2). The presence of calcite and quartz in the 
attapulgite and sepiolite is not surprising, because these 
are typical components of sedimentary rock.

Thermal analysis (DTA/TG/DTG) of attapulgite 
and sepiolite samples

DTA/TG and DTG studies were performed to identify 
the thermal behavior of attapulgite and sepiolite samples 
at different temperatures, as shown in Figs.  3 and 4 
respectively.
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The DTA, TG and DTG curves of attapulgite are 
illustrated in Fig. 3. Four endothermic peaks are observed on 
the DTA curve of attapulgite. The first and main endothermic 
one between 30 and 185  °C with the maximum rate at 
119.1 °C is due to the loss of water adsorbed on the outer 
surfaces and a part of water bound in the crystal structure 
[34]. A mass loss of 9.98% is observed for this effect. The 
second endothermic mass loss of 2.41% between 185 and 
315 °C with the maximum rate at 248.5 °C is a consequence 
of the loss of all zeolitic water and a part of chemically 
bound water [35]. The third endothermic mass loss of 3.94% 
between 315 and 570 °C with the maximum rate at 446.5 °C 
is associated with dehydroxylation of attapulgite [36]. The 
fourth endothermic mass loss of 2.70% between 570 and 
760 °C with the maximum rate at 720.7 °C results from 
the decarbonization of the calcite included in attapulgite. 
At temperature range 800–870 °C, the exothermic peak 
connected with the formation of enstatite (Mg2Si2O6) [37] 
is not visible on the DTA curve of attapulgite.

Figure  4 presents the DTA, TG and DTG curves 
of sepiolite. There are five endothermic peaks on the 
DTA curve of sepiolite. Maximum of the first and main 
endothermic peak between 20 and 250 °C with a maximum 
rate at 122.3 °C is due both to the loss of water adsorbed on 
the outer surfaces and that of zeolitic water [34, 38]. The 
mass loss corresponding to this effect is 10.80%. The second 
endothermic mass loss of 1.67% between 250 and 390 °C 
with the maximum rate at 338.8 °C results from the loss 
of bound water. The third endothermic mass loss of 2.41% 
between 390 and 658 °C with a maximum rate at 493.2 °C 
is due to the loss of more strongly bound water. The fourth 
endothermic mass loss is complex with two overlapping 
mass loss steps observed between 658 and 767 °C and 767 
and 900 °C with the maximum rates at 738.3 and 835.4 °C, 
and the mass losses for these steps are 2.21% and 1.51%, 
respectively. These endothermic peaks are attributed to mass 
loss through the decarbonization of the dolomite included in 
sepiolite and the dehydroxylation of sepiolite, respectively 
[34, 39]. With the second step of dehydroxylation, the 
crystallization of enstatite also occurs, which corresponds 
to an exothermic peak at about 839 °C [35, 37].

Thermal activation of attapulgite and sepiolite 
samples

Thermal activation temperatures of the attapulgite and 
sepiolite samples were chosen on the basis of the results of 
the differential thermal analysis (DTA) and thermogravi-
metric (TG) tests of these materials. The heat treatment 
was done at temperatures slightly below the temperature of 
dehydroxylation.

For attapulgite, activation was carried out at temperatures 
of 650, 700 and 750 °C, that is, at temperatures at which 

dehydroxylation of attapulgite had already occurred. Tem-
peratures of 650 and 750 °C were assumed to correspond to 
the temperatures of beginning and end of the decarboniza-
tion of calcite included in the attapulgite, respectively. The 
samples studied were denoted: A650, A700 and A750, where 
the number means the temperature of thermal activation.

For sepiolite, activation was carried out at temperatures of 
800, 825 and 850 °C, and the samples were signified S800, 
S825 and S850, respectively. The temperature of 825 °C cor-
responds to the decomposition of sepiolite and the beginning 
of crystallization of enstatite [34, 39]. Temperatures of 800 
and 850 °C were assumed to correspond to the temperatures 
of: the decarbonization of dolomite included in the sepiolite 
and further dehydroxylation of sepiolite with the transforma-
tion of sepiolite into enstatite [35, 37].

Verification of phase transformation during heat 
treatment of samples using the XRD method

The XRD patterns of thermally activated attapulgite and 
sepiolite samples are shown in Figs. 5 and 6, respectively.

As one can see in Fig. 5, heating to a temperature of 
315 °C, that is, the temperature that refers to the first stage 
of dehydration, does not change the phase composition of 
the attapulgite sample. However, the decrease in the line 
intensity in the areas corresponding to the main peaks of 
saponite (001) and (111) (2θ CuKα equal to 6.2 and 34.7°2θ 
respectively) means the presence of low-crystalline forms of 
this mineral in the original (non-heated) attapulgite sample. 
Proper dehydration of the attapulgite sample (represented 
by the XRD pattern of sample heated at 550 °C) is com-
bined with a clearly visible disappearance of the intensity 
of the main peak (110) at 8.7°2θ CuKα and the decrease in 
the distance between the layers of the packets after removal 
of water. Further heating to the temperature of 550  °C 
causes that the new intermediate phases are already vis-
ible: forsterite and early forms of enstatite (clino- and later 
proto-enstatite). Decomposition of the attapulgite and phase 
changes are accompanied by the release of excess silica. The 
next heating stage involves the decomposition of carbonate 
admixtures, and thus the oxides formed on this occasion 
react before the temperature of 750 °C with the activated 
silicates (released silica). Products of this reaction are mag-
nesium silicates doped with Ca ions (diopside—(Mg,Ca)
SiO3) or Fe ions (forsterite—(Mg, Fe)2SiO4); it is assumed 
that silica consumption in this process will reduce the poz-
zolanic reactivity of activated attapulgite. The final prod-
ucts of the thermal treatment, beyond the thermal activation 
range (temperature of 950 °C), are well-crystallized silicates 
such as enstatite (Mg2Si2O6), diopside and forsterite, without 
intermediate phase residues corresponding to the reactivity 
of the material toward calcium hydroxide (Fig. 5).



7618	 G. Malata, E. Tkaczewska 

1 3

The phase transformation of sepiolite during heat 
treatment is similar to that of attapulgite; however, it should 
be noted that it differs by the temperature of the phase 

transformation and by the types of intermediate products 
(hydrated and non-hydrated magnesium silicate hydroxides) 
of the decomposition of sepiolite (Fig. 6). The diffraction 
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peaks of both the phases formed during the dehydration 
of sepiolite and the excess silica released are found in 
different positions in the XRD pattern in comparison with 
that of attapulgite. The main difference from the point of 
view of the planned use of the heat-treated material is a 
very narrow (compared to attapulgite) interval between 
the dehydroxylation temperatures and the formation of 
stable crystalline phases; the reduced availability of the 
decomposition products of sepiolite results in an increased 
proportion of the intermediate products of iron-magnesium 
silicate (magnesian ferrosilite). Final product of the heating 
of sepiolite is, as before, the mixture of silicate phases, but 
dominated by enstatite (Fig. 6).

Effect of thermal activation temperature 
on the content of pozzolanic reactive SiO2 and Al2O3 
in attapulgite and sepiolite samples: ASTM C379‑65 
standard [27]

The summary contents of pozzolanic reactive SiO2 and 
Al2O3 according to the ASTM C379-65 standard [27] in 
thermally activated attapulgite and sepiolite samples are 
listed in Table 4.

The results of pozzolanic properties tests (Table  4) 
confirm that thermally activated attapulgite and sepiolite 
samples contain a large amount of reactive SiO2 (Table 4). 
It is the result of progress in the transformation of basic 
magnesium silicate hydroxide into enstatite phases with the 
release of excess silica due to reactions:

•	 f o r  a t t a p u l g i t e :  M g S i 4 O 1 0 ( O H ) 
·4H2O → MgSiO3 + 3SiO2 + H2O↑

•	 f o r  s e p i o l i t e :  M g 4 S i 6 O 1 5 ( O H ) 2 
·6H2O → 4MgSiO3 + 2SiO2 + H2O↑

As it is shown in Table 4, the A750 sample contains 29.17 
and 3.26 mass% of reactive SiO2 and Al2O3 (respectively) 
and the differences approach about 45 and 20% (respectively) 
compared to the one in the A650 sample. The S850 sample 
represents 16.80 mass% of reactive SiO2 with a difference 
of approximately 8% compared to the S800 sample, while 
the content of reactive Al2O3 is only 0.88 mass% and is three 
times higher compared to the S800 sample.

Amount of Ca(OH)2 consumed by thermally 
activated attapulgite and sepiolite samples 
according to the modified Chapelle test

The results of the Ca(OH)2 consumption according to the 
modified Chapelle test are given in Table 5. The correct 
determination of Ca(OH)2 consumed by the pozzolanic 
material using the Chapelle method [28] is when the value 
of 56 V/2 ratio (where the V means the volume of 0.1 N 
HCl necessary to titrate of the final solution obtained with-
out tested material) is greater than 1000. In the case of the 
studied activated attapulgite and sepiolite samples, the value 
of 56 V/2 ratio is 1,005.

The results in Table 5 show that the attapulgite activated 
at higher temperature binds a higher amount of Ca(OH)2 in 
its pozzolanic reaction. For the A650 sample, the amount 
of consumed Ca(OH)2 is 754.58 mg and is comparable to 
that for A700 sample, which is 761.94 mg. In the case of the 
A750 sample, the amount of bounded Ca(OH)2 increases to 
765.62 mg, which means an amount higher by approximately 
1.5% compared to the A650 sample.

For the sepiolite samples, the higher temperature 
of thermal activation the lower amount of Ca(OH)2 
consumed in the pozzolanic reaction (Table 5). The S825 

Table 4   Summary contents of pozzolanic reactive SiO2 and Al2O3 
in thermally activated attapulgite and sepiolite samples determined 
according to the ASTM C379-65 standard [27]

a Letter A or S is the attapulgite or sepiolite sample and the number 
next to letter A or S is the thermal activation temperature of these 
materials

Samplea Reactive SiO2 Reactive Al2O3 Summary
(mass%)

A650 20.05 2.61 22.66
A700 25.39 2.87 28.26
A750 29.17 3.26 32.43
S800 15.52 0.23 15.75
S825 15.92 0.70 16.62
S850 16.80 0.88 17.68

Table 5   Content of Ca(OH)2 consumed by thermally activated atta-
pulgite and sepiolite samples determined according to the modified 
Chapelle test

a Letter A or S is the attapulgite or sepiolite sample and the number 
next to letter A or S is the thermal activation temperature of these 
materials
b PAA or PAS are a pozzolanic activity index of attapulgite and sepio-
lite, respectively

Samplea Ca(OH)2 consumed by sample/mg

PAAb PASb

Blank test – –
A650 754.58 –
A700 761.94 –
A750 765.62 –
S800 – 552.13
S825 – 541.09
S850 – 537.41
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and S800 samples bind 541.09 and 537.41 mg of Ca(OH)2 
(respectively) and the differences approach about 2 and 3% 
(respectively) compared to the S800 sample, for which the 
amount of consumed Ca(OH)2 is 552.13 mg.

When interpreting the results of the Chapelle test, it 
should be taken into account that they may be distorted 
by the content of Ca ions released from the thermal 
decomposition of carbonates in the attapulgite and sepiolite 
samples.

Determination of the amount of products formed 
in Ca(OH)2‑thermally activated additive‑water 
system according to DTA/TG/DTG analysis

TG losses of pastes prepared from activated attapulgite 
(or activated sepiolite), Ca(OH)2 and water—previously 
stored in tightly closed containers for 28 and 90 days at a 
temperature of 80 °C—are recorded. From the exemplary 
DTA/TG/DTG analysis of paste made of the Ca(OH)2 and 
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S825 sample—named by the CH-S825 symbol (Fig. 7)—
the following TG peaks were found: up to temperature 
of 250 °C (dehydration of hydrates), from 250 to 550 °C 
(dehydroxylation of Ca(OH)2), from 550 to 850  °C 
(decarbonization of CaCO3). The results for the CH-A750 
and CH-S850 samples are presented in Fig. 8.

In the presented study, the effect of thermally activated 
additive (attapulgite or sepiolite) is most clearly manifested 
as an increase in the content of hydrates (the water contained 
in hydrates) in the pastes (Fig.  8). The results show a 
higher content of hydrates and progress of the pozzolanic 
reaction in the CH-A750 paste. According to the dominant 
Ca(OH)2 content in the pastes studied, its consumption in 
the pozzolanic reaction can also be observed; however, 
it can also be observed that it is higher for the CH-A750 
paste (higher TG losses in the temperature range of 250 to 
550 °C). The influence of the A750 or S850 samples on 
the carbonization process is not observed (even for both 
additions used in the study).

Conclusions

1.	 During the thermal activation process, the attapulgite 
and sepiolite samples pass through the amorphization 
stage, where, before final crystallization, they show a 
higher pozzolanic reactivity.

2.	 After heating, both attapulgite and sepiolite transform 
to enstatite, and due to the presence of impurities, mag-
nesium calcium iron silicates are also observed.

3.	 The main difference between attapulgite and sepiolite is 
the transition effect between dehydroxylation and crys-
tallization, with a wide gap for attapulgite, whereas for 
sepiolite these effects overlap.

4.	 Increasing the activation temperature produces an 
increase in the content of pozzolanic reactive com-
ponents (SiO2 and Al2O3) in activated attapulgite and 
sepiolite and the resulting higher amount of Ca(OH)2 
consumed in the pozzolanic reaction of these materi-
als. Despite the concerns, there is no loss of pozzolanic 
reactivity at the temperature of the reaction of silicates 
with accompanying phases.

5.	 In chemical methods, the activated attapulgite samples 
studied reveal a content of reactive pozzolanic reactive 
SiO2 and Al2O3 that is comparable to that of metakao-
linite.

6.	 Consumption of Ca(OH)2 by forming pozzolanic reac-
tion products is higher for the calcium hydroxide paste 
containing activated attapulgite samples, which should 
be reflected in the higher compressive strength of 
cement and lime mortars.

7.	 The research results allow to sort the existing findings 
known from the literature, pointing to the possibility of 
using higher activation temperatures of attapulgite and 
sepiolite.

The results of the pozzolanic reactivity of thermally 
activated attapulgite and sepiolite are not the only property 
that will influence their role in pastes and mortars. The 
significant specific surface of these additives, by increasing 
the water demand, will impact the rheological properties, 
air entrainment and porosity. This will decide on the 
appropriate dose of these additives to cement that ensures 
the appropriate mechanical properties. The studies will 
continue by analyzing the influence of thermally activated 
attapulgite and sepiolite on the rheological properties and 
pore structure of cement paste that determine the strength 
of cement mortar.
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