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A B S T R A C T   

Characterizing and understanding the mechanisms underlying geopolymerization are critical in achieving the use 
of sustainable construction material, geopolymer, for widespread commercial production. Non-destructive 1H 
NMR relaxometry can provide novel information about geopolymerization as it allows simultaneous detection of 
where the water goes and how the pore structure changes. Coupled with the development of single-sided NMR 
devices, NMR measurements are not limited by the specimen size and are therefore able to observe in-situ 
conditions of geopolymer synthesis. Here, the curing process of metakaolin-based geopolymers was monitored 
by 1H relaxometry on a single-sided NMR device. The silica-to-alumina ratio (Si/Al) was found to affect reaction 
stages of the geopolymerization. After the dissolution of aluminosilicate precursor, the low Si/Al of 1 was found 
to generate three gelation/polymerization stages as well as a water-binding stage, and two gel phases appeared. 
When Si/Al varied in 1.5–2.5, two gelation/polymerization stages and only one gel phase was observed.   

1. Introduction 

Cement and concrete materials produce at least 8 % of CO2 emission 
associated with human activity [1]. Substitutes for cement materials 
with lower CO2 emission are needed, and geopolymers are one candi-
date [2–4]. Geopolymers are alkali-activated aluminosilicate materials 
synthesized from aluminosilicate precursors and alkaline solutions 
[2,5–7]. Because of the carbonate-free composition, lower amount of 
CO2 is released than conventional cementitious materials during the 
production process [8,9]. At the same time, geopolymers have favour-
able mechanical properties for many applications, such as high 
compressive strength and heat resistance [10,11]. 

Geopolymerization setting process consists of several chemical re-
actions, during which the chemical and porous structures are formed. 
Thus, the geopolymerization reaction affects the chemical properties, 
porosity, and mechanical properties of the materials [12–14]. Many 
experimental methods, such as 29Si, 27Al solid-state nuclear magnetic 
resonance (NMR) spectroscopy [15], infrared spectroscopy [16], pair 
distribution function analysis [17], differential scanning calorimetry 
[18], compressive strength testing [15], as well as scanning and trans-
mission electron microscopy [19] have been used to study the 

geopolymerization mechanism via monitoring the evolution of chemical 
structures, surface and inner porous structures, reaction heat flow, and 
mechanical properties. 

The most-accepted simplified mechanism of geopolymerization de-
scribes that the geopolymerization starts from a dissolution stage, during 
which the alumina silica source is dissolved to alumina and silica 
monomers [5,20,21]. These monomers are then polymerized to a final 
geopolymer material through several continuous gelation/polymeriza-
tion stages via dehydration reactions. The number and type of gel and 
polymer inter-phases were observed by different studies and these 
depend on the synthesis procedure and measurement method 
[13,15,22–29]. 

Geopolymerization process is a complicated chemical reaction and 
therefore difficult to study. Several abovementioned experimental 
methods are destructive, as they require pre-processing: drying, pul-
verization or high-pressure permeation. The pre-processing may change 
properties of the materials and it prevents longitudinal studies of a single 
piece of material. One suitable method for studying geopolymerization 
noninvasively and longitudinally is NMR relaxometry. 1H NMR relax-
ometry is a non-destructive method which enables one to monitor 
simultaneously the changes in pore size and the amount of mobile water 
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by acquiring relaxation times and signal intensities during geo-
polymerization process [30]. Hence, NMR relaxometry can provide in-
formation about the geopolymerization mechanism from a novel 
perspective compared with the abovementioned experimental studies. 
The traditional NMR instruments are designed for samples placed inside 
a cylindrical magnet that produces a homogenous magnetic field 
[31–33]. Typically, the sample is inserted in a 5–10 mm diameter cy-
lindrical tube. The small sample tube environment does not accurately 
reproduce the real handling conditions of geopolymers; for example, it is 
very challenging to load small diameter sample tubes with the highly 
viscous non-cured geopolymer slurry. 

The development of the portable single-sided NMR devices provides 
the possibility for the in-situ detection of the bulk specimens [33]. 
Although the inhomogeneous low magnetic field does not provide 
chemical shift information, time domain techniques, including relax-
ometry and diffusion, can be used [34,35]. Single-sided NMR has been 
exploited, for example, for studying construction materials [36–38], 
polymers [39], food [40], human tissue [41], and paintings [42]. The 1H 
NMR spin-spin relaxation time (T2) [43], spin-lattice relaxation time 
(T1) [44], diffusion coefficient (D) [45] and their 2-dimensional (2D) T1- 
T2 [46,47] and D-T2 [48,49] correlation techniques were used to 
distinguish different phases of molecule containing hydrogen. The 
single-sided NMR device is also able to provide spatially resolved pro-
files [50,51]. In single-sided NMR studies of cement-based materials, the 
T2, T1 and T1/T2 measurements, as well as 2D T1-T2 correlation maps 
were used to obtain pore structure information [47,52,53] and the signal 
intensity of NMR experiment was used to discern different types of water 
in the system [55]. 

In our previous work, we studied the effect of the water-to-solid (w/ 
s) ratio to the pore structures of geopolymers using 1H NMR relaxometry 
on traditional closed geometry low field NMR device [30]. It was found 
that geopolymers with a single Si/Al and a narrow w/s mass ratio 
created a consistent pore structure with little variance in curing times. 
Here we investigate how the Si/Al affects the geopolymerization reac-
tion as observed by a single-sided NMR device. Four metakaolin-based 
geopolymers with different Si/Al were prepared. The growths of their 
pore structures were monitored during entire curing process, up to 124 
days, with 1H relaxometry NMR techniques on a single-sided NMR- 
MOUSE instrument (Fig. 1). By changing the Si/Al, different stages of 

curing process were observed. For the comparison, the pore and chem-
ical structures of cured geopolymers were also characterized by N2 
physisorption and solid state 27Al magic angle spinning (MAS) NMR. 

2. Experimental methods 

2.1. Sample preparation 

Four alkaline activators with different amounts (0, 5.3, 10.6 and 
15.9 g) of SiO2 (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) were 
prepared. The SiO2 was added to a mixture of 7 g of NaOH (VWR, BDH, 
Frankenwald, South Africa) and 25 g of H2O. The solutions were then 
mixed with 20 g of metakaolin (MetaMax, BASF, Ludwigshafen, Ger-
many). The four different samples were loaded into 5.1 cm diameter 
polypropylene containers (VWR, BDH, Frankenwald, South Africa) with 
an approximate sample height of 1.5 cm. The samples were cured in 
sealed containers at room temperature. The molar Si/Al of four samples 
was 1, 1.5, 2 and 2.5 and the samples were named G1, G1.5, G2 and 
G2.5, respectively. The oxide molar ratios were Na2O:H2O:Al2O3:SiO2 =

1:17:1:X, where X = 2, 3, 4, 5 for G1, G1.5, G2 and G2.5, respectively. 

2.2. Characterization methods 

2.2.1. 1H T2 and T1-T2 experiments 
The experiments were performed on the single-sided NMR device, 

NMR-MOUSE PM25 (Magritek, Aachen, Germany), with a 13.29 MHz 
operating frequency and 310 kHz/mm gradient. The experiments were 
performed until all samples finished their curing process, which took 
124 days. The detailed scanning time points are shown in Section. S1. 

The T2 values were measured using Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence [56] with an echo time of 150 μs and 1500 
echoes. The number of scans was 64 and the repetition time of 12.5 s was 
used. The experiment time was 14 min. 

The two-dimensional T1-T2 sequence included a saturation recovery 
(SR) period followed by a CPMG acquisition [57]. The recovery time was 
increased from 1 to 10,000 ms with 32 logarithmic steps. In the T2 
dimension, the data was acquired with an echo time of 150 μs and 1500 
echoes. Thirty-two scans were acquired with the repetition time of 12.5 
s. The experiment time was 3.5 h. 

2.2.2. 27Al MAS NMR 
The 27Al magic angle spinning (MAS) spectra were measured with 

Bruker Avance III spectrometer (Bruker, Rheinstetten, Germany) oper-
ating at 78.24 MHz for 27Al. Samples were packed into 7 mm zirconia 
rotors and the spinning frequency of 7 kHz was applied. Direct excita-
tion spectra were collected by accumulating 1024 scans and using 1 μs 
pulse and the repetition time of 2 s. All the spectra were referenced to 
external reference of Al (NO3)3 at 0 ppm. 

2.2.3. N2 physisorption 
Nitrogen physisorption experiments were carried out at − 196 ◦C 

using a Micromeritics ASAP 2020 adsorption analyzer (Micromeritics, 
Norcross, Georgia, United States of America). The Bar-
ret–Joyner–Halenda (BJH) method was used to obtain the pore size 
distribution. Before the adsorption process, the samples were subjected 
to degassing under vacuum at 100 ◦C for 2 h. 

2.3. Data analysis 

T2 and S0 values were extracted from a single exponential fit with the 
CPMG data using MATLAB R2017b (Mathworks, Natick, Massachusetts, 
United States of America) [30]. To plot the data, the mean relaxation 
rate and standard deviation were used to create a Gaussian distribution. 

The T1/T2 values were obtained from T1-T2 data. T1 values were 
obtained from a single exponential fit of the data corresponding to 750 
μs echo time, while T2 values were extracted from a single exponential 

Fig. 1. The schematic experiment setting on NMR-MOUSE. The lines with ar-
rows illustrate magnetic field lines generated from NMR-MOUSE. RF denotes 
the radio frequency coil. 
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fit of the data corresponding to the longest recovery time (10,000 ms). 

3. Results and discussion 

The curing processes of four geopolymers with Si/Al of 1, 1.5, 2, 2.5 
were monitored by 1H T2 and T1-T2 NMR experiments on the NMR- 
MOUSE. The T2 and S0 values fitted from CPMG data (Fig. S1), as well 
as T1/T2 acquired from T1-T2 data (Fig. S2) were plotted as a function of 
curing time (Figs. 2 and 3). The change in T2 values reflects the change 
of pore size and structure during curing, where shorter T2 times correlate 
with smaller pore sizes [30]. The S0 is NMR signal intensity of mobile 
water, which is proportional to the amount of mobile water. It is worth 
noting that two kinds of water are present in the geopolymer system 
during geopolymerization, mobile water and bound water. The mobile 
water is water in the voids and pores, while bound water is chemically 
attached to the solid matrix [58–60]. The NMR signal comes only from 
the mobile water; the bound water is not observed in these NMR mea-
surements because its T2 (about 10 μs [61]) is much shorter than echo 
time (150 μs). When the liquid is adsorbed into porous materials, the T1/ 
T2 measured at low magnetic field is independent of the pore size [62]. 
Higher T1/T2 indicates higher surface affinity of the solid material to the 
liquid, i.e., stronger surface interaction, in which case it is harder to 
release adsorbed water from the solid surface. The detailed theories of 
interrelations between surface interactions and NMR relaxation times 
have been described for Pd/Al2O3 materials [62] and mesoporous silicas 
[63,64]. The bulk water without contact to solid walls has T1/T2 of 1. 

3.1. Curing: Si/Al = 1 (G1) sample 

Interestingly, when Si/Al = 1, five stages of curing are observed 
(Fig. 2). In G1, S0 at hour 0 is low. This is indirect evidence of the 
presence of the dissolution stage before the data is collected. This 
dissolution stage has been observed in many studies, during which 
metakaolin reacts with water and NaOH to form several Si and Al 
monomers [5,23]. Hence, a part of water is consumed as it works as a 
reactant in the chemical reaction of dissolution. Low initial S0 was also 
observed in our previous NMR study of metakaolin based geopolymers 
[30]. The stage of dissolution is thought to be very fast, taking place 
immediately after the mixing of raw materials. 

The adsorbed water is then released during the second stage which 
occurs during the first 3 h of curing. This is observed via an increase in 
S0. This is hypothesized to be a dehydration reaction corresponding to 
the gelation stage [66]. During gelation, monomeric Si and Al gradually 
form a gel phase, named gel 1 here, which mainly contains oligomers 
with Si/Al of 1. The pore size also becomes smaller which is seen by a 
decrease in T2. It is worth noting that there is not only one gel phase in 
each stage and some overlap of rare gelation phases occur. 

The third stage is a water binding stage from hour 3 to hour 9, shown 
as decrease of both T2 and S0. After the formation of the gel 1 phase, 
water is gradually bound to the oligomers. Because the bound water is 
silent in NMR experiments [61], the S0 decreases. T2 is also found to 
decrease because the bound water reduces the pore space. The formation 
of this chemically bound water has previously been proposed in another 
geopolymerization model [67]. 

The fourth stage takes place from hour 9 to day 13, where the T2 
increases but S0 is stable. This stage is hypothesized to be the reorga-
nization stage. This reorganization stage has also been described before 
in other geopolymerization models [5,29,68]. The geopolymer prefers a 
structure with Si/Al of about 2 [14,30]. The first gelation stage has a 
structure with Si/Al = 1, which is not stable, and it is thus transformed to 
a gel phase with Si/Al = 2 during curing. The unchanged S0 within this 
stage is a consequence of two opposite effects. The first effect is that gel 1 
is reorganized to create a new gel phase, gel 2. It is hypothesized that 
water is released during reorganization [5]. However, the released water 
is bound with the solid matrix and is non-detectable (the second effect). 
As it has been reported that increased amount of bound water in 

geopolymer is an indicator of more stable structure [69], transform of 
gel 1 to gel 2 can be interpreted as growing a more stable geopolymer. 
There is an increase in pore size and T2 as the material reorganizes. Gel 1 
is composed of two Si, two Al and four O atoms with smaller pore size, 
while gel 2, is composed of four Si, two Al and six O atoms with larger 
pore size, as shown in Fig. 2d. In addition, the T1/T2 is found to increase 
during the stage IV. Consequently, we hypothesize that gel 2 has higher 
surface affinity to water than gel 1 (see discussion in the beginning of 
Results and discussion). 

The last stage, from day 13 to day 33, shows a decrease in T2 but 
increasing mobile water content. During this stage, the gel 2 phase with 
bound water continues to polymerize and condenses, and the growth of 
geopolymer skeleton [60] results in the decreased T2. The water is 
released as the polymerization is also a dehydration reaction. During 
this stage, some water is gradually bounding with geopolymer and the 
system arrives to an equilibrium state. As a result, the T1/T2 of G1 de-
creases due to the decreased surface affinity. We note that this is the first 
time such belated increase and subsequent decrease (stage IV-V) in T2 is 
observed; T2 has been reported to increase in the literature, however 
monitoring period was only 35 h and therefore it covered only the initial 
increase of T2 [22]. The appearance of these stages was repeatable 
(Figs. S3 and S4). 

After day 33, T2 and T1/T2 do not change anymore significantly. S0 
decreases slightly (about 11 %) over the next 84 days. This may be due 
to evaporation of water. Therefore, we conclude that the curing time of 
sample G1 is about 33 days. 

3.2. Curing of Si/Al = 1.5, 2 and 2.5 (G1.5, G2 and G2.5) samples 

Similar lower S0 starting point (Fig. 3b) is observed for G1.5, G2 and 
G2.5 samples as for G1 (Fig. 2b), which is indirect evidence of dissolu-
tion and hydration. Then during the first 3 h, T2 decreases and S0 in-
creases. This indicates the gelation stage. For the three samples with Si/ 
Al > 1, the gelation structure with Si/Al = 2 is hypothesized to be 
directly generated without the reorganization from Si/Al = 1. This may 
be based on two possible mechanisms. First, the higher Si/Al leads to the 
different proportions of dissolved Si and Al monomers, and it is 
reasonable to expect that the gel phase created from these monomers has 
different Si/Al as compared to G1 sample. The second possibility is that 
there is also gelation stage dominated by gel 1, but it is so short-lived 
that it is not clearly observed in the experiments [70]. During the 
third stage, T2 and S0 decrease until day 5, 10 and 124 for G1.5, G2 and 
G2.5, respectively. This is the condensation stage, together with water 
binding. The dehydration reaction occurs and the pore structure is 
condensed. Although water is released in the condensation reaction, 
more mobile water becomes bound water. Therefore, both the T2 and S0 
decrease. The curing processes of all three geopolymers end with this 
condensation stage. In the range of Si/Al of 1.5 to 2.5, the lower Si/Al 
results in shorter curing process, especially shorter condensation stage, 
which was also found in other studies [12,26]. However, contrary to the 
previous trend, G1 has longer curing process (33 days) than G1.5 and 
G2, most probably due to its different geopolymerization process. T1/T2 
for samples G1.5 and G2 do not change significantly during the obser-
vation period, most probably because most of the chemical reactions had 
already taken place before the first observation point at day 1. In 
contrast, T1/T2 of G2.5 increased until the end of monitoring. G2.5 has 
the lowest water to solid ratio (w/s = 2.4). Therefore, we interpret that 
the low amount of water is limiting the progress of polymerization re-
action in the G2.5 sample. 

3.3. Characterization of cured geopolymers 

The cured samples were characterized by 27Al MAS SSNMR, T2 
relaxation measurements of water saturated samples, and N2 phys-
isorption for determining the chemical and physical structures of the 
materials. T1/T2 of water saturated samples was also acquired to 

J. Li et al.                                                                                                                                                                                                                                         



Cement and Concrete Research 160 (2022) 106921

4

Fig. 2. (a) T2 values, (b) signal intensities (S0) and (c) T1/T2 of sample G1 as a function of curing time of 124 days. T2 and S0 plots zoomed in to 0–24 h are shown on 
the left. The green vertical dotted line represents the end of curing, defined as the time point with unchanged T2 and S0. The symbols ‘↑’, ‘↓’ or ‘→’ indicate that T2, S0 
or T1/T2 increase, decrease, or stay stable during the stage, respectively. (d) The hypothesized schematic of geopolymerization of G1 based the T2 and S0 information. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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understand their surface affinity to the water. 
The 27Al MAS SSNMR is a standard method for characterizing the 

chemical structures of geopolymers. The 27Al MAS SSNMR spectra 
shown in Fig. 4 are typical for metakaolin-based geopolymers, including 
two peaks [71,72]. The peak at 58 ppm arises from tetracoordinate Al, 
which is the structural Al, and the peak at 10 ppm originates from 
hexacoordinate Al in unreacted metakaolin [71]. In the case of the three 
samples with Si/Al < 2.5, the unreacted metakaolin peak is very small, 
but it is quite large for the G2.5 sample. This means that metakaolin did 

not fully dissolved in the NaOH solution when Si/Al = 2.5 [13], which 
was also found in Ref. [73]. 

The T2 distribution and N2 physisorption were used to estimate pore 
sizes of cured geopolymers. The sample for G2.5 was destroyed by water 
saturation, which prevented T2 measurements. Furthermore, almost no 
porosity in the nano-meter scale was found for G2.5 in N2 physisorption 
experiments (Fig. S6d). Therefore, T2 distribution and pore size distri-
bution of G2.5 are missing in Fig. 5. By performing BJH analysis to N2 
desorption curve (Fig. S5), the mesopore size distributions were 

Fig. 3. (a) T2 values, (b) signal intensities 
(S0) and (c) T1/T2 of samples G1.5, G2 and 
G2.5 as a function of curing time of 124 
days. T2 and S0 plots zoomed in to 0–24 h 
are shown on the left. The symbols ‘↑’, ‘↓’ or 
‘→’ indicate that T2, S0 or T1/T2 increase, 
decrease or do not change during the stage, 
respectively. The green, orange and blue 
dotted lines shown at days 5, 10 and 124 
represent the ends of curing for G1.5, G2 and 
G2.5, respectively. (d) The hypothesized 
geopolymerization mechanism of G1.5, G2 
and G2.5. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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acquired. Pore size was found to decrease as Si/Al increases for G1 (48.2 
nm), G1.5 (28.7 nm) and G2 (21.1 nm) samples (Fig. 5b). This is in 
agreement with previous studies which showed that larger Si/Al leads to 
smaller pore diameters in the Si/Al range of 1 to 2 [74,75]. The un-
derlying reason may be that the pores are assumed to be denser when Si/ 
Al is closer to 2. In addition, the G1 has a peak at about 2.6 nm, which is 
attributed to zeolite-analogous pores [14,30]. This is in agreement with 
the finding that the geopolymer synthesized from raw material with Si/ 
Al of 1 prefers to form zeolite phase [76]. Therefore, we hypothesize that 
the presence of two gel phases during geopolymerization leads to the 
growth of zeolite phase and zeolite-analogue pores. As expected, T2 
values decrease with increasing Si/Al due to decreased pore size. 

The T1/T2 has been stated to represents the surface affinity of porous 
materials to water [62]. The surface affinity is related to some other 
important properties of geopolymers, such as structural stability when 
they are used as fire-resistant materials and ability of water adsorption 
when they are used as coating materials. According to Fig. 6, the T1/T2 is 
the highest (2.3) when Si/Al is 1.5. This indicates that G1.5 has the 
highest ability to adsorb water, making it the most promising candidate 
for fire-resistant and water-adsorption material applications. 

4. Conclusion 

Overall, the geopolymerization mechanism found by monitoring the 
changes of mobile water content, pore size and surface affinity to water 
for four metakaolin-based geopolymers agree well with the geo-
polymerization models proposed in other studies. The dissolution stage 
is followed by dehydration reactions, consisting of several gelation and/ 
or polymerization stages for all samples. As a novel finding, these 
gelation and/or polymerization stages and formed gel phases were 
found to be dependent on Si/Al ratio in a complex way. For the sample 
with Si/Al = 1, two gel phases with different Si/Al (1 and 2) were 
interpreted to appear, and there was a distinct water binding stage 
before the gel reorganization. One gel phase with Si/Al of 2 was found 
for the other three samples with Si/Al of 1.5, 2 and 2.5. The entire re-
action duration becomes longer as Si/Al increases for the samples with 
the Si/Al of 1.5 to 2.5, which is in agreement with previous studies 
[12,26]. However, the geopolymer with Si/Al of 1 does not fit this trend 
due to its different reaction mechanism. The presence of the two gel 
phases during geopolymerization of the Si/Al = 1 sample was also 
interpreted to lead to the growth of zeolite phase and zeolite-analogue 
pores. The sample with Si/Al of 1.5 was found to form a geopolymer 
with the highest surface affinity to water. 

Fig. 4. 27Al solid-state MAS NMR spectra of the four cured geopolymers as well 
as metakaolin. 

Fig. 5. (a) T2 distribution acquired after complete water saturation and (b) 
pore size distribution derived from N2 physisorption of the three cured geo-
polymers G1, G1.5 and G2. 

Fig. 6. T1/T2 as a function of Si/Al in the range of 1–2.  
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