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Abstract Reducing the environmental footprint 
of cement is an absolute necessity to meet the com-
mitments of COP26 and to limit global warming 
to + 1.5°C compared to the pre-industrial level. In this 
context, particular interest has developed in recent 
years in the use of calcined clays as supplementary 
cementitious materials (SCMs). Due to their high 
reactivity, large reserves and homogeneous distribu-
tion on the earth’s surface, calcined clays represent a 
viable alternative to conventional SCMs. Clay miner-
als are highly variable and numerous, each with their 
own characteristics. As a result, not all of them have 
potential for use as SCMs. The present paper inves-
tigated the use of palygorskite (a clay that has been 
relatively poorly studied) as an SCM. Two commer-
cial palygorskites of different grades were selected 
and their calcination was studied by X-ray diffrac-
tion and pozzolanic activity tests. Blended cements 
incorporating 20% of each calcined palygorskite 

were prepared and the mechanical performance and 
resistivity of the mortars measured. The results show 
that the optimum calcination temperature is 800°C 
(allowing complete amorphization of the clay fraction 
and the highest pozzolanic reactivity) for both clays. 
Mortars made with 80% ordinary Portland cement 
(OPC) blended with 20% of 800°C calcined palygor-
skite allowed a significant increase in compressive 
strength and electrical resistivity compared to the ref-
erence (100% OPC). The clay sample with palygor-
skite as the dominant mineral exhibited the greatest 
pozzolanic reactivity and mechanical performance in 
cementitious systems, confirming that palygorskite is 
a clay mineral with a significant potential for a use as 
a SCM. The second sample with smaller palygorskite 
content also allowed a significant increase in mechan-
ical performance. This demonstrated that it is not nec-
essary to use high-purity samples and enhances the 
value of this type of material.

Keywords Blended cement · Calcined clay · 
Palygorskite · SCMs

Introduction

Increasing population results in a significant increase 
in the demand for cement (Cancio Díaz et al., 2017a). 
Since 1955, cement demand has increased tenfold 
(Monteiro et  al., 2017), resulting in significant  CO2 
emissions. Today, the cement industry is estimated 
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to be responsible for ~8% of global  CO2 emissions 
(Huntzinger & Eatmon, 2009; Miller et  al., 2018), 
which represents ~2.7 billion tons of  CO2 emitted 
each year (Bajželj et  al., 2013). In this context, the 
cement industry is working to reduce its carbon foot-
print by modernizing existing plants to make them 
more efficient and by developing new technologies 
(Mari et al., 2021). These include the substitution of 
fossil fuels in cement kilns by alternative fuels (Rah-
man et  al., 2013),  CO2 capture and storage systems 
(CCS) (Barker et  al., 2009), and the development 
of alternative low-carbon clinkers (e.g. with large 
belite content (Staněk & Sulovský, 2015)). These 
innovations represent a significant cost and/or a long 
development time (Mari et al., 2021). The reduction 
of clinker content (by substituting it with other com-
pounds), on the other hand, is a technology that can 
be implemented today and represents a small cost 
compared to others (Mari et al., 2021).

In this context, new types of cements incorporat-
ing blast furnace slag (Crossin, 2015) or fly ash (Yao 
et  al., 2015) have been developed. Unfortunately, 
the available quantities of blast furnace slag are not 
large enough to allow a significant reduction of  CO2 
emissions and the energy transition rightly limits the 
available resources of fly ash from coal combustion 
(Scrivener et al., 2018). The use of calcined clays as 
SCMs is attracting increasing interest, in particular, 
because the available reserves of clays with potential 
for calcination and use as SCM are large and evenly 
distributed over the earth’s surface (Scrivener et  al., 
2018). This has led to the development of the Lime-
stone Calcined Clay Cements  (LC3) which are based 
on the use of metakaolin (Cancio Díaz et al., 2017a; 
Scrivener et al., 2018). A scientific gap exists in terms 
of the use of clays other than kaolinite or the other 
main clays studied such as smectite and illite (Danner 
et al., 2021; Fernandez et al., 2011).

A previous study that investigated the use of a dol-
omitic marlstone containing palygorskite (17%) and 
smectite (16%) as SCM demonstrated the potential of 
palygorskite (Poussardin et al., 2022). In this context, 

the aim of the present study was to investigate the 
use of calcined palygorskite as a new type of SCM 
by comparing two samples (Plg-1 and Plg-2) contain-
ing large amounts of palygorskite. The main objec-
tives were to determine if these palygorskites can be 
used as SCMs once calcined, and if the percentage 
of palygorskite in the sample has an influence on the 
total reactivity. The final objective was to determine 
the possibility of using so-called low grade Palygor-
skites as SCMs. This involves a multi-scale study 
of the calcination, the pozzolanic reactivity, and the 
mechanical performances in cementitious systems of 
these two palygorskites.

Materials and Experimental Methods

Materials

The two materials studied (Plg-1 and Plg-2) were com-
mercial palygorskites supplied by an industrial partner. 
Samples were received in powder form and were ana-
lyzed directly. The results of the chemical analysis of 
the two materials, performed using an Axios Advanced 
X-ray Fluorescence (XRF) spectrometer by PANalyti-
cal (Malvern, UK) are shown in Table 1.

The two materials have an equivalent chemical 
composition, composed mainly of  SiO2 (54.1  wt.% 
for Plg-1 and 52.8 wt.% for Plg-2),  Al2O3 (9.4 wt.% 
for Plg-1 and 9.8 wt.% for Plg-2), MgO (9.4 wt.% for 
Plg-1 and 10.5 wt.% for Plg-2),  Fe2O3 (3.2 wt.% for 
Plg-1 and 3.3 wt.% for Plg-2), and CaO (2.9 wt.% for 
Plg-1 and 2.6 wt.% for Plg-2). The quantification of 
the crystalline phases was carried out using the Riet-
veld method (see the Supplementary information) on 
the XRD diffractograms of the raw Plg-1 and Plg-2. 
Table 2 shows the mineralogical composition of each 
of these two materials.

Plg-1 and Plg-2 have a relatively similar mineral-
ogy. They are both composed mainly of palygorskite, 
associated with smectite, quartz, and ankerite. The 
occurrence of smectite in both materials is explained 

Table 1  Chemical analyses of Plg-1 and Plg-2

Oxides SiO2 Al2O3 MgO Fe2O3 CaO P2O5 K2O TiO2 LOI (1050°C)

Plg-1 wt.% 54.1 9.4 9.4 3.2 2.9 0.8 0.8 0.4 19.8
Plg-2 wt.% 52.8 9.8 10.5 3.3 2.6 0.9 0.7 0.4 19.5
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by the fact that palygorskite is mainly formed by the 
alteration of smectite (Krekeler et al., 2005; Xie et al., 
2013). It is, therefore, very common to find smectite 
associated with palygorskite in natural samples.

The particle-size distributions (obtained from pow-
ders by laser granulometry using a Mastersizer 2000 
laser granulometer by Panalytical, Malvern, UK) of 
the white, general-use Portland cement (GU-white), 
the grey, general-use Portland cement (GU-grey), 
and Plg-1 and Plg-2 (before and after calcination at 
800°C) are shown in Tables 3 and 4. The values d10, 
d50, and d90 indicate the size below which 10%, 
50%, or 90% of all particles are found.

X-ray diffraction analysis

X-ray diffraction (XRD) analyses were performed using 
a PANalytical X’Pert pro MPD diffractometer (Panalyt-
ical, Malvern, UK) equipped with a PIXcel 1D detector 
(active length of 3.347°2θ). The X-ray tube consisted of 
a copper anode tube (40 kV / 50 mA) that emits CuKα 
radiation (λ = 1.5418 Å). Measurements were based on 
a Bragg–Brentano geometry with 0.04 rad Soller slits. 
Anti-scatter and incident divergence slits were 1/8° and 
1/16°, respectively. The diffractograms were acquired 
between 3 and 70°2θ, with a step size of 0.0131°2θ and 
a measurement time of 0.75 s per step. The quantifica-
tion of the crystalline phases of Plg-1 and Plg-2 was 
carried out using the Rietveld method (see support-
ing informations) using the Profex/BGMN software 
(BGMN structure database).

Calcination

The choice of the calcination protocol was made 
on the basis of the existing literature on the subject 
(Danner et al., 2018; Garg & Skibsted, 2014, 2016; 
Krishnan et  al., 2019; Trümer et  al., 2019). Plg-1 
and Plg-2 were calcined using a laboratory furnace 
in flat alumina crucibles (to ensure a homogeneous 
calcination) under atmospheric conditions. They 
were heated from room temperature up to 600, 700, 
800, and 900°C with a heating rate of 5°C/min and a 
residence time at maximum temperature of 1 h. After 
calcination, the materials were left to cool to room 
temperature in the oven overnight (with the door 
closed).

Nuclear magnetic resonance

The 27Al MAS NMR spectra were acquired on a 
Bruker Avance III 500 MHz spectrometer (Billerica, 
Massachusetts, USA) using a 2.5  mm MAS probe. 
The excitation pulse length used was π/13 for a radio 
frequency field of 11  kHz. The repetition time was 
1  s and the MAS frequency was 30  kHz. The 29Si 
MAS NMR spectra were acquired on a Bruker NEO 
300  MHz spectrometer (Billerica, Massachusetts, 
USA) using a 7 mm MAS probe.

A π/2 excitation pulse length was used, and the 
MAS frequency was 5 kHz. After several tests of dif-
ferent repetition times, the choice was made to use 
a time of 10 s in order to ensure quantitative results 
(except for quartz). However, this has no conse-
quences as quartz is non-reactive. 1H decoupling 

Table 2  Mineralogical composition of Plg-1 and Plg-2

Phases Palygorskite Smectite Quartz Ankerite

Plg-1 wt.% 61 (± 0.65) 25 (± 0.36) 10 (± 0.14) 4 (± 0.12)
Plg-2 wt.% 73 (± 0.70) 21 (± 0.44) 4 (± 0.15) 2 (± 0.1)

Table 3  Particle-size distributions of the palygorskites (Plg-1 
and Plg-2) before and after calcination at 800°C

Label d10 (µm) d50 (µm) d90 (µm)

Plg-1 5 22 67
800°C-Plg-1 4 20 72
Plg-2 4 11 23
800°C-Plg-2 3 9 20

Table 4  Particle-size distributions of GU-grey and GU-white

Label d10 (µm) d50 (µm) d90 (µm)

GU-grey 4 21 60
GU-white 2 14 42
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was performed during all the acquisitions. 27Al spec-
tra were referenced against an aqueous solution of 
Al(NO3)3 and 29Si spectra against TMS (tetramethyl-
silane). The spectral decompositions were done using 
the dmfit software (Massiot et al., 2002).

Pozzolanic activity: isothermal calorimetry

The pozzolanic activity of Plg-1 and Plg-2 calcined 
at different temperatures was evaluated according 
to ASTM C1897 (ASTM International, 2020b) by 
measuring the cumulative heat release. 10 g of dry 
SCM was mixed with 30  g of calcium hydroxide, 
5  g of calcium carbonate, and 54  g of potassium 
solution (prepared by dissolving 4  g of potassium 
hydroxide and 20  g of potassium sulfate in 1  L 
of reagent water) at 1600 r/min for 2  min using a 
high-shear blender so that a homogeneous paste 
was achieved. All chemicals were obtained from 
Thermo Fisher Scientific (Waltham, Massachu-
setts, USA). Then, 15  g of the paste was cast into 
calorimeter ampoules and placed in the calorimeter 
measurement chamber (TAM Air, TA Instruments, 
Newcastle, Delaware, USA). The cumulative heat 
release was recorded for 7 days (168 h) after mixing 
and expressed in J/g of SCM.

Calcined palygorskite-cement blends and 
compressive strength measurements

Two different blended cements were obtained by mix-
ing 80 wt.% of GU-grey or GU-white with 20 wt.% 
of 800°C calcined Plg-1 or 800°C calcined Plg-2. 
All cements were obtained from Cement Roadstone 
Holdings (CRH, Concord, Ontario, Canada). The 
objective of blending with GU-grey and GU-white 
cements was to assess the influence of the addition 
on the mechanical performance in a conventional sys-
tem (GU-grey cement), but also to be able to perform 
solid state NMR measurements in order to evalu-
ate the influence of the Palygorskite on the hydra-
tion kinetics (in this case GU-white cement is used 

to avoid the distortion of the NMR signal induced by 
iron atoms).

The particle-size distribution of the calcined 
palygorskites (Table 3) and the two types of cements 
(Table 4) are of the same order of magnitude, which 
ensures a homogeneous blend.

The chemical analysis (performed by XRF) 
of the two cements, GU-grey and GU-white, are 
reported in Table  5. The main differences were in 
the proportion of  Fe2O3, which was very small for 
GU-white and the proportion of alkali which was 
greater for GU-grey.

Mortar cubes (50  mm × 50  mm × 50  mm) were 
then prepared using a constant water:binder ratio of 
0.484 and with graded ASTM C109 (ASTM Inter-
national, 2020a) standard sand (sand:binder = 2.75). 
Molds were then placed in plastic bags for 20  h 
until demolding. The demolded mortar cubes were 
stored in CaO-saturated water until the age of test-
ing. Compressive strength was assessed according 
to the ASTM C109 loading procedure (ASTM Inter-
national, 2020a) after 7 and 28  days of hydration. 
Control mortar cubes were made using 100% GU-
grey and 100% GU-white. A polycarboxylate (PC) 
superplasticizer was used for mortars made with the 
blended cements to obtain a slump flow equivalent 
to that of the control mortars.

Electrical resistivity

The electrical bulk resistivity was used to assess 
the influence of the SCMs on the durability of mor-
tars. The electrical resistivity was evaluated on 
50  mm × 50  mm × 50  mm mortar cubes at 28  days 
of curing. All measurements were made directly 
after removing the samples from the lime solution 
and after wiping the surface with a wet towel to 
remove the excess water. This was done to ensure 
an equivalent moisture state. Two electrodes were 
placed on opposite surfaces of the cubes, a voltage 
was applied, and the potential difference (resistance, 

Table 5  Chemical analyses of GU-grey and GU-white

Oxides CaO SiO2 Al2O3 SO3 MgO K2O TiO2 Fe2O3 Cr2O3 SrO P2O5 Na2O BaO LOI

GU-grey wt.% 61.9 20.7 4.5 3.6 2.1 0.8 0.2 2.5 0 0.1 0.1 0.2 0 2.8
GU-white wt.% 64.8 21.7 5.1 3.1 0.9 0.2 0.2 0.2 0.2 0 0 0.1 0.1 3.2
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R) was measured. The electrical resistivity (Ω  m) 
was calculated as ρ = R.(A/l) with R being the elec-
trical resistance (Ω),  A the area  (m2) of the cross 
section of the specimen, and l the length (m) of the 
specimen.

Results and Discussion

Calcination and reactivity

The XRD analysis (Fig. 1) of the raw Plg-1 and Plg-2 
samples revealed the characteristic peaks of palygor-
skite (Plg), smectite (Sme), quartz (Qz), and ankerite 
(An). From 600°C, the [001] characteristic peak of 
the smectite shifted from ~6 to 9°2θ, which is caused 
by the decrease in the d001 value due to the removal of 
water from the interlayer space (Carniel et al., 2014).

With increasing calcination temperature, the inten-
sity of the characteristic peaks of palygorskite and 
smectite decreased gradually. They were no longer 
detectable at 900°C while the characteristics peaks 
of åkermanite (Ak) and enstatite (En) (Kretz, 1983) 
appeared. Quartz was not affected by the thermal 
treatment as its characteristic peaks were still observ-
able after calcination at 900°C. The evolution of the 
diffractograms of Plg-1 and Plg-2 was similar, and, 
based on the XRD results, 800°C seems to be the 
best calcination temperature as it allows an impor-
tant amorphization of the clay phases while avoiding 
recrystallization phenomena.

Pozzolanic activity measurements were then car-
ried out at each temperature to determine accurately 
the optimum calcination temperature of Plg-1 and 
Plg-2 (Fig. 2). For both Plg-1 and Plg-2, the pozzolanic 
reactivity increased with the increasing calcination 

Fig. 1  Evolution of the X-ray diffractograms of Plg-1 and Plg-2 samples as a function of the calcination temperature (with an 
enlargement of the low-angle area). Plg = palygorskite; Sme = smectite; Qz = quartz; An = ankerite; Ak = akermanite; En = enstatite
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temperature up to a maximum of 510 J/g of SCM (Plg-
1) and 564  J/g of SCM (Plg-2) at 800°C. In a previ-
ous study (Poussardin, 2022), a reference palygorskite 
(containing 79% of palygorskite and 11% of smectite), 
sample PFl-1 obtained from the Source Clays Reposi-
tory of The Clay Minerals Society, was tested and dem-
onstrated a pozzolanic activity value of 528 J/g SCM 
after calcination at 800°C. Plg-1 and Plg-2 (which con-
tain smaller percentages of Palygorskite, 61 and 73%, 
respectively) exhibited a pozzolanic reactivity equiva-
lent to that of PFl-1 (79% palygorskite).

Ten types of metakaolins varying in purity and other 
constituent minerals were tested by Londono-Zuluaga 
et al. (2022) who obtained pozzolanic reactivity values 
ranging from 250 to 960 J/g of SCM at 7 days. These 
pozzolanic reactivity values of palygorskite reported 
here are, therefore, typical for this type of clay and 
very interesting as they are in the range of metakaolin, 
which is the current reference for calcined clays.

The pozzolanic reactivity decreased after calcina-
tion at 900°C for both Plg-1 and Plg-2 because of the 
recrystallization phenomena, as highlighted for the 
XRD analyses. Recrystallization of metastable phases 
is a well-known phenomenon that leads to a decrease 
in the total pozzolanic reactivity of the sample (the 
newly formed phases will not be prone to dissolve 
and react pozzolanically) (Alujas et  al., 2015). Poz-
zolanic reactivity measurements correlated well with 

the XRD analysis (Fig. 1); the increase in pozzolanic 
reactivity followed the loss of crystallinity of the cal-
cined clay phases highlighted by XRD. Plg-1 and Plg-
2, despite their difference in mineralogical composi-
tion (difference in the total proportion of clay phases 
as well as the proportion of palygorskite), showed 
equivalent pozzolanic reactivity at each temperature 
(the difference between the two was of the same order 
of magnitude as the measurement uncertainty).

Based on the XRD analysis and the pozzolanic 
activity test, 800°C is apparently the appropriate cal-
cination temperature for both Plg-1 and Plg-2. This 
temperature is in agreement with temperatures deter-
mined in previous studies on a palygorskite-bearing 
marlstone (Poussardin et al., 2020) and on a reference 
palygorskite (Poussardin, 2022). Blended cements 
incorporating 20  wt.% Plg-1 and Plg-2 calcined at 
800°C were then produced to make mortars and 
measure the compressive strength and resistivity.

Calcined palygorskite-cement systems

Compressive strength on calcined palygorskite grey 
and white cement mortars

The compressive strength measurements (Fig.  3) 
were done at 7 and 28  days for mortars M-G-GU 

Fig. 2  Evolution of the pozzolanic activity (cumulative heat release) of Plg-1 and Plg-2 samples as a function of the calcination tem-
perature

908

https://doi.org/10.1007/s42860-023-00224-w Published online by Cambridge University Press

https://doi.org/10.1007/s42860-023-00224-w


Clays Clay Miner. 

1 3
Vol.: (0123456789)

(Mortars-Grey General Use Portland cement), M-G-
Plg-1 and M-G-Plg-2 (Mortars-Grey General Use 
Portland cement incorporating 20 wt.% of Plg-1 and 
Plg-2 calcined at 800°C, respectively), M-W-GU 
(white Portland cement), and M-W-Plg-1 and M-W-
Plg-2 (white Portland cement incorporating 20 wt.% 
of Plg-1 and Plg-2 calcined at 800°C, respectively).

After 7 and 28  days of hydration, M-G-Plg-1, 
M-G-Plg-2, M-W-Plg-1, and M-W-Plg-2 exhibited 
larger compressive strength values than their respec-
tive references (M-G-GU and M-W-GU).

M-G-Plg-2 exhibited compressive strength val-
ues equivalent to M-G-Plg-1 at both 7 days (45 and 
40 MPa, respectively) and 28 days (56 and 49 MPa, 
respectively). These results agree with the pozzolanic 
activity test results which showed an equivalent poz-
zolanic reactivity of Plg-2 compared to Plg-1 after 
calcination at 800°C. These results were confirmed 
in the white Portland cement system as M-W-Plg-2 
exhibited equivalent compressive strength values in 
the M-W-Plg-1 at 7 and 28 days, respectively.

The lower compressive strengths values in the white 
cement could be explained by the small alkali content 
(see Table 5) of the white cement in comparison to the 
grey cement. This will decrease the alkali content in 
the pore solution and will lead to a decrease in the rate 
of dissolution of the calcined SCM, thus delaying the 
pozzolanic reaction (Kawabata & Yamada, 2015).

The partial cement replacement by Plg-1 or Plg-2 
calcined at 800°C led to a significant increase in 

compressive strengths, which confirmed the high 
pozzolanic reactivity of these two materials. Based on 
these results, apparently even with a smaller percent-
age of palygorskite (as for Plg-1), this type of clay 
showed a significant pozzolanic reactivity.

MAS NMR Analysis

29Si and 27Al MAS NMR analyses were then carried 
out on pastes of white portland cement blends after 7 
and 28 days of hydration to highlight the influence of 
the SCM on the hydration of white cement.

The evolution of the 27Al MAS NMR spectra 
obtained for the cement pastes P-W-GU (GU white 
cement), P-W-Plg-1 (GU white cement blended with 
20% of 800°C-Plg-1), and P-W-Plg-2 (GU white 
cement blended with 20% of 800°C-Plg-2) hydrated 
for periods of 7 and 28 days are displayed in Fig. 4.

The spectrum of P-GU (at 7 and 28 days) exhib-
ited two main resonances in the spectral region for the 
6-fold Al at 13.1 and 9.8 ppm, which can be associ-
ated with Al in ettringite (Andersen et al., 2004) and 
monosulfate (Andersen et  al., 2006), respectively. 
X-ray diffraction analyses were carried out on these 
hydrated samples and confirmed the presence of 
ettringite (see the Supporting Information).The shoul-
der at 4.5 ppm can be associated with sixfold Al from 
the C-(A)-S–H as described by Kunhi Mohamed et al 
(2020). The spectrum of P-GU also contained a broad 
resonance at 70 ppm which corresponds to 4-fold Al 

Fig. 3  Compressive strength at 7 (left) and 28 (right) days of M-G-GU, M-G-Plg-1, M-G-Plg-2, M-W-GU, M-W-Plg-1, and M-W-
Plg-2
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and which can be associated with Al incorporated in 
the C-(A)-S–H chains (Andersen et  al., 2003; Rich-
ardson et al., 1993).

For the P-W-Plg-1 and P-W-Plg-2 samples, 
the same characteristic resonances of ettringite 
(13.1 ppm), monosulfate (9.8 ppm), and Al incorpo-
rated in the chains (70 ppm) and interlayers (35 ppm) 
of C-(A)-S–H were observed. The 35 ppm resonance 
can also be associated with 5-fold Al from the un-
reacted calcined clay phases. The addition of Plg-1 
and Plg-2 calcined at 800°C did not seem to have 
much influence on the relative proportions of ettrin-
gite and monosulfate (at 7 and 28  days), apart from 
the dilution effect.The addition of Plg-1 and Plg-2 
calcined at 800°C, however, appeared tolead to an 
increase in the relative proportions of 4- and 5-fold Al, 
which are associated with Al in the C-(A)-S–H chains 
and interlayers, respectively. The addition of calcined 
palygorskite will, therefore, lead to an increase in 
the incorporation of Al in C-(A)-S–H through poz-
zolanic reaction. The comparison of P-W-Plg-1 and 

P-W-Plg-2 indicated that the phenomenon is more 
pronounced for P-W-Plg-2, which correlates well with 
the greater pozzolanic reactivity of Plg-2.

The evolution of the 29Si MAS NMR spectra for 
the cement pastes P-W-GU (GU white cement), P-W-
Plg-1 (GU white cement blended with 20% of 800°C-
Plg-1), and P-W-Plg-2 (GU white cement blended 
with 20% of 800°C-Plg-2) hydrated for periods of 7 
and 28 days is displayed in Fig. 5.

At 7  days, the spectrum of P-W-GU exhibited a 
main resonance at -71 ppm, which corresponds to Si 
atoms in  Q0 configuration (see the Supporting Infor-
mation) and which can be associated with Si from 
unhydrated  C2S and  C3S (Cardinaud et  al., 2021; 
Skibsted et  al., 1995). The three resonances at -79, 
-81 and -84  ppm correspond to Si in  Q1,  Q2(1Al), 
and  Q2 configurations (see the Supporting Informa-
tion), which can be associated with Si in the C-(A)-
S–H (Andersen et al., 2003; Dai et al., 2014; Pardal 
et  al., 2012). Between 7 and 28  days, the relative 
proportion of Si in  Q0 configuration decreased and 

Fig. 4  Evolution of the 27Al MAS NMR spectra (with an enlargement between 60 and 20 ppm) for the cement pastes P-GU, P-W-
Plg-1, and P-W-Plg-2 hydrated for 7 and 28 days
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the relative proportion of Si in  Q1,  Q2(1Al), and  Q2 
configurations increased. This reflects a consumption 
of the  C2S and  C3S associated with the formation of 
C-(A)-S–H.

At 7 days, the spectra of P-W-Plg-1 and P-W-Plg-2 
also exhibited resonances associated with  C2S and 
 C3S (-71  ppm) as well as with the C-(A)-S–H  (Q1, 
 Q2(1Al), and  Q2 at -79, -81 and -84 ppm, respectively). 
The main difference was the presence of a broad reso-
nance in the  Q3 and  Q4 spectral region which can be 
associated with the Si from the calcined clay phases 
(palygorskite and smectite) (Poussardin et  al., 2022). 
From 7 to 28 days of hydration, the relative proportion 
of  C3S +  C2S  (Q0) and calcined clay phases  (Q3 and 
 Q4) decreased, which is associated with an increase 
in the relative proportion of C-(A)-S–H  (Q1,  Q2(1Al), 
and  Q2). These results confirm the pozzolanic reaction 
of Plg-1 and Plg-2 calcined at 800°C.

To compare accurately the evolution of C-(A)-S–H 
and calcined clay phases during hydration, a spec-
tral integration quantification was performed. The 

evolution of the relative proportion of Si from the 
C-(A)-S–H and from the calcined clay phases as a 
function of the hydration time for the three systems 
(P-W-GU, P-W-Plg-1 and P-W-Plg-2) was studied 
(Fig. 6), not to represent the evolution of the cemen-
titious phases  (C3S,  C2S), but rather to focus on the 
pozzolanic reactivity only.

For P-W-GU, the relative proportion of C-(A)-S–H 
increased with the hydration time, which is due to the 
hydration of the anhydrous phases. For P-W-Plg-1 
and P-W-Plg-2, the increase in the relative proportion 
of C-(A)-S–H correlates with the consumption of the 
calcined clay phases. After 28 days of hydration, the 
relative proportion of C-(A)-S–H is greater for P-W-
GU- than for P-W-Plg-1 and P-W-Plg-2. The two 
blends exhibited greater compressive strength val-
ues, however. This could be explained by the type of 
C-(A)-S–H formed in the blends and/or by the filler 
role of the unreacted calcined clays.

By comparing the two, the consumption of 
calcined clay phases appeared to be greater for 

Fig. 5  Evolution of the 29Si MAS NMR spectra (with an enlargement between -90 and -120 ppm) for the cement pastes P-W-GU, 
P-W-Plg-1, and P-W-Plg-2 hydrated for 7 and 28 days
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P-W-Plg-2 than for P-W-Plg-1. Despite the greater 
consumption of calcined clay phases in Plg-2, no par-
ticular impact was observed in the relative proportion 
of C-(A)-S–H compared to Plg-1.

The average chain length of aluminosilicate tetrahe-
dra ( CL ) of the C–(A)-S–H structure can be calculated 
with the following equation using the model of Rich-
ardson et al. (1993):

The average aluminosilicate chain length ( CL ) 
increased with increasing hydration times for P-W-
Plg-1 and P-W-Plg-2 (Table  6). The increase in 
CL for the blends P-W-Plg-1 and P-W-Plg-2 by 

CL =

2

[

Q1 + Q2 +
3

2
Q2(1Al)

]

Q1

comparison revealed that the increased amount of 
Al in the hydrating system led to a greater amount 
of Al incorporated into the C-(A)-S–H structure 
(Dai et al., 2014). The increase in CL correlated well 
with the 27Al MAS NMR results, which showed 
an increase in the amount of Al incorporated into 
the C-(A)-S–H for P-W-Plg-1 and P-W-Plg-2. This 
increase in CL caused by the addition of calcined 
clay is in agreement with the results of Love et al. 
(2007). Furthermore, the  CL values are similar to a 
system blended with 20% of metakaolin (Dai et al., 
2014). However, the increase in CL for P-W-Plg-1 
and P-W-Plg 2 was not significant enough to explain 
the differences in compressive strength. The expla-
nation may, therefore, lie more in microstructure 
and cohesion issues than in C-A-S–H type.

Fig. 6  Evolution of the relative proportions of Si contained in C-(A)-S–H and calcined clay phases of P-W-GU, P-W-Plg-1, and 
P-W-Plg-2 hydrated for 7 and 28 days

Table 6  Evolution of CL of the C-(A)-S–H as function of the hydration time for P-W-GU, P-W-Plg-1, and P-W-Plg-2

P-W-GU
7 days

P-W-GU
28 days

P-W-Plg-1
7 days

P-W-Plg-1
28 days

P-W-Plg-2
7 days

P-W-Plg-2
28 days

CL 3,61 3,75 4,09 4,43 4,10 4,47
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Electrical resistivity on calcined palygorskite grey 
and white cement mortars

The electrical resistivity at 28 days of the two ref-
erences (M-G-GU and M-W-GU) and their respec-
tive blends (M-G-Plg-1, M-G-Plg-2, M-W-Plg-1 
and M-W-Plg-2) is shown in Fig. 7. The electrical 
resistivity increased significantly in both the grey 
and white cements when blended with 20 wt.% of 
800°C calcined Plg-1 and Plg-2. This gain in elec-
trical resistivity was mainly due to the dilution 
effect of the clinker with the SCM, which led to a 
decrease in the total amount of alkalis (Huang & 
Yan, 2019). Although white cement contains less 
alkali, the resistivity values appear to be smaller 
than for grey cement. This can be explained by a 
more connected porosity, favoring the passage of 
ions and decreasing the resistivity. In all cases, the 
addition of 800°C Plg-1 and Plg-2 allowed a sig-
nificant improvement in the resistivity, suggesting 
an increased durability for this type of palygorskite 
blended cement.

Conclusions

A comparative study of the use of two commercial 
palygorskites (containing different percentages of 
palygorskite) as SCMs after calcination was carried 
out. Based on the results, the following conclusions 
can be drawn:

– A calcination temperature of 800°C is optimal for 
Plg-1 and Plg-2 and produces the largest pozzo-
lanic reactivity values.

– The preparation of mortars with cements incorpo-
rating 20% of Plg-1 and Plg-2 calcined at 800°C 
showed a significant increase in compressive 
strength compared to the reference (GU cement-
based mortars).

– Plg-1 and Plg-2 have equivalent pozzolanic reactiv-
ity, which allows an equivalent compressive strength 
in the mortars. The difference in the proportion of 
palygorskite present in each of the samples (61% 
in Plg-1 and 73% in Plg-2) has no influence on the 
total pozzolanic reactivity nor on the mechanical 
performance in the cementitious system.

– In general, palygorskite is a clay mineral with a 
significant potential for use as a SCM after calci-
nation at 800°C.

– Plg-1, the sample with the smallest proportion of 
palygorskite exhibited a good pozzolanic activity 
(heat release of 510  J/g of SCM), yielded a sig-
nificant increase in mechanical performance com-
pared to the reference. This demonstrates that the 
use of pure samples is unnecessary and offers new 
ways of valorization for this type of material.

Further experimentation will continue with the 
study of samples that contain small proportions of 
palygorskite (between 20 and 50%) to determine 
whether a new way of recovery of these so-called 
low-grade samples is possible.

Fig. 7  Electrical resistivity at 28 days of M-G-GU, M-W-GU, M-G-Plg-1, M-G-Plg-2, M-W-Plg-1, and M-W-Plg-2
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