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A B S T R A C T

This study addresses the current lack of insight into the microstructure evolution of cast geopolymers produced 
by combining two different precursors. Detailed investigations of micro- and nano-porosity developed during 
geopolymerization as a function of curing time are carried out and, for the first time, 1 H Time-Domain Nuclear 
Magnetic Resonance is applied diffusely. The results show that the metakaolin replacement with 35% ceramic 
tile waste addition induces coarsening of pore size distributions in the 0.08-1 μm range and a reduction in gel 
content. Furthermore, although a delay in the development of the 3D network was observed, the gel formation 
process was still completed within 24 h, in contrast to the 5–6 h required for 100% metakaolin geopolymers. 
These differences in microstructural evolution are also reflected in the development of compressive strength.

1. Introduction

Geopolymers and alkali activated materials (AAM) are aluminosili-
cate systems that have achieved large scientific interest in the last 20 
years, thanks to their excellent mechanical, high-temperature and 
durability performances [1–4]. One key aspect of geopolymer and AAMs 
is the possibility to use industrial waste as components in addition to 
metakaolin (MTK), which is the major precursor applied [5]. Thus, 
several industrial wastes, e.g. fly ash [6–9], ground granulated 
blast-furnace slag (GGBS) [10–13] and red mud [14–17], were largely 
applied as precursors or activators in alkali activated technology, to 
enlarge the environmental sustainability and to apply circular economy 
concepts [18]. In addition, previous studies have investigated the 
combination of different precursors, e.g. metakaolin and fly ash 
[19–21]. This combination led to a decrease in the average precursor 
reactivity and thus a slowing down of the geopolymerization [19,20]. 
However, a combination of metakaolin and fly ash microspheres 
induced a positive effect in terms of microstructure densification, in 
view of the formation of C-A-S-H phases [21].

One emerging source suitable as a precursor for alkali activation is 
ceramic waste [22] from tiles, bricks, sanitary ware, pottery, or re-
fractory production [23–27]. Ceramic waste can be sourced as con-
struction and demolition waste (CDW) [28,29] or from ceramic industry 
processes [30]. The suitability of different ceramic waste for alkali

activation was already demonstrated by Deng et al. [31]. Moreover, 
different types of ceramic tile waste have already been used as a pre-
cursor for alkali activation. In a previous study [20], rectifying porcelain 
stoneware tile powder was used as a precursor to develop lightweight 
composites with thermal conductivities comparable to commercial 
cementitious foams. Similarly, Horvat and Ducman [32] used green tile 
body residue to prepare alkali activated foams with compressive 
strengths greater than 1 MPa by investigating several direct foaming 
techniques. Mechanical characterization of alkali activated mortars with 
ceramic tile waste and recycled glass powders was performed by Bilondi 
et al. [33], which showed a compressive strength of about 25 MPa after 
28 days of curing for the optimized mix. Ceramic waste has been applied 
as a precursor or aggregate in alkali activation for several applications, 
such as high temperature applications [24–26,34], mortar and concrete 
[35–38], repair and restoration [27,39] and radiological mitigation 
[40]. Although many publications are available, a knowledge gap re-
mains regarding how geopolymer microstructure evolves at early and 
late (28 days) curing times when 100% metakaolin or a blend of met-
akaolin and ceramic waste is used as a precursor.

For investigating microstructural evolution, open porosity mea-
surements are usually reported by means of mercury intrusion poros-
imetry (MIP) measurements; however, only pore size distributions in the 
range 0.01 – 100 μm are considered [9,41–43]. Fewer investigations are 
carried out on porosity at the nano-metric level, mainly using nitrogen
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(N 2 ) adsorption/desorption isotherms. It has been found that MTK 
geopolymers usually exhibit a type IV isotherm with a hysteresis loop 
[44–48], according to the classification reported in Refs. [49,50]. Dux-
son et al. [44] also highlighted that increasing the Si/Al ratio (from 1.15 
to 2.15) in MTK-based geopolymers leads to a smaller volume of 
adsorbed N 2 , thus indicating a denser 3D network. Other studies [45,46] 
mainly found a mesoporous microstructure formed by the aggregation of 
lamellar particles. A less conventional method to characterise porosity is
1 H Time-Domain Nuclear Magnetic Resonance ( 1 H TD-NMR). This 
powerful analytical tool enables non-invasive and non-destructive 
detection of the pore size distribution, essential for detecting gel 
nano-porosity and understanding microstructural evolution [51,52]. By 
this technique, important insights into cement hydration reactions, also 
including limestone calcined clay cements (LC3), have already been 
published [51,53,54], by offering real-time monitoring of the evolution 
of water-filled pores and phase development. So far, 1 H TD-NMR has 
been scarcely used for the characterization of geopolymers, with ap-
plications limited to alkali-activated slag binders [55] and MTK-based 
geopolymer [56,57]. In the latter, studies focused on understanding 
the effects of various silicate moduli at an early age [57] and on how the 
Si/Al ratio affects the geopolymerization reaction as observed by a 
single-sided NMR device. However, the effect of combining two pre-
cursors, one of which is MTK, has never been analysed by 1 H TD-NMR. 
Indeed, despite recent advances in characterizing geopolymer systems, 
significant gaps remain in understanding how the combination of 
chemically distinct precursors affects curing mechanisms and pore 
structure evolution. In particular, although differences in water

distribution and pore connectivity have been observed in various sys-
tems [58,59], the specific impact of dual-precursor formulations on 
multiscale porosity has not been systematically addressed yet. More-
over, reviews on metakaolin-based porous geopolymers highlight the 
complexity of pore architecture and the necessity of employing com-
plementary techniques to capture its full extent [60]. Each of the pre-
sented methods probes distinct pore domains and relies on different 
physical assumptions: MIP is sensitive to pore entry sizes and connec-
tivity, N 2 adsorption provides access to mesopores and specific surface 
area under dried conditions, while 1 H TD-NMR captures the distribution 
of water-filled pores in a non-destructive manner. Therefore, their 
combined application is essential to achieve a comprehensive under-
standing of pore structure evolution in dual-precursor geopolymer 
systems.

For all these reasons, this paper reports a systematic study of 
different characterization techniques for investigating the porosity 
evolution by means of the curing time. Thus, the aim is to fulfil the 
above-mentioned gap in understanding the influence of combining 
precursors, especially related to the partial replacement of MTK with 
ceramic tile waste powder (CTW). To do this, a constant MTK replace-
ment amount was considered and compared to the 100% MTK-based 
geopolymers. For each formulation, three different water/solid ratios 
(w/s: 0.36, 0.39 and 0.42) were adopted to produce geopolymer mixes 
suitable for casting forming methods. All the geopolymers were inves-
tigated by a multi-analytical approach based on three different tech-
niques, such as MIP, N 2 adsorption test and 1 H TD-NMR applied at 
various curing times (2, 7 and 28 days). In the case of 1 H TD-NMR, 
further measurements were carried out starting 0.5 h after mixing pro-
cedures. These results provide interesting insights into the pore structure 
and the 3D network formation at the onset of geopolymer formation. 
The combined use of MIP, N 2 adsorption, and 1 H TD-NMR in this study 
goes beyond a parallel application of established techniques and it is 
specifically designed to understand the multiscale porosity of MTK-
based and dual-precursor geopolymers. By integrating and critically 
comparing the outputs of these techniques, this work provides a

Table 1
Chemical composition (wt%) of the selected precursors (LOI and bdl stand for loss of ignition and below detection limit, respectively).

SiO 2 Al 2 O 3 TiO 2 Fe 2 O 3 CaO MgO K 2 O Na 2 O Cr 2 O 3 ZrO 2 SO 3 LOI

CTW 73.2 17.5 0.8 1.1 1.5 0.5 1.9 2.9 bdl 0.4 0.1 0.4
MTK 72.0 22.1 1.0 1.6 0.4 0.1 0.3 0.04 0.02 bdl bdl 2.4

Fig. 1. (a) XRD patterns (C = calcite; K = kaolinite; M = mullite; Q = quartz) and (b) particle size distributions of MTK and CTW.

Table 2
Particle size distribution in μm of the selected precursors.

d(10)
(μm)

d(50)
(μm)

d(90)
(μm)

CTW 3.3 23.3 91.4
MTK 6.5 41.9 121.1
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Fig. 2. SEM observation of precursors (CTW and MTK) using secondary electrons.

Fig. 3. N 2 adsorption and desorption isotherms of the dry (a) MTK and (b) CTW. Values of SSA and SPV are reported in the plots.
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comprehensive and previously unavailable interpretation of pore size 
distribution and pore morphology, enabling new insights into how 
precursor blending governs pore structure evolution. Results of Fourier 
Transform Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD) and 
Field Emission Gun-Scanning Electron Microscopy (FEG-SEM) coupled 
with Energy Dispersive X-ray Spectroscopy (EDS) are also reported to 
discuss the microstructural evolution with respect to curing times. 
Finally, the performance of the obtained formulations in terms of 
compressive strength is considered to highlight correlations between 
macroscale properties and microstructure investigations.

2. Materials and methods

2.1. Materials

The following precursors were used for the preparation of geo-
polymers: metakaolin (MTK) sourced from ARGECO Développement 
(France) and ceramic tile waste powder (CTW), kindly supplied by Ascot 
Evertile (Italy). MTK is produced by flash calcination, a firing process 
where kaolinite particles are transformed into metakaolin by passing 
near a flame for a few tenths of a second at approximately 700 ◦ C [61]. 
CTW is a waste sourced from the rectifying process of fired porcelain

Table 3
Formulations (wt%) of the prepared samples. Theoretical molar ratios and w/s ratios are also reported (only amorphous silica is considered).

MTK CTW 8M NaOH Na 2 SiO 3 solution SiO 2 /Al 2 O 3 Na 2 O/Al 2 O 3 Na 2 O/SiO 2 w/s

R42 37.4 21.0 11.9 29.7 2.3 0.7 0.3 0.42
MK42 58.4 - 11.9 29.7 1.8 0.6 0.4
R39 38.7 21.7 11.3 28.2 2.3 0.6 0.3 0.39
MK39 60.5 - 11.3 28.2 1.8 0.6 0.3
R36 39.8 22.3 10.8 27.1 2.2 0.6 0.3 0.36
MK36 62.1 - 10.8 27.1 1.8 0.6 0.3

Fig. 4. Cumulative pore size distribution by MIP of the samples after a curing period of 2 days in orange, 7 days in green, 28 days in light-blue: (a) R42 (dotted lines) 
and MK42 (solid lines); (b) R39 (dotted lines) and MK39 (solid lines); (c) R36 (dotted lines) and MK36 (solid lines); (d) “ink-bottle” porosity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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stoneware tiles and its amount can be estimated at around 30.000 
tons/year in Italy [27]. Table 1 reports the chemical composition of both 
precursors, measured by using ICP-OES (PerkinElmer, Avio 550 MAX). 

From the mineralogical point of view, MTK is composed predomi-
nantly of quartz, with calcite, kaolinite and mullite present in traces. The 
amorphous silica content is 29%, as reported in a previous study [62]. 
CTW is composed mainly of quartz and mullite, with an amorphous 
silica fraction of approximately 50%, as determined by quantitative 
X-ray diffraction (XRD) [20]. XRD patterns of MTK and CTW are re-
ported in Fig. 1a. The particle size distribution of the precursors was 
obtained by using a laser diffraction particle size analyser (Mastersizer 
2000, Malvern Instruments). Particle size distributions of MTK and CTW 

are reported in Fig. 1b, with the characteristic values in Table 2.
The morphology of both precursors observed with a Field Emission 

Scanning Electron Microscope (FEG-SEM, Tescan, Mira 3) is displayed in 
Fig. 2. CTW exhibits angular shapes and sharp edges due to the recti-
fying processes of porcelain stoneware tiles after firing. The MTK shows 
agglomerated particles due to the flash calcination process [63,64] and 
displays its typical lamellar morphology at high magnification. FEG SEM 

observations show that the larger dimensions of MTK determined by 
laser granulometry are mainly caused by agglomeration. Finally, the 
specific surface area (SSA) and specific pore volume (SPV) were deter-
mined by Anton Paar NOVA 800, a N 2 adsorption with a Bru-
nauer–Emmett–Teller, BET, surface area analyser [65]. MTK and CTW 

samples (~0.5 g) were first degassed for 1 h at 100 ◦ C to remove residual 
moisture and then analysed with N 2 adsorption/desorption. SSA and 
SPV data, as well as N 2 isotherms, are reported in Fig. 3. MTK exhibits 
significantly higher values of SSA and SPV compared to CTW, suggesting 
a difference in the reactivity of the two precursors during 
geopolymerization.

Alkaline solutions were prepared by dissolving sodium hydroxide 
(NaOH, supplied by Sigma-Aldrich, ACS reagent) in deionized water to

obtain an 8M NaOH solution. A sodium silicate solution (Na 2 SiO 3 , 
ReofluxB), supplied by Ingessil S.r.l. (Italy), was used, with a composi-
tion of 29.9% SiO 2 , 14.4% Na 2 O, and 55.7% H 2 O.

2.2. Sample preparation

Different formulations were obtained by combining MTK and CWT as 
reported in Table 3. Samples named MK and R were prepared, respec-
tively, with 100% metakaolin and with 65% MTK +35% CTW, as pre-
cursors. The w/s ratio was varied as follows: 0.36, 0.39 and 0.42. The 
theoretical molar ratios of amorphous SiO 2 /Al 2 O 3 , Na 2 O/Al 2 O 3 and 
Na 2 O/amorphous SiO 2 slightly differ when ceramic tile waste is used as 
a precursor compared to when 100% MTK is used (Table 3). The 
following nomenclature has been applied: the acronyms, MK and R, are 
followed by the w/s ratio value multiplied by 100. For example, R36 
stands for the mix composed of MTK and CTW with a w/s ratio equal to 
0.36.

Samples were prepared by mixing one or both of the precursors with 
activating solutions. After 3 min at low speed, the mixer was stopped for 
30 s to detach the material from the mixer walls. A further mixing of 3 
min at high speed completed the procedure. A laboratory stirrer (IKA 
RW20, Germany) was used for mixing volumes up to 0.5 L, while a 
Hobart mixer (mortar mixer, Matest, Italy) was used to mix 2.0 L. The 
mixes were cast into plastic cylindrical moulds (diameter = 35 mm, 
height = 20 mm) or beam moulds (40 mm × 40 mm × 160 mm) and 
cured for 2, 7 and 28 days at room temperature under sealed conditions, 
with samples hermetically closed in plastic bags.

2.3. Methods

Mercury Intrusion porosimetry (MIP): Open porosity measurements 
were carried out by using a mercury intrusion porosimeter (MIP) and N 2

Fig. 5. Pore size distribution by MIP of the geopolymer samples after a curing time of 2 days in orange, 7 days in green and 28 days in light-blue: (a) R42, (b) R39, (c) 
R36, (d) MK42, (e) MK39 and (f) MK36. The main characteristic populations of pore size are labelled for each plot. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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adsorption. Before testing, samples were dried in a ventilated oven at 
80 ◦ C until constant mass was reached.

MIP measurements were carried out on samples of about 1 cm 3 

prepared by avoiding the external surfaces. At least three measurements

were taken to verify repeatability. Thermo Scientific Pascal 140 and 240 
Mercury Porosimeters instruments were used by applying a pressure 
between 0.1 kPa and 200 MPa. A Hg contact angle equal to 141.3 ◦ and a 
Hg surface tension (γ) of 0.48 N/m were considered. The detection limit

Fig. 6. N 2 adsorption–desorption isotherms of the tested geopolymers at different curing times (2, 7 and 28 days).
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of the measurement reached pore sizes in the range of 7 nm – 120 μm. 
The data elaboration was carried out by S.O.L.I.D. software (SOLver of 
Intrusion Data, Thermo Scientific). It is important to note that, although 
the MIP technique is frequently applied to cementitious and alkali 
activated materials [7,66–68], the pore size distribution determined by 
MIP comprises both “effective” porosity and “ink-bottle” porosity [68]. 
The authors are aware of this technical limitation, which was considered 
in the results’ discussion.

N 2 sorption test: The N 2 sorption test was carried out on the geo-
polymers by preparing small fragments (about 0.5 g) of the internal 
portion of the samples, thus excluding their outer surfaces. For each 
geopolymer, at least four samples were tested to verify the measurement 
reproducibility. The samples were first dried at 100 ◦ C in an oven for at 
least 24 h. Later, dry samples were first degassed under vacuum for 1 h 
at 100 ◦ C. Complete N 2 isotherm (adsorption and desorption branch) 
curves were measured by using an Anton Paar NOVA 800. Pore size 
distribution was calculated by applying the Density functional theory 
(DFT) model by Kaomi for Nova PC software [69]. Detectable pore size 
diameter varies from 2 to 80 nm.

1 H Time-Domain Nuclear Magnetic Resonance ( 1 H TD-NMR): The 
evolution of the water distribution inside the porous structure was 
analysed by 1 H TD-NMR, starting from a curing time of 30 min until 28 
days. Measurements were performed with a relaxometry composed of a 
permanent magnet (Artoscan, Esaote SpA, Italy) with a magnetic field 
B 0 ≈ 0.2 T (corresponding to 1 H Larmor frequency ≈ 8 MHz), a 10 mm 

solenoid coil, and a console (Stelar, Italy) at 25 ◦ C. The 90 ◦ pulse width 
of the spectrometer was 4.5 μs, dead time was 25 μs. The T 2 relaxation 
time was measured using the Carr-Purcell-Meiboom-Gill sequence, with 
the number of echoes ranging from 256 to 1024, depending on the 
saturation level of the samples, with an echo time of 60 μs and 200 – 400 
scans, depending on the curing time. The low limit of pore size detection 
is nearly 0.1 ms, corresponding to pores of 1 nm. The quasi-continuous 
T 2 distribution was calculated using the UpenWin software, developed 
by a research group at the University of Bologna, based on inversion of 
multiexponential decay data [70]. The analysis was carried out on all 
the formulations reported in Table 3. Batches of approximately 200 g 
were prepared and about 1 g was placed inside a glass tube and sealed 
for analysis. Each mix was measured at 0.5, 1, 1.5, 2, 2.5, 3, 5, 6, 24, and 
48 h, as well as at 7 and 28 days.

Fourier Transform Infrared Spectroscopy (FT-IR): Assessment of the 
geopolymeric 3D network formation and microstructural evolution was 
performed by applying Fourier Transform Infrared Spectroscopy (FT-IR) 
and Field Emission Gun – Scanning Electron Microscopy (FEG-SEM) 
techniques. FT-IR was carried out using a PerkinElmer Spectrum Two 
instrument, in ATR mode, in the range of 2000 – 400 cm − 1 , with a 
spectral resolution of 4 cm − 1 . The FT-IR spectra were obtained by
acquiring 16 scans and a data interval of 1 cm − 1 .

X-ray diffraction (XRD): The mineralogical composition of geo-
polymer samples was determined by X-ray diffractometry (XRD), using a 
PANalytical X'Pert PRO powder diffractometer equipped with a fast 
X'Celerator detector. The experimental parameters are as follows: Cu-Kα 
radiation, 40 kV and 30 mA, 2θ range from 4 ◦ to 80 ◦ with a time/step of

Table 4 
Total cumulative pore volume for R- and MK-geopolymers derived by N 2 
adsorption test.

Cumulative pore volume (cm 3 /g)

R42 R39 R36

@ 2 days of curing 0.015 0.015 0.020
@ 7 days of curing 0.019 0.019 0.025
@ 28 days of curing 0.027 0.022 0.029

​ MK42 MK39 MK36

@ 2 days of curing 0.027 0.028 0.036
@ 7 days of curing 0.029 0.030 0.040
@ 28 days of curing 0.048 0.036 0.055

Fig. 7. Derivative pore size distribution by N 2 adsorption test of all the samples cured at 2 days in orange, 7 days in green and 28 days in light-blue: (a) R42, (b) R39, 
(c) R36, (d) MK42, (e) MK39 and (f) MK36. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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50 s and step size of 0.013 ◦ . Data were processed by the HighScore Plus 
software (PANalytical).

Scanning electron microscopy (SEM-EDS): Secondary electron im-
ages were acquired by using a Tescan Mira3 FEG-SEM (beam voltage = 

15 kV and Working distance = 10 mm), coupled with an Energy 
Dispersive X-ray Spectroscopy (EDS, Bruker) probe. Samples were made 
conductive before SEM observations by gold sputtering with a Quorum 

Q 150 ES sputter coater.
Geometric density, water absorption and mechanical properties: to 

assess the properties of the final products, geometric density, water 
absorption and compressive strength measurements were carried out. At 
least three cylindrical samples with a diameter of 35 mm and a height of 
20 mm for each formulation were used for measuring geometric density 
and water absorption values. Geometric density was measured by 
dividing dry mass (obtained by oven exposure at 100 ◦ C for at least 24 h) 
by geometric volume. Water absorption test was carried out by 
immersing dry samples (after recording dry mass values, m d ) in dem-
ineralised water for at least 24 h to reach water saturation. Water ab-
sorption values (WA%) were assessed by weighing the samples in 
saturated surface-dry condition (m ssd ) according to Eq. (1):

WA% = ((m ssd – m d ) / m d )⋅100 (1)

Finally, the mechanical performance was assessed by measuring 
compressive strength on at least 5 samples obtained by halving prismatic 
samples of 40 mm × 40 mm × 160 mm. Compressive strength test was 
carried out by using an Amsler–Wolpert equipment and by applying a 
constant displacement rate of 5 mm/min, in accordance with EN 196-1 
[71].

3. Results and discussion

3.1. Porosity and structural analysis

Open porosity assessment of MK- and R-samples was first carried out 
by MIP and the outcomes are reported in Figs. 4 and 5. The cumulative 
pore size distribution of all samples is reported in Fig. 4 by comparing 
geopolymers made of 100 % MTK with those obtained by combining 
MTK and CTW as precursors. The following observations can be drawn.

• the partial replacement of MTK with CTW induces the formation of a 
slightly more porous microstructure compared to that obtained by 
MTK alone at the same curing time;

• reducing the w/s ratio leads to a decrease in intruded Hg, thus pro-
moting the development of denser microstructures in the investi-
gated porosity range. Similar effects are also reported in the 
literature for different combinations of precursors (e.g. CTW/carbon 
fly ash [20], forest biomass ash/metakaolin [72], diatomite/GGBS 
[55]);

• “ink-bottle” porosity, intended as the portion of the Hg intruded 
volume that remains inside the sample after lowering the pressure at 
the end of MIP analysis, ranges between 33 and 53% (Fig. 4d). For 
both MK- and R-samples, it generally decreases with increasing the 
curing time. For R-samples, where both MTK and CTW were used as 
precursors, the “ink-bottle” amount is generally lower than that of 
the MK-samples and it shows an increasing trend when the w/s ratio 
decreases. The obtained “ink-bottle” porosity values are consistent 
with previous findings on fly ash-based geopolymers [7]; this large 
fraction, mainly associated with capillary pore formation during 3D 
network development [7], may result in an underestimation of pore 
size [19,66,].

Of great interest is also the evolution of open pore size as a function 
of the curing time, as highlighted in Fig. 5, where derivative pore size 
distributions are reported. R-samples, where both MTK and CTW are 
used as precursors, exhibit a broader pore size distribution compared to 
samples prepared with 100% MTK. For example, the pore size distri-
butions of R42 and MK42 samples are in 0.01 – 1 μm and 0.01 – 0.4 μm 

ranges, respectively. Both distributions become slightly narrower by 
increasing the curing time and with the decrease in w/s, thanks to the 
refinement of large pores. The formulations prepared with a w/s ratio of 
0.39 (plots b and e in Fig. 3) exhibit the best micropore evolution irre-
spective of the precursor system, whether MTK alone or the combined 
MTK–CTW precursors are employed. Indeed, the refinement is very 
effective for the MK39 samples, in which mainly monomodal pore-size 
distributions are present and progressively shift to lower pore sizes 
with increasing curing time. A similar shifting is observed for R39; 
however, pore distributions are multimodal with large pores still present 
at 28 days of curing. Such behaviour can be related to the lower

Fig. 8. Schematic representation of microstructures containing only the nano-porosity determined by N 2 adsorption analysis.
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reactivity of CTW. Indeed, even if CTW exhibits a higher amount of 
amorphous silica compared to MTK and consequently R-based geo-
polymers have a higher theoretical SiO 2 /Al 2 O 3 ratios than MK-based 
samples (Table 3), it shows significantly smaller specific surface area 
and specific pore volume compared to MTK, thus limiting its reactivity.

The higher particle size distribution observed for MTK in Fig. 1b and 
Table 2 is apparent and it is due to the agglomeration of MTK particles, 
as observed in Fig. 2. Such agglomeration, which is a typical phenom-
enon of the flash calcination production process of the applied MTK [63, 
64], does not interfere with MTK reactivity, which remains very high

Fig. 9. T 2 distributions of the investigated samples at different curing times up to 28 days. Region “a” represents “water in gel pores” (0.1 - 1.0 ms) and region “b” 
represents “water in capillary pores” (1.0 – 10.0 ms).
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thanks to its high pore volume that allows a very effective contact be-
tween MTK fine particles and alkaline solutions.

To investigate the mesoporous microstructures, N 2 adsorption/ 
desorption isotherms were also recorded to analyse the pore size dis-
tribution in the range of 2 – 80 nm as a function of curing time. Type IV 
isotherms with a hysteresis loop were found for all the investigated 
samples (Fig. 6), as already observed for metakaolin [44] and meta-
kaolin/slag [46] geopolymers. However, the characteristic shape of the 
isotherms and the volume of N 2 adsorbed per unit volume of specimen 
change significantly if one or two precursors are involved in the 
geopolymerization.

When MTK and CTW are combined in the mix design, the absorbed 
N 2 volume is lower than when only MTK is present. This behaviour, 
which occurs regardless of the w/s ratio and curing time, agrees with the 
findings of Duxson [44], who observed lower N 2 absorption for higher 
Si/Al ratios. Finally, the hysteresis loop becomes larger for MK geo-
polymers and occurs at lower relative pressures, indicating a more 
effective adsorption/desorption behaviour.

From adsorption-desorption isotherms, cumulative pore volumes are 
obtained as reported in Table 4: values are in the range of 0.015 – 0.029 
cm 3 /g and 0.025 – 0.055 cm 3 /g for R- and MK-samples, respectively.

For all the series, the pore volumes increase with curing time due to a 
higher amount of gel formation. The lowest nano-pore volume detected 
for R-samples, regardless of the w/s ratio, can be due to the presence of a 
very compact gel and/or to a minor amount of gel formed according to a 
lower reactivity of CTW.

The derivative pore size distributions obtained by N 2 adsorption test 
(Fig. 7) show that nano-pore dimensions are very similar for all the 
samples cured at different curing times, thus indicating that the increase 
in the observed nano-pore volume can be ascribed only to a higher 
content of gel when MTK is used as precursor. Fig. 8 presents a schematic 
of the microstructure for MK- and R-samples, showing only the nano-
porosity detected by N 2 adsorption analysis. For R-samples, the pres-
ence of a large amount of unreacted CTW particles is highlighted as the 
cause of the lower gel content compared to MK-geopolymers.

To investigate how a 3D network is formed since the very early stage,
1 H TD-NMR technique has been applied. The results of T 2 distributions 
are reported in Fig. 9. All the samples exhibit a unimodal T 2 distribution 
centred between 0.1 and 5 ms according to the curing time, as detected 
in other studies based both on metakaolin- and slag-based alkali acti-
vated materials [55,56,]. At a very early stage of curing, i.e. 0.5 – 1.5 h, a 
small peak was recorded at a shorter relaxation time equal to 1.0 ms.

Fig. 10. Schematic representation of microstructures at different curing times determined by MIP, N 2 adsorption test and 1 H TD-NMR techniques. Only porosities are 
represented for clarity's sake.
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Fig. 11. FT-IR spectra of the geopolymers cured at 2 days in orange, 7 days in green and 28 days in light-blue. In each plot, FT-IR spectra of the precursors (MTK and 
CTW) are reported in black and grey, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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While curing progresses, the T 2 peaks shift towards shorter T 2 times, 
whereas the total signal intensity is almost constant (results not shown 
for brevity's sake). These two phenomena suggest that water becomes 
increasingly confined within the smaller pores formed during the

development of the 3D network, and primarily serves as a reaction 
medium during the cross-linking process [73–75]. In previous studies 
[55,56], two different regions that represent the water in different pore 
types have been defined based on T 2 values: “water in gel pores” in the

Fig. 12. XRD patterns of the geopolymers cured at 2 days in orange, 7 days in green and 28 days in light-blue. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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range of 0.1 – 1.0 ms (region “a” in Fig. 7) and “water in capillary pores” 
in the range of 1.0 – 10 ms (region “b” in Fig. 7). For all MK-samples, 
complete gel-pore formation was achieved after 5-6 h of curing. A

slight effect of w/s ratio was observed for MK-42, which required 
slightly longer (6 h) to complete the process. The partial replacement of 
MTK with CTW induced a delay for the main T 2 peak to fully enter the

Fig. 13. Compressive strength of the geopolymers cured at 2 days in orange, 7 days in green and 28 days in light-blue. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 14. Evidence of air voids in the microstructures of R36 and MK36 at 2 days of curing.

Fig. 15. SEM images of R42 at different curing times (2, 7 and 28 days). White arrows indicate the presence of unreacted CTW particles.
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region “a” and mitigate the effect of the different w/s. This indicates that 
the presence of CTW prolongs the total reaction process for 3D network 
formation, as also observed in the case of diatomite addition in alkali 
activated slag cements [55]. Anyway, after 24 h, the main T 2 peak fully 
enters the region “a” characteristic for the gel pores and remains stable 
at 0.2 – 0.3 ms for all the samples. It is also important to note that for 
curing times longer than 24 h, no differences are observed in the T 2 
distribution, thus indicating that most of the water is in the gel pore 
space and the 3D network formation is basically complete. Eventual 
air-filled pores (their formation can occur due to air entrapment during 
casting of the samples) are not visible with this technique, as it measures 
the relaxation time of hydrogen nuclei. The obtained results clearly 
indicate that CTW contributes to the formation of the three-dimensional 
network, imparting a slight but discernible retardation in gel formation. 

The application of MIP, BET and 1 H TD-NMR techniques provides 
complementary insights into the microstructural evolution at the 
different curing stages of the samples. However, it should be noted that 
each technique relies on distinct physical principles and underlying as-
sumptions. More in detail, MIP works in the range of 0.01-100 μm, is 
sensitive to pore entry sizes and connectivity, and it also measures “ink-
bottle” porosity. It is based on forced non-wetting liquid penetration 
(Hg) on the sample and data elaboration is based on the assumption that 
all open pores are cylindrical. N 2 adsorption provides access to open 
pores in the range of 2-80 nm and specific surface area under dried 
conditions. It assumes equilibrium adsorption and the adopted model 
introduces interpretation uncertainty. 1 H TD-NMR only captures the 
distribution of water-filled pores in a non-destructive manner, giving 
relaxation time as a result. Thus, it represents an indirect method for 
assessing pore size distribution, based on the inverse proportionality 
between relaxation time (T 2 ) and the surface-to-volume ratio. Short 
relaxation time indicates small porosities.

Considering the distinct assumptions underlying the three instru-
mental techniques, the experimental results for MK- and R-geopolymers 
have been schematically summarized to illustrate, as an example, the 
multiscale evolution of porosity within their microstructure at selected 
curing times (Fig. 10). At the very early stage of hydration (e.g. 30 min), 
water-filled capillary pores and water-filled closed pores are represented 
according to the experimental findings obtained by 1 H TD-NMR. The 
progressive refinement of water-filled capillary pores into water-filled 
gel pores was also monitored using the same technique. Based on the 
experimental data, this refinement is depicted as completed after 5 h for 
the MK-samples, whereas for R-samples it remains incomplete, with the 
coexistence of both capillary and gel pores schematically illustrated. For 
the hardened samples (i.e. after 2 days of curing), the schematic repre-
sentation reveals open nano- and micro-porosity for both sample series, 
as determined by N 2 adsorption and MIP measurements.

Therefore, the application of this multi-analytical approach, inte-
grating three complementary techniques, overcomes the limitations 
inherent to any single method and serves as an effective tool for 
advancing the understanding of microstructural evolution. To provide 
complementary information on 3D network formation, FT-IR data are 
reported in Fig. 11. FT-IR spectra were acquired at all curing times, and, 
for comparison, spectra of both precursors (MTK and CTW) are also 
reported. MTK and CTW spectra show similar features, due to their 
similar nature as aluminosilicates; thus this analytical technique does 
not provide significant insights into the effect of CTW addition in MK-
samples. Contributions at 1050-1052 cm − 1 , 780-794 cm − 1 , 672-686 
cm − 1 and 434-442 cm − 1 can be ascribed to Si–O–Si stretching vibration, 
Al–O stretching vibration, vibration of Al–O–Si and bending of Si–O–Si, 
respectively. MTK also shows a small shoulder around 522 cm − 1 to be 
ascribed to the bending of Si–O–Al [19,36,43,46,76,77]. The main dif-
ference comparing the spectra of the precursors with the ones of the MK-
and R-samples is the shifting of the band around 1050 cm − 1 (Si–O–Si 
stretching) to 980-1000 cm − 1 related to Si–O–Al stretching vibration. 
This difference confirms the occurrence of the geopolymerization due to 
the alkaline environment and consequent formation of 3D networks [43, 
78]. Moreover, at 28 days of curing time, all samples, except R42 and 
MK42, show new and low-intensity bands at 1364-1387 cm − 1 and 1215 
cm − 1 , 1737-1740 cm − 1 that are related to the bending of OH of water 
molecule and formation of C–O bonds, respectively. This is in accor-
dance with efflorescence formation ruled by carbonation reaction [79]. 
To confirm the effect of the applied precursors on the 3D network for-
mation, XRD patterns of all the geopolymers at the three different curing 
times are reported in Fig. 12. Mainly quartz and in lower amount mullite 
are present as crystalline phases in all the geopolymers. These phases 
that are not involved in the alkali activation are sourced from the 
applied precursors, as shown in Fig. 2b. Differently from XRD patterns of 
MTK and CTW (Fig. 2b), which exhibit a halo peak in the range of 2θ = 

17 – 30 ◦ , indicating the amorphous content of both the precursors 
typical for aluminosilicate glasses, in all the geopolymers, the broad halo 
peak shifts to higher 2θ values in the range of 2θ = 20 – 35 ◦ , thus 
demonstrating the typical behaviour of alkali activation of aluminosil-
icate precursors under XRD analysis [79,80,]. Lastly, no other newly 
formed crystalline phases, such as zeolites or sodium silicate and/or 
carbonate, have been detected in XRD patterns, confirming FT-IR 
results.

3.2. Physical, mechanical and microscopy characterizations

The physical and mechanical properties of the two series of geo-
polymers were investigated in terms of geometric density, water ab-
sorption and compressive strength after 2, 7 and 28 days of curing time.

Fig. 16. Comparison of microstructures for MK39 and R39 at 28 days of curing.
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All the samples show geometric density around 1.6 g/cm 3 and water 
absorption values around 20 – 21%, independent of the curing time and 
the formulation. Conversely, the compressive strength exhibits distinct 
trends as reported in Fig. 13. Notably, compressive strength increases 
with curing time, particularly from 2 to 7 days. From 7 to 28 days of 
curing, no significant strength improvement is observed (considering 
the error bars). This indicates that the development of mechanical 
properties is nearly complete at 7 days, regardless of the precursor used. 
Moreover, compressive strength is also influenced by the w/s ratio. For 
both MK- and R-samples, reducing w/s from 0.42 to 0.39 leads to an 
evident improvement in strength performances. These behaviours can 
be interpreted in relation to porosity results as follows: (i) the 1 H TD-

NMR data at 7 and 28 days (Fig. 9) show that the peaks associated 
with the gel porosity nearly overlap, indicating a comparable gel-pore 
structure and, consequently, similar load-bearing capacity, which is 
consistent with comparable compressive strength values; (ii) the MIP 
results (Fig. 5) reveal a narrowing of the monomodal pore size distri-
bution within the 0.01–1 μm range when the w/s ratio decreases from 

0.42 to 0.39. This refinement of capillary porosity likely contributes to a 
denser microstructure, improving stress distribution and potentially 
enhancing mechanical performance. However, the additional reduction 
to w/s equal to 0.36 has not been particularly beneficial because the mix 
resulted in too viscous and some air bubbles remained entrapped during 
casting procedures. Indeed, a large number of air voids (some of which

Fig. 17. X-ray maps of the microstructure of MK39 and R39 at 28 days of curing. The typical elements present in geopolymers, i.e. O, Na, Si and Al are reported.
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with a diameter >50 μm) have been observed by SEM, as reported in 
Fig. 14. Air trapping is often observed in alkali activated systems 
because alkaline activators, especially sodium silicate solution, exhibit 
higher density and viscosity compared to water-based solutions [7–9]. 

The partial replacement of MTK with CTW leads to a significant 
reduction in compressive strength; however, R39 and R36 samples 
reached values greater than 35 MPa at 7 days of curing time. These 
results are notable and in accordance with those reported in the litera-
ture for porcelain stoneware powder-based alkali activated mortars 
[25]. Moreover, the effect of CTW in decreasing compressive strength is 
also coherent with the results obtained by MIP and N 2 adsorption pre-
viously discussed, where a coarsening of micropores in the range 0.01-1 
μm and a lower content of geopolymer gel have been disclosed, 
respectively.

Further SEM observations are reported in Fig. 15, where some 
unreacted particles of CTW are observed in R42 at all curing times, 
confirming their lower reactivity compared to MTK.

By increasing the curing time, a densification of the microstructure is 
observed for both MK- and R-samples; however, some differences are 
noted from the morphological point of view (Fig. 16). When only MTK is 
used as a precursor, the densification leads to a very compact 
morphology where the plate-like particles of MTK appear condensed, 
forming a continuous gel phase. When MTK and CTW are combined, two 
distinct morphologies - one continuous and one granular –leading to a 
more porous microstructure are observed, thus confirming the results 
obtained by MIP. Finally, X-ray maps of O, Na, Si and Al for MK39-28 
and R39-28 (obtained via EDS analysis) are shown in Fig. 17. It is 
clearly visible that these four elements are distributed homogeneously in 
the analysed portion of the samples, indicating the formation of a 3D 
network of sodium aluminosilicates [75].

4. Conclusions

In this study, the effects of combining ceramic tile waste (CTW) and 
metakaolin (MTK) as precursors for geopolymers were elucidated 
through a multi-analytical investigation of micro- and nano-porous 
features, complemented by physical and mechanical characterization. 

The main findings can be summarized as follows.

- replacing metakaolin with 35% CTW leads to a coarsening of pore 
size distributions in the 0.08-1.00 μm range and a reduction in gel 
content. Although a delay in the development of the 3D network was 
observed, the gel formation process was nevertheless completed 
within 24 h. The resulting microstructure produced a lower 
compressive strength compared to MK-samples; however, strengths 
still exceeded 30 MPa after at least 7 days of curing. These results 
indicate that CTW is a viable and promising precursor for alkali 
activation;

- decreasing the w/s ratio from 0.42 to 0.36 causes several changes in 
the microstructure of the geopolymers, regardless of the precursors. 
The best performance was achieved with a w/s ratio of 0.39. At the 
highest w/s ratio (0.42), MIP detected an increase in open porosity 
within the 0.01–1 μm range, resulting in reduced mechanical prop-
erties. Conversely, at the lowest w/s ratio (0.36), the formation of 
closed pores due to trapped air limits potential gains in mechanical 
strength;

- the multi-analytical approach adopted in this study - monitoring 
pore evolution at different curing times using three complementary 
techniques (MIP, N 2 adsorption, and 1 H TD-NMR) – integrated the 
strengths of each method, providing a clear and comprehensive 
picture of microstructural changes. This type of integrated investi-
gation has been applied for the first time to geopolymers derived 
from two precursors, thereby advancing the knowledge in geo-
polymer science.

Finally, although the variability of the investigated CTW is likely

limited - since it originates from the rectification process of fired por-
celain stoneware tiles, whose formulations are generally similar 
worldwide - additional research gaps remain to be addressed, particu-
larly regarding the long-term durability of the investigated mixes and 
their industrial scalability.
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