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Abstract. Thermal collapse of crystalline zeolites offers a way to obtain glasses in chemical 
regimes that are inaccessible by classical melt quenching. Thereby, the charge-balancing cat-
ions located within the zeolitic framework play an important role in determining structural sta-
bility and the dynamics of collapse. Here, we use ion exchange in aqueous solution to create 
a consistent variety of alkali, alkaline earth and transition-metal containing derivatives of the 
faujasitic Zeolite X. We subsequently explore the effect of cation species on the thermal sta-
bility and the collapse dynamics, revealing a systematic decrease of zeolite stability with in-
creasing cation electronegativity, but a more complex correlation for the apparent activation 
energy of the collapse reaction. 
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1. Introduction

Zeolitic aluminosilicates have a wide range of large-scale applications.[1], [2], [3] Many of these 
applications rely on the material’s thermal stability: thermally-induced structural transitions 
have received renewed attention, in particular, when reactions of thermal switching and ther-
mally-triggered host-guest interactions were discovered. The general zeolite framework com-
prises of corner-sharing [SiO4]4- and [AlO4]5- tetrahedra, charge-balanced by cations located 
within the network voids. When increasing the temperature, the initially porous structure col-
lapses into an amorphous state that may subsequently recrystallize to a dense phase (such 
as carnegieite or nepheline). [4], [5], [6] The secondary crystallization reaction attracted some 
interest because it enables the production of ceramic materials (from natural zeolites) at sig-
nificantly lower temperatures when compared to traditional ceramic forming techniques.[7], [8] 
Similarly, amorphization was discussed as a means to obtain otherwise inaccessible states of 
glass.[9], [10], [11] In particular, it was discovered that thermal or pressure-induced amorphiza-
tion involves a polyamorphic transition from an initial, low-density amorphous phase (LDA) to 
a high-density amorphous phase (HDA). [12], [13], [14] A kinetic model was derived to explain 
the associated compressed exponential reaction kinetics on the basis of a two-step reaction 
model, starting from random, reversible structural distortions followed by diffusive, irreversible 
liberation (melting).[15], [16] The thermal window between structural collapse (amorphization) 
and secondary recrystallization sometimes enables quenching of the amorphous products into 
a glass-like state. This quenched state was found to resemble conventional aluminosilicate 
glasses, for example, exhibiting a mixed-alkali effect as a function of cation composition. How-
ever, the high framework-content of alumina usually precludes the production of chemically 
equivalent glasses by conventional melt-quenching; zeolite collapse therefore offers a route to 
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not only produce glass-like materials with unusual density, but also widens the range of acces-
sible glass chemical compositions.  

The charge-balancing cations play an important role in tuning the physicochemical prop-
erties of zeolites, including their mechanical and thermal stability. [16], [17] They can be ex-
changed with a wide variety of cations, whereby the degree of exchange indicates the extent 
to which the charge-balancing cations are replaced. This process can be performed at low 
temperatures by treating the material in aqueous solutions. In a previous study, we explored 
how the relative degree of ion exchange (IOX) affects the kinetics of amorphization, using a 
specific pair of alkali species (i.e., K for Na).[16] We observed a turning point at an exchange 
degree of ~ 30%, at which a maximum occurred in the kinetic stability of the zeolite framework. 
On this line, we now consider the effect of cation species when exchanged to a degree near 
this maximum. For this, three groups of IOX materials were studied, i.e., zeolite X in which 
sodium is exchanged by other alkali, alkaline earth and transition metals ions, respectively. 
Non-isothermal collapse of these materials was examined using X-ray diffraction (XRD), dif-
ferential scanning calorimetry coupled with thermo-gravimetric analysis (DSC-TGA), scanning 
electron microscopy (SEM) and Raman spectroscopy in the context of forming glasses with 
unusual chemical composition. 

2. Methods 

2.1 IOX procedure 

Zeolite X (Na2O.Al2O3.mSiO2 with m ≤ 2.35, termed NaX) was supplied by Chemiewerk Bad 
Köstritz, Germany. IOX was used to synthesize three distinct sets of zeolite X derivatives. The 
initial group (alkali exchange) involved the exchange of sodium ions from the parent NaX for 
lithium (Li) and potassium (K). Further groups were prepared by substituting sodium with mag-
nesium (Mg), calcium (Ca), strontium (Sr), and cobalt (Co) or zinc (Zn), respectively. The IOX 
procedure was designed to yield an intermediate IOX degree of 25-40 % in terms of the cation 
concentration of the target species relative to sodium. For this, 5 g of the parent NaX powder 
were immersed in a 0.1 M aqueous solution of the respective chloride compounds, MCl or 
MCl2 (M: target cation), at a temperature of approximately 55°C for a duration of 30 minutes. 
Following partial IOX, the obtained zeolite powder was recovered by vacuum filtration and 
washed thoroughly in 250 ml of deionized water at room temperature. Final samples were 
dried overnight at 80°C and stored in desiccators at room temperature for further use. 

2.2 IOX Characterization techniques 

Powder XRD patterns were collected using a Rigaku Smartlab diffractometer with Cu-Kα1 ra-
diation (1.54059 Å) in Bragg-Brentano geometry. The experimental set-up included a Hypix-
3000 horizontal detector, a 5 mm length-limiting slit, a 5° Soller slit, a Kβ filter, and a beam 
shutter. The X-ray tube operated at 50 mA current and 40 kV voltage. Diffraction patterns of 
the samples were collected over the 2θ range of 5-45°, with a step size of 0.01° and a scan 
speed of 5° per minute. 

The thermal behavior of the samples was analyzed by differential scanning calorimetry 
coupled with thermal gravimetric analysis (DSC-TGA, Netzsch STA 449 F1). For this, 15 mg 
of each sample were loaded into a platinum crucible and heated from room temperature to 
1200 °C with heating rate of 10 K/min under 20 ml/min N2 flow.  

Particle size, morphology, and elemental composition of each sample were analyzed 
through scanning electron microscopy (SEM) with a JSM-7001F microscope (Jeol, Japan), 
equipped with an energy-dispersive X-ray spectrometer (EDX).  
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Raman spectra were acquired over the frequency range of 200 – 900 cm−1 using a Ren-
ishaw inVia Raman microscope with an excitation wavelength of 633 nm. Prior to spectrum 
acquisition, the surface of the powder samples was flattened by mild compression. Each spec-
trum was generated from an average of three accumulations, with a scan acquisition time of 
180 s per scan. 

Non-isothermal XRD patterns were collected in time intervals of 60 s per pattern over the 
2θ range of 5-12° with a Rigaku Smartlab equipped with an HTK1200N (Anton Paar) heating 
stage. Data were collected from room temperature to 1100 °C during continuous heating at 
rates of 5, 10 and 20 K/min with a step size of 0.01° and a scan speed of 50 °/min. 

3. Result and discussion 

3.1 Samples characterization 

The nature of the charge-balancing cations influences the physicochemical characteristics of 
zeolites.[18] In order to investigate the impact of various cations on the amorphization kinetics 
of zeolite X, we synthesized a set of samples containing various types of cations. Specifically, 
we examined K+, Na+, and Li+ ions from the alkali metal group, and Sr2+, Ca2+, and Mg2+ ions 
from the alkaline earth metal group. We additionally synthesized samples containing Co2+ and 
Zn2+ to represent the effect of transition metal ions on amorphization kinetics. According to 
previous observations, a higher degree of IOX reduces the overall framework stability by Si-
O-Si and Si-O-Al bond opening reactions, which in turn affect the amorphization process.[17], 
[19] To avoid framework distortion during IOX procedure we therefore limited the overall de-
gree of IOX to a maximum of 40 %.  

The elemental composition of the samples was determined using EDX analysis, from 
which the degree of IOX was obtained as the ratio of the target metal (M) to the sodium content 
observed in four separate EDX measurements on each sample.  

Table 1. Atomic percentage of Na and target metal cation (M) for each sample. 

 NaX NaKX NaMgX NaCaX NaSrX NaCoX NaZnX 
Na 21 18 14 16 15 17 15 
M 0 5 5 6 11 6 5 

M/(Na+M) 
(%) 0 22.8 25.1 26.1 42.2 26.4 25.7 

Table 1 shows the atomic percentage of Na and M elements obtained by EDX, along with 
the corresponding degrees of exchange. Apart from NaSrX, all samples exhibit IOX degrees 
ranging from 20% to 25%. The elevated degree observed in NaSrX may be attributed to the 
electrochemical properties of strontium.[20] It is noteworthy that the utilized technique for as-
sessing the elemental composition of samples (EDX) was unable to quantify the lithium content 
of the NaLiX sample. However, considering the uniformity in synthesis methodology applied to 
this sample, we predict an IOX degree of less than 40% for NaLiX, too. 

The crystal morphology of faujasitic zeolite is octahedral, ideally with eight equilateral tri-
angles; it is affected by a range of parameters, e.g., crystal growth rate, presence of impurities, 
synthesis temperature, and post-processing.[21] SEM micrographs of the parent NaX and the 
various IOX samples are shown in Figure 1. 
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Figure 1. SEM micrographs of parent Zeolite X (NaX) and IOX materials as labelled. 

Most importantly, this observation revealed that the crystal morphology of the samples was 
largely unaffected by IOX, except for the NaCoX material. In this latter case, the previously 
sharp edges of the zeolite octahedra turned into more rounded shapes, and the surface rough-
ness of the individual crystals appeared to have increased, indicating the presence of surface 
deposits and/or selective etching as a result of IOX treatment.[22] 

As observed previously, the IOX procedure may cause rearrangement of atoms within the 
zeolite lattice, leading to a severe loss of zeolite crystallinity.[23] We therefore combined XRD 
and Raman in order to further characterize the structure of the materials obtained after IOX. 
Figure 2 shows XRD patterns of parent and IOX zeolite X materials. As an overall observation, 
the crystallinity of all samples remained intact following the IOX procedure; crystal structures 
of all samples closely match the diffraction pattern of the parent NaX sample. Comparison of 
the maximum peak positions revealed a slight shift towards lower 2θ values with increasing 
cation size within the alkali and alkaline earth metal groups. This shift occurs because of net-
work expansion with increasing size of the charge-balancing cations. For the same reason, the 
diffraction peaks for NaCoX and NaZnX samples (with transition metal ions having lower radius 
as compared to Na+) shifted to slightly higher values of 2θ  (see insets of Figure 2). 

NaLiX NaX NaKX

NaMgX NaCaX NaSrX

NaCoX NaZnX
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Figure 2. XRD diffraction patterns for zeolite IOX derivatives using alkali (a), alkaline earth 
(b), and transition metal cations (c) for IOX. 

Table 2. Atomic radius ratom, ionic radius rion and electronegativity χ of charge-balancing ions 
used for IOX.[24] 

 Li Na K Mg Ca Sr Co Zn 

ratom (Å) 1.34 1.54 1.96 1.30 1.74 1.92 1.92 1.39 

rion (Å) 0.68 0.97 1.33 0.66 0.99 1.13 0.82 0.83 

χ 0.98 0.93 0.82 1.31 1.00 0.95 1.88 1.65 

Table 2 summarizes the atomic radii ratom, the ionic radii rion, and the electronegativity val-
ues χ of the metal species used in this study.[24] 

As further seen in Figure 2, the intensity of the diffraction peaks did not change significantly 
for all samples except NaCoX. Earlier studies showed that replacing a monovalent charge 
balancing cation with divalent cations can perturbs the oxygen atom arrangement, leading to 
partial deformation of the zeolite framework even at lower IOX degree.[25] This seems to be 
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the case for NaCoX, but less so for the other divalent IOX species; it is in agreement with the 
previous SEM observations. 

The XRD observations were confirmed by Raman spectroscopy. According to literature, 
Raman bands at around 470-500, 290-410, and 220- 280 cm-1 are assigned to the bending 
modes of 4-, 6- and 8- membered rings of aluminosilicate zeolites, respectively.[26] Figure 3 
shows Raman spectra of the three sets of samples, together with the NaX reference spectrum. 
Zeolite X with alkali and alkaline earth cations as charge balancing species (Figure 3 (a), (b)) 
showed almost no change in the positions of Raman bands. This proves that the framework of 
the samples stayed intact with minimal distortion after the IOX process. However, the presence 
of transition metals in the framework influenced the Raman spectrum, especially in NaCoX. 
Zeolite X has a Raman band around 460 cm-1 which is assigned to internal vibrations of tetra-
hedra (TO4) within the framework. As seen from Figure 3(c), incorporation of transition metals 
led to a significant change of this vibrational band; the Raman band at 460 cm-1 seems to 
merge with the dominant band near 514 cm-1 in these samples. In addition, this latter band 
blue-shifted to 535 cm-1 in NaCoX, while it slightly red-shifted in NaZnX. This suggests T-O-T 
bonding within 4-membered rings became stronger by introducing Co2+ cations, and that at the 
same time, IOX changed the local charge environment. The Raman band at 382 cm-1 is not 
detectable for NaCoX and the intensity of Raman band at 292 cm-1 decreased drastically. Ap-
parently, the cobalt cations accumulate around the 6-membered ring, and this accumulation 
changes the polarizability of the zeolite framework.[27] Finally, new Raman bands arose in this 
sample, i.e., at 327 cm-1and 670 cm-1. They are assigned to vibrational modes of Co–O 
bonds.[28], [29], [30] 
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Figure 3. Raman spectra for parent zeolite X (NaX) and alkali (a), alkaline earth(b), and tran-
sition(c) metal IOX samples (as labelled). The dashed lines are to mark prominent Raman bands of 

the parent zeolite X (see text for details)  

To investigate the thermal behavior of IOX samples, non-isothermal DSC scans were col-
lected up to 1200 °C on all samples, using an identical heating rate of 10 °C/min. As shown in 
Figure 4(a), we introduced a dehydration step at 250 °C for 10 min to ensure that all physically 
adsorbed water was removed prior to further DSC scanning across the thermal transitions. At 
temperatures above 800 °C, distinct transitions occur in the parent NaX and all IOX samples, 
with the specific transition temperatures being dependent on the IOX species. The first exo-
thermic transition is the thermally induced amorphization; the subsequent second and third 
peaks are due to recrystallization of carnegieite and nepheline, respectively.[6], [31] In the 
following analysis, we will focus exclusively on the first reaction, taken as the amorphization 
step, however, we also detected a clear change in the recrystallization temperatures following 
IOX (Figures 4(b-d)). 
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Figure 4. Temperature profile used for non-isothermal DSC (a), and DSC scans of alkali (b) alkaline 
earth (b), and transition metal IOX zeolite X obtained at a heating rate of 10 K/min. 

For the alkali metal IOX (Figure 4(b)), the thermally induced amorphization temperature 
follows the sequence of ionic radii; it increases from Li+ to K+. This indicates that the presence 
of larger cations within the supercages hinders ion diffusion, and thus enhances the thermal 
stability of the zeolite framework against thermal collapse. The larger ions exert a lower field 
strength, what probably further stabilizes the T-O-T bonding and the zeolite framework stability 
at moderate IOX degrees. We observed the same trend for alkaline earth metals (Figure 4 (c)), 
for which the amorphization temperature increased from NaMgX (865 °C) to NaCaX (884 °C), 
and further to NaSrX (894 °C). Although we see a similar trend for both alkali and alkaline earth 
IOX, there is an absolute shift in the thermal amorphization temperature in that the alkaline 
earth IOX materials are generally more stable.  

Figure 4(d) shows the thermal amorphization of the transition metal IOX samples relative 
to that of the NaX parent. Due to the significant difference in electronegativity of the transition 
metals compared to that of alkali or alkaline earth metals, the electronic environment of the 
metal-oxygen sites varies significantly between these two groups. This is in line with our results 
from Raman spectroscopy analysis where we observed Raman band shifts and even the ap-
pearance of new bands assigned to metal-oxygen bonds for the transition metal IOX materials. 
In this case, IOX results in structural and chemical alterations within the zeolite framework, 
which is also reflected in the thermally induced phase transitions. The thermal amorphization 
temperature is lower for NaZnX and NaCoX as compared to that of NaX, with the lowest tem-
perature being that of NaCoX. The electronic configuration and the higher electronegativity of 
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Co (Co2+ and Co3+, [Ar]3d7 and [Ar]3d6) as compared to that of Zn2+ ([Ar]3d10) cause a more 
distorted electron density and higher electronic interaction for the former, leading to lower ther-
mal amorphization temperature, regardless even of the specific oxidation state of Co. 

3.2 Non-isothermal amorphization kinetics 

The structural collapse of the samples was monitored using non-isothermal X-ray diffraction 
(XRD) with heating rates of 5, 10, and 20 K/min. In this, we considered the area under the most 
intense XRD diffraction peak at 6° as an internal variable to quantify the progress of the col-
lapse reaction. [15], [16] 

The reaction progress for alkali, alkaline earth, and transition metal zeolite X derivatives 
is depicted in Figure 5 (a)-(c), respectively. Considering the known collapse mechanism of 
zeolite X, as the temperature rises, we can clearly observe a decay of the normalized area 
under the most intense diffraction peak. In order to quantify the reaction progress from non-
isothermal data, we use a previous empirical model of characteristic temperatures.[12], [16] In 
this, the progress accelerates at a temperature T1 (onset temperature of amorphization), 
reaches a maximum conversion rate at TA, and decelerates at T2 (onset of reaction cessation); 
TA is the inflection point of the time correlation function. For all samples, the amorphization 
process accelerates at temperatures above 700 °C, and transitions into a fully amorphous 
stage at temperatures below 900 °C. Larger symbols in Figure 5 (a)-(c) denote TA for each 
sample. It is evident that with an increase in the ionic radius of charge-balancing cations within 
each group of samples, the maximum conversion rate shifts to higher temperatures. The zeo-
lite X tends to initially exchange cations which are located within supercages, in particular, at 
lower degrees of IOX such as applied in the present study. As noted before, when the size of 
the charge-balancing cation increases, cations become less mobile by diffusion, thus contrib-
uting to enhanced stability of the framework.[32]  
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Figure 5. Zeolite collapse reaction progress φ  for alkali (a), alkaline earth (b) and transition metal (c) 
IOX materials derived from non-isothermal XRD patterns with heating rates of 10 K/min. (d) Transition 

temperatures of T1, T2, and TA. 

Figure 5 (d) shows the empirically derived characteristic temperatures, revealing a visible 
correlation between electronegativity and collapse temperature across sample groups. Nota-
bly, the amorphization temperature for NaLiX is observed at 805°C, while this value increases 
to 848°C for NaKX. Similarly, NaMgX exhibits an amorphization temperature of 831°C, which 
rises to 856°C for NaSrX. 

A consistent pattern emerges when comparing TA of IOX material within the same sub-
group. For instance, NaMgX, which exhibits a greater affinity towards framework oxygens, ex-
hibits a lower collapse temperature relative to NaLiX. However, this trend diverges with NaSrX, 
potentially because of this particular sample’s higher IOX degree. As shown in earlies studies, 
increased IOX degree induces perturbations within the framework, consequently influencing 
the thermal stability of the zeolite and trading-off on potential increases in TA. 

In line with the observations made by DSC, zeolite X incorporating Co as charge balancing 
cation exhibits notably reduced thermal stability. Specifically, NaCoX, featuring the highest 
electronegativity and smallest ionic radius of the studied IOX species, has an onset of melting 
already at approximately 760°C, a reduction of 50°C compared to the NaX parent. This aligns 
well with our observation regarding the red shift of the Raman band. We distinctly noted a 
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decrease in bond strength within the 4-membered ring upon the incorporation of the cobalt 
cation. 

According to an empirical equation introduced by Greaves et al., the collapse reaction time 
τA is directly related to both T1 and T2, while being inversely correlated with the applied heating 
rate during non-isothermal observation of the collapse reaction,[12] 

τA = (𝑇𝑇2−𝑇𝑇1)
𝑞𝑞

                                                    (1) 

Using Eq. 1, the apparent amorphization time τA was calculated for all samples (Table 3). 

Table 3. Amorphization time calculated based on T1 and T2.  

Sample Na-
LiX NaX NaKX NaMgX NaCaX NaSrX NaCoX NaZnX 

Amorphization 
time, τA (s) 258 348 360 240 300 258 192 234 

Here, NaKX and NaCaX exhibit not only the highest thermal stability, but also the longest 
amorphization times, whereas NaCoX, with a collapse time of 192 s, undergoes the fastest 
amorphization process. The overall trend in amorphization time corresponds to that of amor-
phization temperature within each group of samples.  

Finally, we used Kissinger’s equation in order to calculated the apparent activation energy 
of the collapse reaction[33], 𝐸𝐸𝑎𝑎, 

ln � 𝑞𝑞
𝑇𝑇𝐴𝐴
2� = − 𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇𝐴𝐴
,                                                            (2) 

Here, 𝑅𝑅 and q denote the universal gas constant, and the heating rate employed during 
non-isothermal analysis. Figure 6 (a)-(c) shows linearized Kissinger plots derived from non-
isothermal XRD at heating rates of 5, 10, and 20 K/min. The slope of these plots corresponds 
to 𝐸𝐸𝑎𝑎

𝑅𝑅
; the calculated values of Ea are provided in Figure 6 (d). 

According to these data, the alkali metal ions exhibit the lowest electronegativities and activa-
tion energies (550–650 kJ/mol). In contrast, the IOX derivatives containing alkaline earth spe-
cies require higher activation energy to initiate structural collapse, what is in accordance with 
the interpretations of reduced diffusive mobility. We infer that alkaline earth ions exert stronger 
electrostatic interactions with the zeolite framework, resulting in a higher apparent activation 
energy, within the limits of interpretability of this metric. Samples containing transition metals, 
which exhibit the highest electronegativity among the groups studied, have apparent activation 
energies intermediate between those of the alkali and alkaline earth IOX materials. While 
higher electronegativity is typically associated with an expectation of higher apparent activation 
energy, our Raman characterization revealed that the incorporation of transition metals in-
duces higher polarizability. These changes likely contribute to the observed reduction in ap-
parent activation energy for IOX derivatives containing transition metals. 
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Figure 1. Linearized Kissinger plot for alkali (a), alkaline earth (b), and transition metal (c) IOX materi-

als. (d) Apparent activation energy calculated using on non-isothermal XRD. 

4. Conclusion 

To isolate the effect of charge-balancing cations on kinetics of zeolite amorphization, we syn-
thesized samples with low IOX degrees (<40%) using three groups of cation species for ion 
exchange: alkali (Li, Na, K), alkaline earth (Mg, Ca, Sr), and transition metal (Co and Zn). By 
this selection, structural changes leading to altered amorphization kinetics were investigated. 
In general, maintaining a low degree of IOX eliminated structural distortion of the zeolitic back-
bone framework during the IOX procedure. This enabled examination of the sole effect of 
charge balancing cation species on the kinetics of thermal collapse.  As major factors influenc-
ing the amorphization reaction, we find that the size and electron configuration of the cation 
determine the structural and thermal stability of zeolite X.  Cations with higher electronegativity 
form stronger bonds with tetrahedral bridging oxygen, leading to local instability to the frame-
work and consequently reducing the amorphization temperature. Furthermore, our findings 
indicate that the presence of larger cations within the supercage in samples with lower IOX 
degrees, which are difficult to relocate and diffuse through the smaller pores of the framework, 
results in an increase in the amorphization temperature. 
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