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Abstract 

The use of geopolymer in radiofrequency applications and more precisely in antenna is 

innovative. The objective of this study is to highlight the impact of mixtures of kaolin and 

argillite on the structure and dielectric properties of geopolymers for antenna application. For 

this, six geopolymer formulations based on mixtures of kaolin and argillite with different 

proportions (33, 50 and 67 %) and calcined at 600 and 750 °C were studied using mercury 

intrusion porosimetry, dielectric measurements and NMR spectroscopy. Low porosity values 

were obtained whatever the mixture. At 600°C, the porosity increases with the increase of 

argillite content from 18 to 23%. At 750°C, no impact of argillite content on the porosity 

(16%) was detected. However, the pore size increases with increasing the argillite content 

regardless of the calcination temperatures due to the unreacted secondary phases present in 

argillite. MAS-NMR experiments on geopolymer samples and calcined mixtures have 

evidenced a strong correlation between reactive aluminum resulting from dehydroxylation of 
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kaolin and clay minerals of argillite and the geopolymerization rate. These structural 

variations influence the dielectric properties. Indeed, ε and tan δ values increase with the 

increase of argillite content and calcination temperature due to the increase in the number of 

moles of free alkali earth cations (Ca2+ and Mg2+).  

Keywords:  geopolymers, dielectric properties, MAS-NMR, porosity, carbonates 

I. Introduction  

Geopolymers are amorphous three-dimensional mineral binders, obtained by the 

activation of an aluminosilicate source by an alkaline solution at low temperature [1, 2]. A 

multitude of raw materials such as metakaolins, clays, fly ash, slag, red mud, waste glass or 

the mixture of these materials can be used for synthesis geopolymers [3, 4]. The properties of 

raw materials strongly influence the structure and the properties of the final materials. Autef 

et al., [5] have demonstrated the importance of metakaolin properties such as the wettability, 

the amorphous phase and the dehydroxylation extent on the structure and the mechanical 

properties of geopolymer .The influence of calcium on the properties of geopolymer was also 

investigated. It was shown that it strongly depends on the content, the form and the source of 

calcium [6]. In fact, calcium can precipitates as portlandite Ca(OH)2 or reacts with silicate and 

aluminates [6, 7,]. Addition of calcium compounds such as CaO and Ca(OH)2 improves the 

mechanical properties of the fly ash based geopolymers [8]. Dupuy et al., [9] have 

demonstrated that the geopolymerization reaction and the mechanical strengths of Callovo-

Oxfordian (COx) argillite based materials depends not only on the reactive aluminium but 

also on carbonate species evolution after alkali activation. The effect of calcium on 

geopolymer porosity was also highlighted. For example, the replacement of fly ash by blast 

furnace slag i.e. the increase of calcium content leads to the decrease of the porosity and the 

pore size distribution is shifted to micro-porosity [10,11]. Other studies have focused on the 

influence of calcium on the thermal properties. It was demonstrated that the calcium content 
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and availability impact the phase transformation at high temperatures, and the strength after 

thermal treatment [12]. Geopolymers based on calcined mixtures of kaolin and argillite were 

also characterized by a thermal resistance at 1000°C and an improvement in mechanical 

strength especially for the mixture composed of 67% argillite. This result was explained by in 

situ formation of thermally resistant crystalline phases such as wollastonite [13]. The impact 

of carbonates on the geopolymerization reaction will also impact other working properties 

such as dielectric one. In fact, dielectric properties of geopolymer are recently gaining 

increasing interest [14,15]. The investigation of dielectric properties of geopolymer is 

interesting since they can be used in radiofrequency applications and more precisely as matrix 

in antenna to replace currently used resin [15]. In fact, the use of geopolymer will permit on 

one hand the miniaturization of wideband antennas which is necessary to obtain compact 

devices such as wearable and/or disposable ones [16]. On the other hand, the use of inorganic 

materials is more eco-friendly and less pollutant.    

 Some studies have investigated fresh and aged fly ash based geopolymers. They have 

found that the dielectric properties depend on many factors such as the frequency, the alkali 

cation concentration [17], the reaction rate [18], the porosity and the density of the 

geopolymer [19] and the water content [20]. In fact, the dielectric properties of geopolymers 

(ε and tan δ) were demonstrated to increase with the increase of free water amount. This fact 

was explained by the easy polarization of H–O–H bonds by an electric field. Water will also 

permit the movement of free alkali cation along the pore increasing consequently the ionic 

electrical conductivity of geopolymer materials [21]. Other authors have studied the dielectric 

properties of acid based geopolymer [22,23]. They have found that that dielectric values 

increased with the decrease of Si/P molar ratio due to enhancement of ionic conduction. It 

was also highlighted that acid based geopolymer permits also to decrease the dielectric loss 

compared to alkali based one because the ion transfer is negligible [24]. Thus, the effect of 
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different raw materials with complex mineralogy and especially the effect of carbonate and 

the final structure of geopolymer on the dielectric properties is not yet fully understood.  

The objective of the present work is to study the influence of calcined mixture of kaolin 

and argillite at two different temperatures on the porosity, structure and dielectric properties 

of the resulting geopolymers. The variation of the argillite content in the mixture and the 

calcination temperature will modify the calcium and aluminium content availability and 

reactivity. The novelty of the study consists on the evaluation of dielectric properties of kaolin 

and argillite mixtures based geopolymers for antenna applications and to determine the factors 

controlling these properties. 

 For this purpose, several characterization were carried on such as mercury intrusion 

porosimetry, NMR spectroscopy and dielectric measurements.  

II. Experimental part 

Raw materials and sample preparation 

The samples are prepared using two aluminosilicate sources such as kaolin that contains 

traces of calcite [25] and Callovo-Oxfordian argillite [26]. Kaolin was mixed with the argillite 

with different mass proportions and calcined at 600 or 750°C. The Chemical and physical 

characteristics of the aluminosilicate sources used are detailed in previous work [13]. The 

adopted nomenclature is Y and Y’ for the mixtures calcined at 600 and 750°C, respectively 

with Y=A, B, C and Y’ = A’, B’, C’ with (A, A’), (B, B’) and (C, C’) contain 33, 50 and 67 

wt.% of argillite. These mixtures are mixed with an alkaline silicate solution (Si/K = 0.58) 

under strong mixing for 5 min. Samples are casted in closed molds and stored at room 

temperature for seven days. The geopolymer samples are named GY and GY’ as detailed in 

Table 1. 

Characterization techniques 
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Differential and thermogravimetric (DTA-TGA) thermal analysis were performed for the 

mixtures of raw materials with a TA Instrument SDT Q600. The samples were placed in 

platinum crucibles. The measurement was carried out in atmosphere of dry air (100 mL/min) 

between 30 and 1000 °C with a rate of 10 °C/min. 

The pores size distribution in the range 0.0078 - 100 µm was analyzed by mercury 

porosimetry (surface tension = 0.48 N/m and contact angle =140 °, Thermo Finnigan Pascal 

140 and Thermo Finnigan Pascal 240). The measurement were performed on monolith 

sample, with an experimental error of 4 % due to the accuracy of the instrument. 

High-resolution NMR experiments were performed on aluminosilicate mixtures and 

consolidated geopolymers at room temperature using a Bruker AVANCE-400 spectrometer, 

operating at 104.26 MHz for 27Al signal and 79.49 MHz for 29Si signal. The powders were 

deposited in a zirconia rotor (Ø = 4 mm). The spinning rate was 10 kHz.  The 27Al (I = 5/2) 

MAS NMR spectra were recorded after p/8 pulse irradiation (1.5 μs) using a 1- MHz filter to 

improve the signal/noise ratio. A solution of AlCl3 was used as a reference. The 29Si (I = 1/2) 

MAS NMR spectra were recorded after a π/2-pulse irradiation (4 µs) using a 500 kHz filter to 

improve the signal/noise ratio. In each case, 400 scans were collected. The time between 

acquisitions was set to 10 s to minimize saturation effects. Tetramethylsilane (TMS) was used 

as a reference standard. The estimated errors for chemical shifts and relative area are 

estimated of 1 ppm and 2% respectively. The fitting of NMR spectra was performed with the 

Winfit program (Bruker). 

Dielectric measurements were effectuated using the VNA Keysight E5063A which 

provided high-precision dielectric parameter measurements (permittivity, permeability and 

loss tangent). For samples homogeneous measurements and characterization, the loaded 

rectangular waveguide method was chosen despite its reduced frequency band in mono mode 

(fcTE10 = 1.735 GHz and fcTE20 = 3.47 GHz for WR340 standard of this study). To 
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duplicate the means of multi-site characterization and ensure a good level of adaptation, it was 

decided to carry out the transitions from the coaxial guide to the rectangular one. The guiding 

idea of the design is to facilitate the casting of geopolymers in the sample holder and improve 

its performance in terms of adaptation of the order of 25 dB between 2 and 3.3 GHz. TRL 

calibration resulted in a measurement error of |Sij] 0.03 dB and arg(Sij) 0.4°. The geopolymer 

samples were previously dried at 90°C. Humidity affects the dielectric properties (permittivity 

and loss tangent) of geopolymers. This behavior has been previously observed and was 

attributed to water and cation mobility in the geopolymer [16, 27]. Measurements of standard 

samples (plexiglass and Teflon) were made and comparisons of complex permittivity 

extracted by NRW algorithm and by another free space method have shown good agreements 

and validated the whole process. The sample is connected by a phase and amplitude stable 

cable to a VNA which is then calibrated with thru, reflect and line for WR340. 

III. Results and discussion 

In order to assess the effect of carbonate and reactive aluminium, the argillite content in 

the initial mixture (33, 50 and 67%) and calcination temperature (600 and 750°C) were varied 

and their effect on the porosity and structure of the resulting geopolymer as well as their 

dielectric properties, was investigated. 

1) Porosity and structure 

Table 2 reports the main results of apparent density, surface area, porosity, pore volume 

and average pore diameter determined by mercury intrusion porosimetry. The data show that 

the apparent density is quite similar for all samples and is in the range of 2.24 - 2.40 g/cm3. 

These values are in accordance with literature [28,29]. Specific surface area of geopolymer 

materials decreases with increasing the argillite content for both calcination temperatures of 

the raw mixtures (from 20 to 12 m2/g for GA and GC, respectively and from 21 to 9 m2/g for 
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GA’ and GC’, respectively). The obtained specific surface values are lower than those of 

metakaolin and potassium-based geopolymer (about 155 m2/g) [3, 30] and similar to fly ash 

based one (about 8 m2/g) [31]. Furthermore, whatever the sample, the porosity value ranges 

from 16 to 23 % which is lower than the value obtained for geopolymers usually varying 

between 30 and 50 % depending the used aluminosilicate source (metakaolin or fly ash) and 

alkaline solution (potassium or sodium) [32,33,34]. The lower obtained values are due to the 

use of argillite. Indeed, Dupuy et al., [35] have shown a low porosity varying from 18 to 23% 

for argillite based geopolymers. At 600°C, the porosity decreases with the increase of the 

argillite content from 33 to 50% (18 and 14% for GA and GB, respectively) and then 

increases at 67% of argillite (23%).The difference for GB is due to carbonates compounds 

promoting the solid reaction between the various species [34]. At 750°C, the porosity value of 

GA’, GB’ and GC’ samples is about 16 % whatever the argillite content. The pore volume 

follows the same trend as for the porosity. This result reveals that more reaction products i.e 

geopolymer network are formed for materials based on mixtures calcined at 750°C which 

reduce the porosity [20]. The pore size distribution is shown in Figure 1. The pore size 

distribution is monomodal in the range 0.01-0.025 µm and 0.01-0.03 µm for GA and GB 

samples respectively. The same type of distribution (monomodal) was observed for GA’ and 

GB’ samples with a pore size in the range 0.01-0.02 µm. In the case of GC and GC’ samples, 

the pore size distribution becomes bimodal, with the first peak detected at 0.03 µm and the 

second at 1µm and 0.4 µm. Data indicate that the average pore diameter increases with 

increasing the argillite content for both calcination temperatures. This fact can be explained 

by the unreacted secondary phases present in argillite such as muscovite, calcite and quartz 

[10,13], inducing heterogeneity of the microstructure and therefore higher pore size [36]. 

Consequently, the porosity and pore size distribution are highly dependent on the chemical 

composition and the thermal history of the used aluminosilicate source. For further structural 
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informations, 27Al and 29Si MAS-NMR experiments were performed on geopolymer samples 

(Figure 2 A,B). An example of deconvoluted spectrum of GA sample is presented in Figure 

2A. Deconvolution details are reported in Table 3. Irrespective of the sample, the spectra are 

typical of geopolymer materials [37]. Indeed, a dominant phase at approximately 58 ppm, 

attributed to four-coordinated aluminium (Al(IV)) is observed and denotes the formation of the 

geopolymer network. A minor broad peak centered at about 3 ppm, corresponding to six-

coordinated aluminium Al(VI) is attributed to non-reacted species [38]. With the increase of 

argillite proportion in the mixture, the percentage of Al(VI) increases in detriment of Al(IV) from 

3.4 to 7.7 % for GA and GC and from 2.2 to 6.3 % for GA’ and GC’ respectively. This fact 

can be explained by higher reactivity of metakaolin compared argillite (more rapid 

dissolution). Small differences can be detected at 750°C (Figure 2B) i.e a slight increase of 

four-coordinated aluminium compared to samples based on mixtures calcined at 600°C. More 

informations can be provided by 29Si MAS-NMR (Figure 2 C,D). The adopted nomenclature 

is Qn(mAl) with n is the polymerization degree of the silicon tetrahedra and m the amount of 

aluminium substitution per silicon tetrahedron [39]. Broad signal revealing a disordered 

structure is obtained whatever the sample [40]. Five components at about -84,-89, -94, -99 

and -108 ppm (± 1 ppm) assigned to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and Q4(0Al) 

contributions respectively and typical of three-dimensional structure of geopolymer materials 

[41, 42]. The latter contribution (at -108 ppm is attributed to quartz [32] initially present in 

kaolin and especially in argillite. Additional peaks at -75 and -80 ppm were also detected. 

Mackenzie et al [43] have found similar peaks in pyrophyllite based geopolymers and explain 

that by the retention of the crystalline 2:1 layer structure which resists to alkaline attack. This 

is also the case for 2:1 clays minerals originating from argillite. According to Davidovits [44], 

these peaks can be attributed to nesosilicates (Q0 and Q1) resulting from unreacted alkaline 

silicate solution. Whatever the sample, Q4 (3Al) and Q4 (2Al) (at around -89 and -94 ppm and 
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respectively) are the dominant contributions. At 600°C (Figure 2A), A and B spectra exhibit 

quite similar contribution areas. However, B shows the highest Q4(3Al) contribution 

percentage (29.7, 33.5 and 27.0 % for A, B and C samples, respectively). C spectrum is 

different from the two other samples showing the highest Q4(2Al) contribution percentage 

(21.0, 22.9 and 29.3 % for A, B and C samples, respectively) and slightly shifted to -92.2 

ppm. This is may be due the presence of another contribution due to argillite at the same 

chemical shift which is Q3(0Al) generally detected at -93 ppm in the illite-smectite clays [45].  

At 750°C (Figure 2B), the spectra are quite similar. Q4(3Al) is the major contribution 

whatever the sample revealing a higher aluminium incorporation in the framework [46, 47]. 

This fact reveals higher reaction extent due to higher reactive aluminum resulting from 

dehydroxylation of kaolin and clay minerals of argillite. In order to highlight the role of the 

raw mixtures (argillite and kaolin) on the final structure of geopolymers, they were analyzed 

by 27Al MAS-NMR spectroscopy after thermal treatment at 600 and 750°C (Figure 2E, F). 

An example of deconvolution of the obtained spectrum of A mixture is presented in Figure 

2Ea. Data concerning the chemical shifts and the percentages of the curve area of the various 

contributions are given in Table 3. Three environments of aluminium can be noticed. 

Spinning sidebands are also observed due to the presence of hematite in a major part from 

argillite and a in minor part from kaolin [26,48,49]. The 6-coordinated aluminium (AlVI) can 

be detected by the components at 13.5, 2.8 and -6 ppm and exhibits the highest percentage of 

42%. It corresponds to aluminum present in smectite, illite and micas from argillite [2] and 

impurities of kaolin [21]. The 5-coordinated aluminium (AlV) is detected at 28 ppm with 

percentage of 31 % and is due to the dehydroxylation of kaolinite [19, 50]. The 4- coordinated 

aluminium (AlIV) at 48.5, 57 and 65 ppm presents the lowest percentage of about 27% due the 

beginning of dehydroxylation of the 2:1 clay minerals of argillite characterized by direct 

formation of AlIV from initial AlVI without formation of AlV [22]. With the increase of argillite 
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content, the percentage of 6-coordinated aluminum increases to 39 and 51% for B and C 

mixtures, respectively. The 5-coordinated aluminium percentage decreases to 27 and 16% for 

B and C samples respectively. The tetrahedral aluminum is about 35 and 33% for B and C 

samples respectively. At 750 °C, the AlVI and AlV percentages decrease drastically in 

detriment of the increase of AlIV (30, 44 and 56% for A’, B’ and C’ mixtures, respectively) 

revealing complete dehydroxylation of the clay minerals of the argillite [51]. In order to 

correlate the structure of final materials with the characteristics of raw materials, the evolution 

of the contributions area ratio 
�4 ����� 

∑�4 �
��� 
 with n= 0, 1, 2 and 4 of geopolymer samples, 

indicating the formation rate of geopolymer in function of the  
��IV ��V 

��VI
 characteristic of the 

reactive aluminium was plotted in Figure 3. The 
�4 ����� 

∑�4 �
��� 
 ratio increases with the increase of  

��IV ��V 

��VI
 ratio. At 750°C, the dehydroxylation of clay minerals is enhanced favoring the 

formation of reactive aluminium (AlV+ AlIV) which reacts to form the geopolymer network.  

Consequently, the major formed network is dependent on the argillite content and 

calcination temperature. The detected structural variation will influence the working 

properties. 

 

2) Dielectric properties 

Figure 4 shows an example of dielectric and magnetic measurements of GA sample 

between 2 and 3.3 GHz. The values of the real part of dielectric constant indicates the ability 

of the material to store microwave energy and dielectric loss quantifies a dielectric material's 

inherent dissipation of electromagnetic energy. Permeability is the ability to support 

formation of magnetic fields in a material. The values of ε for frequencies between 2 and 3.3 

GHz for this composition were around 3.5, while tan δ values were around 0.05. The values of 

µ for same range of frequency was around 1, because of no magnetic addition. These values 
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are in agreement with previous works [16, 23]. The obtained values of permittivity (ε), tan δ 

and permeability (µ) at 2.45 GHz (T = 20°C, 40-50 % HR) for the different studied samples 

are reported in Table 4. Samples calcined at 600˚C presented ε values of 3.59, 3.69 and 3.68 

and tan δ values of 0.051, 0.038 and 0.034, for 33, 50 and 67% of argillite respectively. For 

samples calcined at 750˚C, higher ε and tan δ values were obtained (about 3.81, 4.05 and 4.20 

and 0.064, 0.061 and 0.095 for samples based on 33, 50 and 67 % argillite respectively). 

Thus, increasing the argillite content and the calcination temperature of kaolin-argillite 

mixture induces an increase of dielectric values. This fact suggests that the higher content of 

calcium after carbonate decomposition at 750°C permits to increase the permittivity value. 

Similar results were obtained on PbTiO3 ceramics showing the increase of dielectric constant 

with the increase of amount of calcium [52]. Concerning the permeability values, all samples 

showed values around 1, due to no magnetic addition [53]. 

In order to correlate the dielectric properties with the porosity results presented above, 

Figure 5 (A, B) presents the surface area and average pore diameter in function of ε value. 

Generally, the surface area decreases with the increase of ε value. At 600°C, as the argillite 

content increases, the decrease of the surface area is accompanied by a slight increase of ε 

value. However, at 750°C, the increase of ε is more pronounced. In contrary, the average pore 

diameter increases when ε increases and it is more noticeable for GA’, GB’, GC’ samples. 

This fact indicates the crucial impact of calcination temperature of the raw mixture varying 

the carbonate decomposition.  

In order to correlate the dielectric properties to the structural characteristics of the raw 

mixtures, the variation of ε values was plotted in function of the reactive aluminium 
��IV ��V 

��VI
 

(Figure 6A) and in function of the number of moles of free M2+ (M=Mg and Ca) determined 

from DTA-DTG on calcined mixtures at 600 and 750°C (see the supplementary file) in 

(Figure 6B). A linear correlation has been proven (R2=0.92) showing the increase of ε values 
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with the increase of 
��IV ��V 

��VI
 ratio. At 600°C, the low value of 

��IV ��V 

��VI
 ratio (low AlIV+AlV) 

varying between 0.96 and 1.6 due to the low dehydroxylation extent of clay minerals leads to 

low value of ε varying very slightly in function of the argillite content (about 3.65). The 

variation of ε is more visible at 750°C (from 3.8 to 4.2) and this is seems to be related to the 

higher dehydroxylation extent of clay minerals leading to higher reactive aluminium (high 

AlIV+AlV). A linear correlation was also found between ε value and the number of moles of 

free M2+  (R2=0.97). In fact, it is shown that ε increases with increasing M2+ which is higher 

with the increase of the argillite content and the calcination temperature. In fact the presence 

of free M2+ (Ca2+ and Mg2+) which are not integrated into the geopolymer network will 

increase the conductivity of the material and therefore the increase of ε value [18]. 

Consequently, the dielectric properties are highly dependent on the chemical composition of 

raw mixture i.e. the argillite content and the calcination temperature which control the mineral 

clays dehydroxylation and the carbonates decomposition.  

IV. Conclusion 

Geopolymer formulations based on mixtures of kaolin and argillite with different 

proportions (33, 50 and 67 %) and calcined at 600 and 750 °C were studied. These 

temperatures were chosen to conserve or decompose the carbonates species initially present in 

argillite. It was demonstrated that the structure of the obtained geopolymers depends on the 

argillite content and the calcination temperature. Indeed, the formation of geopolymer 

network is favored by the increase of calcination temperature due to higher dehydroxylation 

extent of clay minerals and hindered with the increase of argillite content due to presence of 

impurities. These structural variations impact the porosity and the dielectric properties of the 

geopolymers. In fact, the porosity increases with the increase of argillite content (from 18 to 

23%) when the raw mixtures are calcined at 600°C. However, the increase of the calcination 

temperature to 750°C, does not influence the porosity (17%). The pore size increases with 
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increasing the argillite content regardless of the calcination temperatures due to the unreacted 

secondary phases present in argillite. Concerning the dielectric properties, ε and tan δ values 

increase with the increase of argillite content and the calcination temperature due to the 

increase of free alkali earth cations (Ca2+ and Mg2+).  Thus, the obtained materials are suitable 

to be used in antenna. Depending on the desired dielectric properties, it is necessary to adapt 

the percentage of argillite in the mixture as well as the calcination temperature. 
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Figure 1 : The pore size distribution of (A) GY and (B) GY’ geopolymers samples ( where (…) A, 

A’, (---) B, B’ and (—) C, C’). 
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Figure 2: (A, B) 27Al and (C, D) 29Si MAS –NMR spectra of GY and GY’ geopolymer samples and (E, F) 27Al MAS –NMR of Y and Y’ mixtures 

(where (a, a’) A, A’, (b, b’) B, B’ and (c, c’) C,C’) 
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Figure 3:  evolution of the contributions area ratio 
�4 ����� 

∑�4 �	��� 
 of geopolymer samples GY and 

GY’ in function of the 
��IV
 ��V 

��VI
 ratio of the raw mixtures (where GA (○), GB (∆), GC (□) and 

GA’ (●), GB’ (▲), GC’ (■)).   
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Figure 4:  Frequency dependence of permittivity, loss tangent and permeability for GA sample 

(▬ ε; - - - µ; · · · ·  tan δ).  



Figure 5 : (A) Value of surface area and (B) average pore diameter in function of ε value, for the 

geopolymer samples GY and GY’ (where  GA (○), GB (∆), GC (□) and GA’ (●), GB’ (▲), GC’ 

(■)).   
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Figure 6 : Evolution of ε value of geopolymer samples GY and GY’ in function of (A) the 

��IV
 ��V 

��VI
 ratio and (B) the number of moles of decomposed carbonates of the raw mixtures Y 

and Y’ (where  GA (○),GB (∆),GC (□) and GA’ (●), GB’ (▲), GC’ (■)). 
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Table 1. Nomenclature and chemical composition of the studied samples  

  

Sample 

name 

Calcination 

temperature 

(°C ) 

Argillite 

content 

(wt. %) 

Molar ratios 

Si/Al Si/(K+H2O) 

GA 

600 

33 3.03 0.12 

GB 50 3.60 0.17 

GC 67 4.41 0.23 

GA’ 

750 

33 3.03 0.12 

GB’ 50 3.60 0.17 

GC’ 67 4.41 0.23 



Table 2. Data from mercury porosimetry investigations for geopolymer samples GY and GY’ 

Sample T, °C 

Apparent 

density 

(g/cm3) 

Surface area 

(m2/g) 
Porosity (%) 

Pore volume 

(mm3/g) 

Average pore 

diameter 

(µm) 

GA 

600 

2.24 20 18 95 0.019 

GB 2.23 13 14 75 0.023 

GC 2.40 12 23 124 0.043 

GA’ 

750 

2.25 21 16 87 0.017 

GB’ 2.23 17 16 83 0.020 

GC’ 2.24 9 16 82 0.039 

 

  



Table 3. Deconvolution details of 27Al and 29Si MAS-NMR spectra of the geopolymer samples 

GY and GY’ and 27Al MAS-NMR spectra of the raw mixtures Y and Y’. 

Geopolymer samples  

Sample 

27Al MAS-NMR 29Si MAS-NMR 

Sample 

27Al MAS-NMR 29Si MAS-NMR 

δ (ppm) 
Area 

(%) 
δ (ppm) 

Area 

(%) 
δ(ppm) 

Area 

(%) 

δ  

(ppm) 

Area 

(%) 

GA 

57.8 96.6 -75.0 2.8 

GA’ 

58.0 97.8   
2.5 3.4 -80.5 6.6 3.0 2.2 -81.7 18.5 

  -85.0 23.5   -86.5 31.0 
  -89.2 29.7   -90.1 22.4 
  -93.4 21.0   -94.0 17.8 
  -96.3 5.4     
  -99.5 8.6   -98.0 6.6 
  -108 2.0   -107.5 3.6 

GB 

57.8 94.2 -78.0 3.4 

GB’ 

58.2 97.7   
3.0 5.9 -81.0 8.0 3.0 2.3 -81.7 19.5 

  -85.0 21.5   -86.5 30.8 
  -89.3 33.5   -90.1 22.7 
  -94.5 22.9   -94.0 19.5 
  -99.5 7.7   -99.0 4.9 
  -107 2.9   -108.5 2.7 

GC 

58.0 91.3 -79.5 10.2 

GC’ 

58.0 93.8 -78.0 5.9 
2.6 7.7 -84.0 18.9 3.0 6.3 -82.0 25.8 

  -87.9 27.0   -86.5 31.3 
  -92.2 29.3   -91.2 26.9 
  -97.0 11.9   -97.0 6.7 
  -107.9 2.7   -108.2 3.4 

Raw mixtures (27Al MAS-NMR) 

Sample 
δ (ppm) Area (%) Sample δ (ppm) Area (%) 

A 

65.0 5.0 

A’ 

64.5 3.6 
57.0 18.6 56.5 22.7 
48.5 2.9 48.5 3.9 
28.0 31.3 30 34.6 
13.5 6.4 13.5 8.53 
2.8 17.7 2.8 8.2 
-6.0 18.0 -6.0 18.5 

B 

65.00 8.5 B’ 64.0 14.5 
56.2 22.7 56.5 21.9 
48.5 3.4 48.1 9.4 
28.5 27.0 30.0 29.6 
13.0 8.6 13.0 12.6 
3.2 13.9 3.2 6.1 
-6.0 16.0 -6.0 7.8 

C 
64.50 9.9 

C’ 
63.5 17.3 

56.0 18.5 56.7 28.5 



 

  

48.5 4.9 48.5 10.4 
28.0 15.7 30.0 19.0 
12.5 7.9 13.0 14.8 
3.0 19.6 3.0 4.6 
-6.0 23.6 -6.0 5.4 



Table 4. Values of ε, tan δ and µ for the geopolymer samples GY and GY’ at 2.45 GHz, 20 °C and 

45% humidity  

Sample T (°C) 
Permittivity 

(ε) 

Loss 

tangent 

(tan δ) 

Permeability 

(µ) 

GA 

600 

3.680 0.051 1.068 

GB 3.694 0.038 1.040 

GC 3.679 0.034 1.049 

GA’ 

750 

3.812 0.064 1.006 

GB’ 4.053 0.061 0.991 

GC’ 4.202 0.095 1.065 
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