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Geopolymers are alumino-silicates with inborn mesoporous structures. For construction applications, the
knowledge on the porous structure and fluid dynamics is important. In this work, the interconnected pore
structures of metakaolin-based geopolymers and dynamics of guest molecules were studied by 129Xe nuclear
magnetic resonance (NMR), by exploiting the high sensitivity of the 129Xe chemical shift to its local environment.
The 129Xe NMR spectra revealed three different pore structures experienced by xenon gas in the geopolymers: the
first associated with microporous zeolite-analogous cages (≤2 nm), the second with the mesopores (2–50 nm)
and the third with free Xe in larger voids. The sizes of mesopores, heat of adsorption as well as pore connectivity
were determined as a function of water-to-solid (w/s) ratio. The results show that the pore structures can be
tailored by changing the w/s ratio, providing tunability both for potential construction, catalysis, and adsorbent
applications.

1. Introduction
Geopolymers are inorganic polymers with many potential industrial
applications due to their tunable nature and potential for lower CO2
emissions compared to ordinary Portland cement. With amorphous
silica-alumina pore structures, geopolymers are regarded as X-ray
amorphous zeolites. In construction applications, it is important to know
the porous structures and fluid dynamics in geopolymers. Geopolymers
are also attracting more and more researchers' attention as adsorbents
and catalysts [1,2]. In the past, porous materials with crystal structures,
such as zeolites, metal-organic frameworks (MOFs), covalent organic
frameworks and organic cages have become widely used catalysts and
adsorbents [3]. Their applications in heterogeneous catalysis, adsorp
tion, and sensing have been broadly studied and the related porous
structures have also been characterized [3]. However, their crystallinity
limits their performance because the microporous (≤2 nm) structure
hinders the diffusion of guest molecules whose sizes are larger than 2
nm. One way to address this limitation is to introduce mesopores (2–50
nm) by creating an amorphous structure using complex post treatment,
called desilication [4]. In contrast, geopolymers have inborn mesopores
with a disordered structure [5]. If their disordered pores are highly

connected and continuous, they would be excellent mesoporous adsor
bents and catalysts [6]. The pore structures of cementitious materials
and geopolymers have been studied by conventional methods, including
N2 physisorption [7] and mercury intrusion porosimetry (MIP) [8], as
well as some advanced methods, such as electron tomography [9] and Xray microtomography [10]. These methods are good at providing
porosity, but they provide limited information on pore connectivity and
gas transport, e.g., if the disordered structures block the gas transport of
guest molecules [3].
Comparatively, the 129Xe NMR is a method for determining both the
porosity and pore connectivity of cementitious materials. 129Xe NMR is
an attractive method for understanding the diffusion of guest molecules
and the pore structure of the geopolymers because Xe gas is used as a
probe atom. Therefore, the pore structure and connectivity measured by
129
Xe NMR reflects the accessible pore structure for guest molecules.
Additionally, 129Xe is an ideal probe gas for Nuclear Magnetic Reso
nance (NMR) experiments because its NMR chemical shift is sensitive to
the chemical composition and the physical structure of its environment
[11].
Various 129Xe NMR means have been developed for studying pore
structures in a range of microporous and mesoporous materials [12–20].
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The chemical shift reflects the pore size and structure [11] while the
temperature dependence of the 129Xe chemical shift can be used to
measure pore size in mesoporous systems [21,22], which has also been
applied to study hydrated cements [23,24]. Therefore, 1D 129Xe NMR is
a useful tool for understanding the pore structure in geopolymers. In
addition, two-dimensional (2D) 129Xe exchange spectroscopy (EXSY)
NMR has been used to detect pore connectivity of porous materials,
including cement materials [18,20,23–25], because it shows the ex
change of gas between pores. One-dimensional (1D) 129Xe EXSY NMR
has been used to study gas dynamics and exchange in other porous
materials, such as zeolites, silica gels, MOFs and cryptophane cages
[26–30].
In this work, six geopolymers, whose chemical compositions are
expressed as Naa (SiO2)b AlO2⋅cH2O, were prepared with different
water-to-solid (w/s) ratios (0.42–0.75) and the dependence of pore
structure and pore connectivity on w/s ratio was studied using 129Xe
NMR after adding Xe gas into samples. Previous 1H NMR studies have
shown that these materials with w/s of 0.59–0.66 have an inter
connected porous system; however, the exchange rate and accessibility
of gas was not assessed [5]. To the best of our knowledge, this is the first
129
Xe NMR study of geopolymers. 129Xe NMR spectra are used to
distinguish different porous structures in the geopolymers as well as to
estimate mesopore sizes. Furthermore, 1D 129Xe EXSY is utilized to
reveal the level of pore connectivity by quantifying the exchange rates of
Xe gas moving between the pores.

spectrometer (Bruker, Rheinstetten, Germany) with a 5 mm BBO probe.
We note that the 129Xe experiments reported in this manuscript can be
performed with a standard NMR spectrometer equipped with a broad
band probe tuneable for 129Xe frequency (such as the previously
mentioned instrument).
2.2.2. 2D 129Xe EXSY
The 2D 129Xe EXSY experiment was performed for one sample,
G0.66, with 38 indirect frequency encoding steps and a sweep width of
450 ppm. A recovery delay time of 15 s and 160 scans were used. The
experiment time was about 26 h for each spectrum. Three mixing time
were used: 0.0005, 0.01 and 0.15 s. Data was collected on Bruker
Avance III 14.1 Tesla spectrometer (Bruker, Rheinstetten, Germany)
with 5 mm BBO probe.
2.2.3. 129Xe NMR relaxation measurements
The T1 and T2 of Xe were measured at 188 K and 263 K. The
Inversion-Recovery (IR) [32] and Carr-Purcell-Meiboom-Gill (CPMG)
[33] pulse sequences were used for T1 and T2 measurements. Data was
taken using a 5 mm BBO probe and Bruker Avance III 14.1 Tesla spec
trometer (Bruker, Rheinstetten, Germany).
For the IR experiment at 188 K, the recovery delay time was varied in
26 log spaced steps from 10 μs to 15 s. A 6 s relaxation delay time and 16
scans were used. At 263 K, the inversion recovery delay was varied in 20
log spaced steps from 100 μs to 50 s. A relaxation delay of 25 s and 32
scans were used. The experiment time was 1 h and 5 h respectively.
For the CPMG experiment at 188 K, an echo time, τ, of 40 μs was used
and the number of echoes increased from 1 to 100 with 18 log spaced
steps. Number of scans was 16 and 6 s recovery delay time between
scans were used. The pulse length for 90◦ pulse was 9.5 μs. At 263 K, an
echo time τ of 100 μs was used and the number of echoes increased from
1 to 50 with 16 log spaced steps. A relaxation delay of 25 s and 32 scans
were used. The pulse length for 90◦ pulse was 14.5 μs. The experiment
times were 1.5 h and 5.5 h respectively.

2. Materials and methods
2.1. Sample preparation
Six alkaline activators were made using 7 g NaOH (VWR, Radnor,
Pennsylvania, United States) and 10.6 g fumed SiO2 (Sigma-Aldrich,
Munich, Germany) with different amounts of water: 28.2, 25, 23.5, 22,
18.9 and 15.7 g. Twenty grams of metakaolin (MetaMax, BASF Oy,
Finland) was dissolved into each alkaline solution. The six mixtures
were poured into 5 mm Teflon moulds and then placed into a curing
chamber set to 298 K and 100% relative humidity. The water to solid (w/
s) mass ratios of six acquired geopolymers were 0.75, 0.66, 0.63, 0.59,
0.50 and 0.42, respectively. The six geopolymers were named G0.75,
G0.66, G0.63, G0.59, G0.50 and G0.42. The oxide molar ratios were:
SiO2:Al2O3:Na2O:H2O = 4:1:1:X, where X = 19, 17, 16, 15, 13, 11,
respectively.
After 14 days of curing, the six hardened geopolymers were dried in a
333 K oven for 12 h and then ground into particles by using a vibrating
disc mill (Retsch RS200). The heating schedule was chosen because the
material has been shown to be stable when heated in environments up to
373 K [31]. Grinding time was 20 s and 700 rpm of speed were used. The
six particle samples were then sieved with an air jet sieve (HOSOKAWA
ALOPNE 200LS). The particles with particle sizes from 90 to 250 μm
were selected. The sieved powder samples were then placed into 5 mm
medium wall NMR tubes (Wilmad Glass, Vineland, United States). The
samples were degassed and the gas was replaced with an atmosphere of
5.2, 6.3, 5.9, 6.3, 6.4 and 6.0 atm 129Xe in G0.75, G0.66, G0.63, G0.59,
G0.50 and G0.42, respectively. 129Xe gas was condensed into the sample
tube in a vacuum line using liquid nitrogen, and the sample tube was
sealed using flame.

2.2.4. 1D 129Xe EXSY (Selective Inversion-Recovery) experiment
The 1D 129Xe EXSY experiments [26] were carried out at both 188 K
and 263 K. The 1D EXSY pulse sequence was shown in Fig. S2. Data was
taken using a 5 mm BBO probe and Bruker Avance III 600 MHz spec
trometer (Bruker, Rheinstetten, Germany). At 188 K, the selective sinc
pulse with pulse length of 560 μs to 700 μs (various for each sample) was
centered on peak B at 120–150 ppm. The recovery time was varied in 45
log spaced steps from 10 μs to 15 s. A 6 s recovery delay and 16 scans
were used. The experiment time was about 1.5 h. At 263 K, the selective
sinc pulse was 800 μs and it cantered on peak F at 2 ppm. The recovery
time was varied in 20 log spaced steps from 100 μs to 50 s. A 25 s re
covery delay and 64 scans were used. The experiment time was about 11
h.
2.2.5. Solid state NMR
The 27Al magic angle spinning (MAS) spectra were measured with
Bruker Avance III 300 MHz spectrometer operating at 78.24 MHz for
27
Al. Samples were packed into 7 mm zirconia rotors and a 7 kHz
spinning frequency was applied. Direct excitation spectra were collected
for 2048 scans and a repetition rate of 2 s. All the spectra were refer
enced to external reference of Al(NO3)3 at 0 ppm.
NMR data analysis is seen in the Supporting information.

2.2. NMR experiments
2.2.1.

129

2.3. N2 physisorption experiments

Xe NMR spectra
Xe NMR spectra were measured using a one pulse sequence using
128 scans and a recovery time of 30 s. The scan time was 66 min. The
spectra were taken at 182, 193, 203, 214, 231, 238, 250, 263, 276, 289,
and 302 K. The temperature stabilization delay between experiments
was 50 min. The total experiment time for acquiring the temperature
series was 25 h. Data was collected on Bruker Avance III 9.4 Tesla
129

Nitrogen physisorption experiments were carried out at 77 K with
the help of Micromeritics ASAP 2020, US. The Barret–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 373 K for 2 h.
2
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Fig. 2. 27Al solid-state MAS NMR spectra of (a) G0.75, (b) G0.66, (c) G0.63, (d)
G0.59, (e) G0.50 and (f) G0.42 and (g) original metakaolin.

129

Fig. 1. The
Xe spectra of (a) G0.75, (b) G0.66, (c) G0.63, (d) G0.59, (e)
G0.50 and (f) G0.42 at 297 K.

shown in Eq. (S2) [37]. The δ (T) was used to find the S/V and the heat of
adsorption Q (Fig. 3e) [37]. The S/V was converted to pore size diameter
D by assuming a cylindrical (open) pore geometry (Fig. 3d). The four
samples with medium w/s ratios have almost the same pore diameter of
about 20 nm and heat of adsorption of about 14 kJ/mol, while G0.75
sample has a larger pore size, 213 nm, and a larger heat of adsorption,
16 kJ/mol. When the heat of adsorption is in the range of 8–16 kJ/mol,
the process is defined as ion exchange, which is in between the physical
adsorption and chemical adsorption [38]. As the mesopore peak of A
0.42 sample was very small, its δ behaviour was left out from the
analysis.
The pore size distributions provided by N2 physisorption include
three partially overlapping peaks in the pore size range of 2–100 nm
(Fig. 3c). There is a small peak B1 around 2.5 nm, a large peak B2 in the
range of 7 to 48 nm, and a wide peak B3 at 48 nm. B2 shifts toward
smaller pore sizes as the w/s ratios decreases which is reflected in a
decrease in average pore size. The average pore sizes measured by N2
physisorption and 129Xe NMR are in good agreement for all samples
except G0.75 (Fig. 3d). The upper limit of detection for N2 physisorption
is less than the 213 nm pore size detected in G0.75 sample by NMR. In
the 129Xe NMR data only a single mesopore peak is observed while three
peaks are observed in N2 physisorption. In the 129Xe NMR data, the
chemical shift is the average of the chemical shifts of the sites that Xe
exchanges between when the exchange is fast on the NMR time scale
[39]. By comparing the average pore sizes detected by N2 physisorption
and 129Xe NMR (Fig. 3d), it is possible to conclude that Xe atoms in the
pores from 2 to 100 nm are in fast exchange with each other because
they are in close agreement with each other, less than 7% deviation.
The intensities of the 129Xe peaks in Figs. 3a and S3 vary significantly
as a function of temperature. The intensity of the signal B increases
significantly with decreasing temperature, while opposite trend is

3. Results and discussion
3.1. Pore diameter determined by

129

Xe NMR spectra

For detecting the pore structures of the six geopolymers, the 129Xe
spectra were collected at 297 K (Fig. 1). Most of the spectra include three
peaks at around 2, 30 and 56 ppm. Typically, chemical shift (δ) of 129Xe
is inversely proportional to the pore size [34]. Therefore, the 2 ppm
signal (label F) is assigned as free Xe gas in large voids and in between
the particles [34], the 30 ppm signal (label B) from midsized pores and
the 56 ppm signal (label S) from the smallest pores. Signal B of the
highest w/s sample, G0.75, shows a lower δ than the other samples,
indicating a larger middle pore size and no peak S is observed. In the w/s
range, which is optimal for geopolymers formation (0.50–0.66), the
samples show similar spectra with only small variations in δ for peak B.
The lowest w/s, 0.42, is the theoretical lower limit of w/s for geo
polymers used here. G0.42 sample shows a very small peak B peak at 12
ppm and peak S is not observed. This indicates that G0.42 sample did not
form a well-developed pore structure, even though the 27Al solid state
NMR spectra of G0.42 shows no peak at 9.3 ppm, implying that the
metakaolin had fully reacted (see Fig. 2f).
To identify the pore sizes associated with these peaks, variable
temperature (182–302 K) 129Xe NMR experiments were performed. The
spectra of G 0.59 are shown in Fig. 3a, these spectra are representative of
all six samples and the complete data set is shown in Fig. S3. The δ of S is
independent of temperature, which is typical for microporous materials
[12]. Signal S is assigned to microporous zeolite-analogous cages
[35,36]. The δ of B increases with decreasing temperature. This
behaviour is typical for mesoporous materials, for which it has been
demonstrated that δ is dependent on the surface to volume ratio (S/V) as
3
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Fig. 3. Determination of the pore sizes and heats of adsorption of the geopolymers by 129Xe NMR and N2 physisorption. (a) 129Xe NMR spectra as a function of
temperature for G0.59 sample. (b) Chemical shift of signal B as a function of temperature. Solid lines: fits of the theoretical model described in the text. (c) The pore
size distributions measured by N2 physisorption. (d) The comparison of average mesopore diameters determined by 129Xe NMR and N2 physisorption. (e) The heats of
adsorption extracted from 129Xe spectra as a function of w/s ratio.

Fig. 4. 2D

129

Xe NMR spectra of G0.66 with mixing time of (a) 0.5, (b) 10 and (c) 150 ms at 297 K.

observed for signal F. This is a consequence of increased adsorption of Xe
gas on the walls of mesopores with decreasing temperature, which in
creases Xe population in the mesopore site B and decreases it in the free
gas site F. This is a commonly observed trend in mesoporous materials
[35]. However, the intensity of the micropore signal S does not vary
much as a function of temperature, i.e., Xe population of the micropore
site is quite independent of temperature. This observation implies that
the micropore site is very strongly binding Xe, and almost all available
micropore sites are occupied by Xe atoms already at the highest tem
perature. Therefore, decreasing temperature cannot increase the popu
lation of the S site anymore significantly. Strong Xe binding in
microporous cavities is a commonly observed phenomenon [19]. The
strong binding may also explain the slow exchange dynamics between
the S and B/F sites (see discussion below). The small intensity of the S

signal as compared to the B signal implies that the volume fraction of the
micropores is much smaller than that of mesopores. However, quanti
fication of the volume fractions is not possible based on 129Xe signal
intensities due to different Xe densities in different sites.
3.2. Pore connectivity studied by 2D and 1D 129Xe EXSY experiments and
relaxation measurements
The strong cross-peaks B-F in 2D EXSY NMR spectra of G0.66 sample
(Fig. 4) reveal that the mesopores (B) are also connected to the macro
porous gas site (F). Furthermore, there are very small cross-peaks
observed at longer mixing that could arise from exchange between
zeolite analogous microporous cages (S) and the mesopores (B) and
macropores (F). However, the small amplitude (close to noise level)
4
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Fig. 6. Relaxation times of three peaks for geopolymers. (a, b) The T2 values
derived from CPMG and (c, d) T1 values derived from T1 IR experiments as a
function of w/s ratio at both (a, c) 188 K and (b, d) 263 K.

average pore diameter allows for faster exchange. The exchange rates
between S and B/F pools were not fitted due to the small intensity of the
S signal and also the proposed slow exchange process at 188 K and 263
K.
Fig. 6 shows the spin-lattice relaxation times (T1) measured by the T1
IR method as a function of w/s ratio. At 185 K, T1 of F and B signals are
equal within the error bars, probably due to relatively fast exchange
between these sites, tBF ≪ T1. T1 of S is about half of the T1 of F and B,
and the difference also implies that exchange times tSF and tSB are equal
or longer than T1, such that tSF and tSB ≥ 0.5 s, being in the agreement
with the assumed slow and non-detectable exchange between S with
other two pools by 1D EXSY. T1 of all the signals is decreasing with
increasing w/s ratio. At 263 K, T1 of all the signals is longer than at 185 K
and they are almost equal due to the exchange averaging; both the faster
exchange and longer T1 lead to more pronounced exchange averaging
effect for T1. Therefore, we can conclude that at 185 K tSF and tSB ≥ 0.5 s
and at 265 K tSF and tSB ≤ 4 s, i.e., the exchange time between the mi
cropores S and larger pores B and F is on the order of seconds.
Spin-spin relaxation times (T2) of signals F and B as a function of w/s
ratio measured by CPMG are shown in Fig. 6. T2 values of S could not be
determined due to the small amplitude of the signal. At 188 K, T2 of F,
about 0.2 ms, is much shorter than T2 of B, 1–3 ms. This implies that the
T2 is much shorter than exchange time tBF, which agrees with the ex
change analysis, in which tBF was found to be 50 ms. T2 of B increases
with increasing w/s ratio. It is known that the T2 is inversely propor
tional to the pore size [41,42]. Therefore, the T2 trend of B suggests that
the mesopore size increases with increasing w/s ratio, which agrees with
the average pore diameters measured by N2 physisorption (Fig. 3c and
d). At 263 K, T2 values of F and B become closer to each other due to
increased exchange averaging effect.
Characterizing the porous properties of geopolymers is meaningful,
whether applied as construction materials or catalysts. Their pore size
and pore connectivity have been shown to affect many properties, such
as shrinkage, modulus, and mechanical resistance [43,44]. When they
are used as catalysts, the pore size and pore connectivity determine if the
guest molecules can reach the catalytic sites [45].
Conventional methods, such as N2 physisorption can measure the
pore size and pore volume but are still limited regarding pore connec
tivity. In addition, microscope images provide 2D images of a local pore

Fig. 5. 129Xe exchange in the geopolymers. (a, b) 129Xe NMR spectra measured
at 188 and 263 K. (c, d) Signal amplitudes of G0.59 observed in the 1D EXSY
experiments after inversion of signal B at 188 K and signal F at 263 K. (e, f) The
exchange rates kBF as a function of w/s ratio.

implies that the connection between the micropores and the other sites is
hindered. We previously also found the exchange between S and B by 1H
relaxometry method [5].
The exchange rates between the sites B and F were quantified by 1D
EXSY, i.e., selective IR measurements. The signal intensities observed as
a function of recovery time after the inversion of the B signal of G0.56
sample at 188 K are shown in Fig. 5c. About 1–10 ms after the inversion
of B signal, F signal intensity starts to decrease due to magnetization
transfer caused by exchange [26,40]. The Bloch-McConnell fittings
resulted in the exchange rates between the B and F pools at 188 K of
about kBF = 20 s− 1 for G0.50–0.66 samples (Fig. 5e), corresponding to
the exchange time of about tBF = 1 / kBF = 50 ms. The exchange rates
could not be quantified for G0.42 and G0.75 samples due to small in
tensity of the B signal. The plot of signal intensity after inversion of
signal F at 263 K is shown in Fig. 5d. At 263 K, kBF is about 100 s− 1, tBF =
10 ms for G0.50–0.63 samples (Fig. 5f), whereas G0.66 and G0.75
samples show higher exchange rates, about 160 and 230 s− 1. It is hy
pothesized that for the pore system with well-connected pores, the larger
5
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Fig. 7. The schematic of the pore structure and connectivity and their dependence on w/s ratio. G0.42 sample did not form a well-developed pore structure.

structure [43], but it is still hard to clarify the pore connectivity. In
addition, tomography techniques based on X-ray [10] and electron
transmission [9] were also used to detect the pore connectivity by
providing 3D tomograms of geopolymers. Tomography measurements
show is that the pores are not connected [9], which is not in agreement
with our previous study applying 1H relaxometry NMR method [5].
From our previous 1H T1-T2 and T2-T2 data, the pores are found clearly
connected [5], but the quantification of the level of connectivity is still
lacking.
Here, we measure the exchange of 129Xe guest atoms and the con
nectivity between mesopores and macropores can be clearly seen. In
addition, the 129Xe 1D EXSY method quantified the level of pore con
nectivity by providing the exchange rates of 129Xe in pores. This infor
mation about pore structures and connectivity is very important from
the point of view of potential construction applications of geopolymers.
Furthermore, the natural interconnectivity of pores is an advantage of
geopolymers over zeolites as catalysts. In zeolite systems, mesopores
must be introduced by desilication treatment [46,47]. However, the
desilication treatment may lead to isolated mesopores [48] or amor
phous structure of zeolite [49]. In the cases where lack of crystallinity is
not an issue, synthesis of geopolymers in mild conditions is superior to
zeolite post treatment, because the geopolymers have inborn wellinterconnected micropores and mesopores. This study shows that the
amorphous geopolymers should not only be usable as construction
materials, but also as catalysts and adsorbents, suited also for molecules
larger than 2 nm since they are not limited by pore connectivity as
previously hypothesized.

provide basis for development of geopolymers as catalysts, with prop
erties advantageous over conventional porous zeolite catalysts.
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