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ABSTRACT 29

Despite efforts to understand the amorphization mechanisms of zeolites upon heating 30

and subsequent dehydration, little is known about the extent of Si-Al disorder and topological 31

variations in both crystalline and amorphous phases during amorphization. In this study, we 32

investigated the atomic structure and the extent of configurational disorder (e.g., Si-Al ordering) 33

in Na-zeolite A and other dehydrated phases during their temperature-induced amorphization 34

using multi-nuclear solid-state NMR. We also report the first multi-nuclear (17O, 29Si, and 27Al)35

NMR spectra of the intermediate amorphous phases. 29Si MAS NMR results confirm the 36

prevalence of amorphous phases up to ~ 1073 K and variation in Q-species for the crystalline 37

phases. The 27Al quadrupolar coupling constant of the [4]Al peak in Na-zeolite A and the 38

intermediate amorphous phases increase with increasing temperature, which suggests an increase 39

in the topological disorder associated with the structural distortion around [4]Al. 2D 17O 3QMAS 40

NMR spectra resolve the crystallographically distinct Si-O-Al sites in Na-zeolite A and three 41

types of oxygen linkages namely, Si-O-Al, Si-O-Si, and Al-O-Al in the intermediate amorphous 42

phases, which provides an unambiguous experimental evidence for an increase in the Si-Al 43

disorder during the amorphization of zeolite. The detailed structural changes in Na-zeolite A and 44

other dehydrated phases at various temperatures provide insights into the structural changes of 45

other aluminosilicates during amorphization, thereby highlighting the changes in Si-Al ordering. 46

47

INTRODUCTION48

Zeolites are a group of microporous aluminosilicate minerals, which are commonly found 49

in diverse geologic environments such as lake, land surfaces, deep-sea sediments, pyroclastic 50

volcanic deposits associated with burial diagenesis, and hydrothermal alteration (Hay and 51

Sheppard, 2001, and see references therein). Zeolites have a range of industrial applications as 52

catalysts, adsorbents, and ion exchangers (Boyd et al., 1947; Breck et al., 1956; Coronas and 53

Santamaria, 2004; Greaves et al., 2005; Greaves et al., 2003a; Kokotailo and Fyfe, 1989; 54
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Mintova and Bein, 2001). The three-dimensional networks of zeolites consist of corner-sharing 55

AlO4 and SiO4 tetrahedrons and charge balancing cations such as Na and Ca. The zeolite 56

network is known to collapse and transform into an amorphous phase upon heating. The 57

temperature-induced amorphization of zeolites with the accompanying structural changes has 58

long been investigated in many experimental and theoretical studies owing to the fundamental 59

and technological interests (Bursill and Thomas, 1981; Colyer et al., 1997; Djordjevic et al., 60

2001; Greaves et al., 2007; Greaves et al., 2003b; Haines et al., 2009; Kosanovic et al., 2004; 61

Kosanovic et al., 1997; Markovic et al., 2003; Markovic et al., 2006; Ohgushi et al., 2001; Peral 62

and Iniguez, 2006; Ponyatovsky and Barkalov, 1992; Radulovic et al., 2010; Radulovic et al., 63

2013). Despite these efforts, little is known about the extent of Si-Al disorder and topological 64

variations in both crystalline and amorphous phases during amorphization. Therefore, the 65

objective of this study is to investigate the atomic structure and extent of chemical and 66

topological disorders in both crystalline and amorphous phases during the temperature-induced 67

amorphization of the synthetic zeolite, Na-zeolite A, using multi-nuclear solid-state NMR 68

spectroscopy.  69

Na-zeolite A has been previously used as molecular sieves and catalysts (Cho et al., 70

2009; Mintova et al., 2001; Oliveira et al., 2009; Stucky et al., 1997). The structure of Na-71

zeolite A, as shown in Figure 1, consists of three secondary building units (SUBs) including -72

cage, -cage (sodalite cage), and double four-membered rings (D4R). The -cage, with a 73

diameter of 1.14 nm, is composed of eight-membered oxygen rings. The -cage is located at 74

each corner of the zeolite cube, and there exists a single six-membered ring (S6R) between the 75

-cage and -cage. The double four-membered ring connects the two -cages (Baerlocher et al., 76

2007). Water molecules are located inside the - and -cages of zeolite A (Baerlocher et al., 77

2007). With increasing temperature, the microporous Na-zeolite A network is expected to 78

become relatively unstable and collapse into an amorphous phase at approximately 700-800 °C, 79

followed by transformation into dehydrated crystalline phases (e.g., low-carnegieite and 80
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nepheline) with further heating (Dimitrijevic et al., 2004; Greaves et al., 2007; Greaves et al., 81

2003b; Kosanovic et al., 2004; Mimura and Kanno, 1980; Stoch and Waclawska, 1994, and see 82

references therein). 83

Previously, experimental studies have elucidated the nature of the temperature-induced 84

amorphization of zeolites using X-ray diffraction (XRD), infrared spectroscopy (IR), and 85

transmission electron microscopy (TEM) (Bursill and Thomas, 1981; Colyer et al., 1997; 86

Dimitrijevic et al., 2004; Djordjevic et al., 2001; Flanigen et al., 1971; Greaves et al., 2007; 87

Greaves et al., 2003a; Greaves et al., 2003b; Greaves and Meneau, 2004; Haines et al., 2009; 88

Lutz et al., 1985; Markovic et al., 2003; Markovic et al., 2006; Radulovic et al., 2010; 89

Radulovic et al., 2013). The previous IR studies of zeolites showed three distinct absorption 90

bands of the sodalite family: internal asymmetric stretching vibrations, as (T-O-T), between 91

800 and 1000 cm-1; internal symmetric stretching vibrations, s (T-O-T), between 500 and 800 92

cm-1; and bending vibrations,  (O-T-O), between 300 and 500 cm-1 (where T is the tetrahedral 93

framework cation) (Henderson and Taylor, 1979). For Na-zeolite A, the characteristic 94

vibrational bands of S6R and D4R were also observed over the range of 550-650 cm-1;95

vibrations of D4R at 557 cm-1
, external vibrations of S6R at 623, 608, 578, 550 cm-1 (Djordjevic 96

et al., 2001; Markovic et al., 2003; Markovic et al., 2006). These different vibration frequencies 97

of the building units provide information on the temperature-induced changes in the building 98

units in zeolite A, and the amorphization mechanism of Na-zeolite A has been proposed as 99

follows (Djordjevic et al., 2001; Radulovic et al., 2013): dehydration of Na-zeolite A at ~ 100

400 °C induces the distortion of TO4 frameworks. Furthermore, an increase in the temperature 101

above 700 °C leads to a collapse of the long-range order in the zeolite (i.e., amorphization). 102

During the amorphization, while the breaking of the O-O bond in the D4R structure is observed, 103

the S6R building units do not collapse and the units are reconnected to form low-carnegieite 104

(Dimitrijevic et al., 2004). Reconstructive phase transitions involving the breaking of linkages 105

between Si and Al tetrahedrons are expected during the temperature-induced amorphization, 106
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and subsequent crystallization at high temperatures (Greaves et al., 2003b). The remaining 107

fundamental questions are the degree of chemical disorder (Si-Al ordering) during temperature-108

induced amorphization and transition.  109

The extent of Si-Al disorder in crystalline aluminosilicates including zeolites, mica, and 110

feldspar have been studied for several decades (Carpenter, 1991; Cheng et al., 2000; Dirken et 111

al., 1997; Dollase and Peacor, 1971; Herrero et al., 1985; Lee and Stebbins, 1999; Murdoch et 112

al., 1988; Neuhoff et al., 2002a; Phillips et al., 1992; Stebbins et al., 1999b; Zhao et al., 2001, 113

and see references therein). The short-range Si-Al order in the crystalline aluminosilicates is 114

often described with Al avoidance i.e., Loewenstein’s rule wherein the preference of the Al-O-115

Si linkage over the combination of Si-O-Si and Al-O-Al linkages is prevalent (Loewenstein, 116

1954). Unlike most of the crystalline analogs, the aluminosilicate glasses have been known to 117

contain a non-negligible fraction of Al-O-Al with a Si-Al ratio of 1 (Lee and Stebbins, 1999; 118

Lee and Stebbins, 2000b; Stebbins et al., 1999b). The extent of chemical disorder in the 119

amorphous state of zeolite could influence the thermodynamic properties of the intermediate 120

amorphous phase such as configurational heat capacity and entropy (Lee and Stebbins, 1999). 121

High-resolution solid-state NMR spectroscopy, which elucidates atomic structures 122

around a specific nuclide of interest, has been effective in exploring the short-range structures 123

(including Si-Al disorder) in diverse amorphous/disordered aluminosilicates (Carpenter, 1991; 124

Cheng et al., 2000; Dollase and Peacor, 1971; Engelhardt and Michel, 1988; Hovis et al., 1992; 125

Kim et al., 2010; Lee, 2005; Lee and Stebbins, 1999; Lee and Stebbins, 2000b; Lippmaa et al., 126

1980; Neuhoff et al., 2003; Phillips et al., 1992; Stebbins et al., 1986, and see references 127

therein). Recent progress in 2D triple-quantum (3Q) MAS has resulted in considerably 128

improved resolutions of the atomic configurations around quadrupolar nuclides such as 17O and 129
27Al in diverse crystalline and amorphous aluminosilicates (Lee, 2010, and references therein).130

Thus, this technique is suitable for estimating the temperature-induced changes in the degree of 131

disorder in both amorphous and crystal phases during the amorphization of zeolite. Previous 132
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solid-state NMR studies investigated the structures of zeolites before and after phase transitions 133

(e.g., Na-zeolite A and nepheline) (Dimitrijevic et al., 2004; Radulovic et al., 2013). However, 134

to the best of our knowledge, the atomic structures of the intermediate phases have not been 135

explored hitherto. 29Si MAS NMR has been used to investigate the environment surrounding Si 136

atoms in zeolite, low-carnegieite, nepheline, and aluminosilicate glasses (Engelhardt and 137

Michel, 1988; Kirkpatrick, 1988; Lippmaa et al., 1980; Ramdas and Klinowski, 1984; Stebbins, 138

1988; Stebbins et al., 1986, and see references therein). The tetrahedral Si environment can be 139

conventionally described using the Q(mAl) notation, which refers to the tetrahedral Si groups 140

with m number of neighboring Al atoms. The width and shape of the 29Si peak also provide the 141

topological information on a short range order: narrow peaks with full width at half maximum 142

(FWHM) of several ppm correspond to the crystalline phases while the broad peaks with 143

FWHM of several tens of ppm correspond to the amorphous phases in silicates (Engelhardt and 144

Michel, 1988). The 29Si MAS NMR study of zeolites with increasing temperatures would 145

address the temperature-induced changes in Q(mAl) speciation. In addition, it would also help 146

to estimate the quantitative fraction of the amorphous phase during amorphization. Additionally, 147
27Al MAS NMR has been used to study the atomic configuration of aluminum atoms in 148

crystalline and amorphous aluminosilicates including zeolites (Engelhardt and Michel, 1988; 149

Lee, 2010; Lippmaa et al., 1986 and see references therein). In particular, 2D 27Al 3QMAS 150

NMR successfully resolved crystallographically distinct aluminum sites in zeolite as well as 151

highly crystallized -alumina and disordered -alumina (Chen et al., 2004; Hagaman et al., 152

2010; Kim and Lee, 2013b; Neuhoff et al., 2002a; Sabarinathan et al., 2010). Thus, 2D 27Al 153

3QMAS NMR is expected to resolve the multiple phases of aluminosilicates during the 154

temperature-induced amorphization. However, the 2D 27Al 3QMAS NMR spectra of Na-zeolite 155

A and dehydrated phases have not been reported. Finally, we also determined that the degrees of 156

topological and chemical disorders could be directly explored by probing the atomic structures 157

around the oxygen atoms during the amorphization of zeolites using 17O NMR (Lee, 2005; Lee 158
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and Stebbins, 2000b). In particular, two-dimensional, solid-state 17O 3QMAS NMR is a 159

powerful tool to reveal the Si-Al ordering in crystalline and amorphous aluminosilicates by 160

resolving the peaks of Si-O-Al, Si-O-Si, and Al-O-Al linkages (Amoureux et al., 1998; 161

Ashbrook et al., 2002; Cheng et al., 2000; Dirken et al., 1997; Ernst et al., 2004; Freude et al., 162

2001; Lee et al., 2010; Lee and Stebbins, 2000b; Lee and Stebbins, 2009; Lee and Weiss, 2008; 163

Lee et al., 2012; Neuhoff et al., 2002b; Pingel et al., 1998; Stebbins et al., 1997; Stebbins et al., 164

1999b; Zhao et al., 2001). 165

In this study, we explore the Si-Al ordering behavior in Na-zeolite A and its dehydrated 166

crystalline phases at various temperatures using multi-nuclear solid-state NMR. Herein, we also 167

report the first multi-nuclear (17O, 29Si, and 27Al) NMR spectra of the intermediate amorphous 168

phases during the temperature-induced phase transition of Na-zeolite A. Based on the NMR 169

results, we attempt to provide insights into the detailed structural changes (chemical and 170

topological) during the amorphization, and discuss the atomic-scale amorphization mechanism in 171

zeolites. We explored the effect of temperature on the structural evolution of synthetic Na-zeolite 172

A (Si/Al=1). Aluminosilicates with Si/Al = 1 would enable the estimation of the extent of Si-Al 173

disorder unambiguously because the variation of Al-O-Al (and expected equal proportion of Si-174

O-Si) with varying Si-Al disorder is most sensitive at Si/Al = 1, ranging from 0 (complete Al 175

avoidance) to 25 % (random distribution of Si-Al) (Lee and Stebbins, 1999). Because the Si/Al 176

ratio in most of the natural zeolite is > 1, the estimation of Si-Al disorder in the networks, during 177

amorphization, is not trivial. The current experimental results and methods with Na-zeolite A can 178

be used to infer changes in the structural disorder in other diverse natural zeolite phases (see later 179

section on implications). 180

181

EXPERIMENTAL METHODS 182

Sample preparation and characterization 183

 Na-zeolite A (molecular sieves 4 Å from Sigma Aldrich, product no. 208604, chemical 184
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composition of Na2O: Al2O3: SiO2 = 1:1:2.0±0.1 and additional H2O molecules) was used. The 185

ground samples were sieved to separate the particles with diameters between 70 and 170 m. 186

The zeolite particles were reacted with an equal weight of 40 % 17O enriched H2O in sealed gold 187

tubes at 150 °C and 0.5 kbar for 110 h in a cold seal vessel. The 17O enriched zeolites were 188

annealed at different temperatures under Ar atmosphere. The annealing temperature of the 189

samples increased at the rate of 275 K/h to the target temperatures (e.g., 773 ~ 1373 K), and 190

further isothermal annealing was carried out for 3 h. We found that the rehydration of the 191

annealed samples at temperatures below 953 K resulted in the formation of initial zeolite phases 192

prior to annealing, which was consistent with the previous studies (Alberti et al., 2001; Bish and 193

Carey, 2001; Cruciani, 2006, and see references therein). Then, the annealed samples were 194

moved into a glove box (operated under Ar environment) wherein the samples were packed into 195

NMR rotors, and the NMR experiments were performed. The rehydration and related structural 196

changes in the samples were not observed during these experiments. 197

198

X-ray diffraction 199

The X-ray diffraction patterns of the samples were collected on a MiniFlex (Rigaku) 200

using Cu K  X-rays, 2  range of 5–70°, step width of 0.02°, and scan rate of 1°/min.  201

202

NMR spectroscopy 203
29Si NMR Spectroscopy 29Si MAS NMR spectra were collected on a Varian NMR spectrometer 204

(9.4 T) at a Larmor frequency of 79.55 MHz (4 mm Doty probe) and spinning speed of 11 kHz. 205

A single-pulse sequence with an approximately 30° pulse (1.6 s) and a delay time of 120 s was 206

used. TMS was used as an external reference.  207

27Al NMR spectroscopy 27Al MAS spectra were collected on a Varian NMR (9.4 T) 208

spectrometer with a Doty 4 mm probe. The single-pulse acquisition with a pulse length of 0.2 s209

[radio frequency (rf) tip angle of about 15° for solids] was used with a recycle delay of 1 s and 210
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spinning speed of 15 kHz. 27Al 3QMAS NMR spectra were collected using fast amplitude 211

modulation- (FAM-) based shifted-echo pulse sequences (1 s relaxation delay - 3.0 s pulse for 212

3Q excitation–t1 delay–FAM pulse train with a 0.8 s pulse-echo delay - 19 s soft pulse for 213

echo reconversion–t2 acquisition) (Baltisberger et al., 1996; Madhu et al., 1999; Zhao et al., 214

2001). A solution of AlCl3 (2 mol%) was used as an external standard. 215
17O NMR spectroscopy 17O NMR spectra of amorphous silica gel were collected on a Varian 216

NMR spectrometer of 9.4 T at a Larmor frequency of 54.23 MHz (Doty 4 mm probe) and a 217

spinning speed of 15 kHz. 17O 3QMAS NMR spectra were collected using FAM-based shifted-218

echo pulse sequences (1 s relaxation delay - 3.0 s pulse for 3Q excitation–t1 delay–FAM pulse 219

train with a 0.8 s pulse-echo delay - 19 s soft pulse for echo reconversion–t2 acquisition) 220

(Baltisberger et al., 1996; Madhu et al., 1999; Zhao et al., 2001). Tab water was used as an 221

external standard.  222

223

RESULTS AND DISCUSSION 224

XRD patterns of Na-zeolite A  225

Previous XRD studies have reported the temperature-induced phase transformation 226

sequences of Na-zeolite A  amorphous phase  low-carnegieite between 973 K and 1123 K 227

and low-carnegieite  nepheline above 1173 K (Kosanovic et al., 2004; Lutz et al., 1985). The 228

detailed transformation temperatures varied while the pure amorphous phase was not often 229

retained during the temperature-induced phase transition of Na-zeolite A, which depended on the 230

heating rate, isothermal heating duration, heating media (e.g., air, Ar, water vapor), and 231

framework Si/Al ratio (Cruciani, 2006; Dimitrijevic et al., 2004; Greaves et al., 2003b; Lutz et 232

al., 1985; Markovic et al., 2003; Radulovic et al., 2013). For instance, the amorphization 233

temperature for zeolites tends to increase with increasing heating rate and Si/Al ratio (Cruciani, 234

2006; Greaves et al., 2003b). Thus, we measured the XRD patterns to identify the crystalline and 235

amorphous phases in the samples, and phase transition temperatures in the current study. 236
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 Figure 1 shows the XRD patterns of Na-zeolite A and its dehydrated phases with 237

increasing annealing temperature, and confirms the crystalline and amorphous phases of Na-238

zeolite A and dehydrated phases after annealing. The diffraction patterns of Na-zeolite A were 239

observed at temperatures over the range of 298 K - 953 K. The intensities of the diffraction peaks 240

for (200) (220) (222) reflections increased with increasing temperature from 773 K to 933 K 241

compared to those of the other diffraction peaks. These results were reported in the previous 242

studies and might be attributed to the dehydration and/or accompanying migration of sodium 243

ions (Breck et al., 1956; Pilter et al., 2000; Reed and Breck, 1956). At 953 K, the overall 244

intensities of the diffraction patterns of Na-zeolite A apparently decreased, thereby indicating the 245

onset of the phase transition of Na-zeolite A  amorphous phase. At 973 K, sharp diffraction 246

peaks with low intensities for the low-carnegieite phase are observed. These results suggest that 247

the Na-zeolite A networks collapse into an amorphous phase between ~873 K and ~953 K while 248

the amorphous phase re-crystalizes into low-carnegieite between ~ 953 K and ~ 973 K. The 249

proportion of the amorphous phases in the sample reaches its maximum between 953 K and 973 250

K although the pure amorphous phase is not observed in this study. With a further increase in the 251

annealing temperature (1073 ~ 1173 K), low-carnegieite transforms into nepheline.  252
253

29Si MAS NMR results and analysis: Temperature-induced changes in silicon environments 254

Figure 2 shows the 29Si MAS NMR spectra of Na-zeolite A and its dehydrated phases 255

with increasing annealing temperatures. In the 29Si MAS NMR spectra of Na-zeolite A at 298 K 256

(i.e., before annealing), a narrow peak corresponding to the tetrahedral Si site with four 257

neighboring Al atoms [i.e., Q(4Al)] and small feature of Q(3Al) are observed at -88 ppm and -92 258

ppm, respectively (Engelhardt and Michel, 1988; Lippmaa et al., 1981). At 873 K, the peak 259

width for Q(4Al) species at -88 ppm slightly increases, indicating an increase in the topological 260

disorder around the Si tetrahedron in the crystalline zeolite network. The intensity ratio of 261

Q(4Al):Q(3Al) in the Na-zeolite A at 298 K and 873 K is 91±2:9±2, thereby indicating that Si/Al 262
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= 1.02±0.10. At 953 K, a broad Gaussian-shaped peak ranging from -80 to -100 ppm and narrow 263

peak at -88 ppm are observed. While the position of the broad peak in the spectrum for the 264

dehydrated sample at 973 K is apparently invariable, the narrow peak at -88 ppm disappears. 265

Instead, the peak at -82 ppm is observed at 973 K. We assigned the broad peak to the Si atoms in 266

the amorphous phase (Maekawa et al., 1991). The narrow peak at -82 ppm is assigned to the 267

Q(4Al) environment in low-carnegieite based on the previous 29Si MAS NMR studies (Stebbins 268

et al., 1986; Thompson et al., 1993). These results are consistent with the XRD results, wherein 269

the formation of low-carnegieite is observed at 953 - 973 K (Figure 1). At 1073 K, the spectrum 270

shows two narrow peaks at -82 ppm and -88 ppm for Q(4Al) species and one broad peak at 271

approximately -87 ppm: these peaks represent the Si environments in low-carnegieite (one peak 272

at -82 ppm), nepheline (two peaks at -82 ppm and -88 ppm), and possibly amorphous phase 273

(broad peak), respectively. At 1173 K, where the nepheline is the single crystalline phase 274

according to XRD result, two sharp peaks at -82 ppm and -88 ppm, which are assigned to 275

crystallographically distinct Q(4Al) sites (Si2 and Si1, respectively), and a broad peak at ~ -94 276

ppm, tentatively assigned to the Q(3Al) site, are also observed (Gregorkiewitz, 1984; Stebbins et 277

al., 1986). The Q(3Al) peak in the 29Si MAS NMR spectrum for the dehydrated sample at 1173 278

K might be attributed to the Si/Al ratio of 1.02±0.1. Previous studies have also showed that the 279

Q(3Al) peak was observed in the 29Si MAS NMR spectrum for the natural nepheline containing 280

excess Si (Si/Al=1.07) (Stebbins et al., 1986). Otherwise, the amorphous phases might exist even 281

at 1173 K and affect the peak shapes in the 29Si MAS NMR spectrum.  282

In order to quantify the proportions of Na-zeolite A and dehydrated phases at various 283

annealing temperatures, the 29Si MAS NMR spectra are simulated with several Gaussian 284

functions representing Q(mAl) species in the multi-crystalline and amorphous phases in the 285

samples (Figure 3). Notably, the simulation results of 29Si MAS NMR spectra in this study are 286

semi-quantitative and contained potential uncertainties. The peak position and width of the Q 287

species except the Q(4Al) species in Na-zeolite A were fixed: although the simulation of the 288
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spectrum with such fixed variables might reduce the overall quality of the fit with the 289

experimental result, this could also remove the potential lack of generalization in the trends 290

observed for the spectra. Q(4Al), Q(3Al) in Na-zeolite A (-88 ppm and -92 ppm, respectively) 291

and low-carnegieite (-82 ppm) peaks were simulated using a single Gaussian function. The 292

Q(mAl) species in the amorphous phase were simulated using one Gaussian function with 293

FWHM of 13.9 ppm. The two Q(4Al) peaks for Si2, Si1 tetrahedral sites and one Q(3Al) peak in 294

nepheline were simulated with three Gaussian functions at -83, -88, and -93 ppm, respectively. 295

At 1073 K, the Q(4Al) species in low-carnegieite and Si2 site in nepheline were simulated using 296

a single Gaussian function because their peak positions were identical. A1173 K, the relatively 297

weak features of the amorphous phases might be present, as indicated by the presence of the 298

intensities at both low and high frequency ranges around the sharp crystalline peaks. The peak 299

width of the Q(4Al) species in Na-zeolite A at 873 K was slightly larger than that at 298 K owing 300

to an increase in the structural distortion of the Si tetrahedron. The simulation results show that 301

the amorphous phase coexists with low-carnegieite and nepheline up to 1073 K (possibly, even at 302

1173 K). Although further kinetic studies are certainly necessary, the prevalence of amorphous 303

phases at ~1073 K implies that the phase transition from the amorphous to crystalline phase such 304

as low-carnegieite and nepheline is rather sluggish.  305

306
27Al MAS NMR results and analysis: Temperature-induced changes in Al environments 307

Figure 4 shows the 27Al MAS NMR spectra of Na-zeolite A and dehydrated phases at 9.4 308

T with increasing annealing temperature. The spectra highlights the resolved [4]Al sites in 309

multiple phases including Na-zeolite A, low-carnegieite, nepheline, and the amorphous phase 310

(Corbin et al., 1984; Hovis et al., 1992; Lippmaa et al., 1986). At 298 K, the narrow [4]Al peak 311

for Na-zeolite is observed at 59 ppm (Lippmaa et al., 1986). The FWHM of the [4]Al peak of Na-312

zeolite decreases from 3.5 ppm at 298 K to 2.9 ppm at 773 K, indicating that the topological 313

disorder decreases after annealing at 773 K. At 823 K, the peak width and position suddenly 314
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vary: FWHM significantly increases to 9.7 ppm from 2.9 ppm at 773 K and its position also 315

shifts to a low frequencies. The observed change in the peak position and width might be owing 316

to an increase in the topological disorder, indicating a distortion in the frameworks in Na-zeolite 317

A upon dehydration between 773 K and 823 K (Lippmaa et al., 1986). The broad [4]Al peak 318

between 823 K and 953 K readily reverted back to the original narrow peak before annealing, 319

upon rehydration under ambient atmosphere (see below section on reversibility of temperature-320

induced phase transition of Na-zeolite A). At 953 K, an additional broad peak approximately 321

over the range of 30 - 80 ppm is observed, and tentatively assigned to the amorphous phase 322

based on previous 27Al NMR studies on Na-aluminosilicate glasses (Lee and Stebbins, 2000b; 323

Neuville et al., 2006). At 973 K, the width of the [4]Al peak at 58 ppm is narrower than that at 324

953 K, indicating a phase transformation from the amorphous phase to low-carnegieite. At 1073 325

K, two peaks are observed at 64 ppm and 59 ppm, which are assigned to two crystallographically 326

distinct [4]Al sites in nepheline, based on the previous 27Al NMR studies on nepheline (Hovis et 327

al., 1992; Lippmaa et al., 1986). 328

Figure 5 shows the 27Al 3QMAS NMR spectra at 9.4 T of Na-zeolite A and dehydrated 329

phases with increasing annealing temperature. The [4]Al peak of Na-zeolite A is observed at -33 330

ppm and 58 ppm in isotropic and MAS dimension, respectively. The [4]Al peak at 873 K shows a 331

broad peak shape, which was similar to that of Na-zeolite A before annealing, suggesting an 332

increase in the topological disorder around the Al tetrahedron of the Na-zeolite A. At 953 K and 333

973 K, a broad [4]Al peak corresponding to the Al sites in the amorphous phase is observed (Lee 334

and Stebbins, 2000b). At 1073 K and 1173 K, crystallographically distinct [4]Al sites of nepheline 335

and low-carnegieite are observed. The total isotropic projection, which is the sum over data 336

along lines parallel to MAS dimension, is also shown in Figure 6, wherein the [4]Al sites in the 337

crystalline and amorphous phases were resolved in the isotropic dimension. Because the 338

isotropic dimension in the 3QMAS NMR spectra is free from quadrupolar broadening, the Al 339

sites in the distorted zeolite frameworks and amorphous phase were distinguished in the isotropic 340
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dimension. The peak width of the [4]Al peak in Na-zeolite A slightly increases from 2.5 ppm at 341

298 K to 4.7 ppm at 873 K. The broad amorphous peak over the range of -30 - -50 ppm is 342

observed at 933 - 973 K. The proportion of the amorphous phase is maximized at ~ 973 K, which 343

is consistent with the 29Si MAS NMR results (Figure 3).  344

345

Comparison of 29Si and 27Al MAS NMR spectra 346

The detailed changes in the zeolite frameworks upon annealing could be obtained by 347

comparing the results of the 29Si NMR and 27Al NMR spectra, allowing us to distinguish the 348

degree of distortion in Si and Al tetrahedrons. Figure 7 shows the comparison of 29Si and 27Al349

MAS NMR spectra at 298 K and 873 K, respectively, highlighting the different peak broadening 350

between 29Si and 27Al MAS NMR spectra. The Q(4Al) peak in the 29Si MAS NMR spectra 351

shows slight changes in the peak position and width before and after annealing at 873 K. The 352

peak positions are identical in both instances while the FWHM changes from 1.7 ppm at 298 K 353

and to 2.8 ppm at 873 K. The [4]Al peak in the 27Al NMR spectra, otherwise, shows significant 354

changes before and after annealing at 873 K. The peak position shifts to a lower frequency from 355

59 ppm at 298 K to 54 ppm at 873 K, while the FWHM changes from 3.5 ppm at 298 K to 9.7 356

ppm at 873 K. Previous studies have indicated that the 29Si and 27Al chemical shifts of zeolites 357

had linear correlations with mean Si-O-Al bond angles, which equally affects the peak position 358

and width in the 29Si and 27Al NMR spectra (Engelhardt and Michel, 1988; Lippmaa et al., 1986; 359

Newsam, 1987). Thus, the variation in the Si-O-Al bond angle may not cause the significant 360

peak broadening in the 27Al MAS NMR spectra as was the case with 29Si MAS NMR. The peak 361

broadening of the [4]Al peak in the 27Al MAS NMR spectra might be prominent because the 27Al 362

is a quadrupolar nuclide. A quadrupolar coupling constant (Cq), an important NMR parameter 363

affecting the peak width and shape in 27Al MAS NMR spectra, is an index of the degree of 364

distortion around an Al tetrahedron (Engelhardt and Michel, 1988; Engelhardt and Veeman, 365

1993; Weller et al., 1994). The Cq values of [4]Al site in Na-zeolite A at 298 K and 873 K, 366
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calculated from the center of gravity in 2D 27Al 3QMAS NMR spectra, were 1.4-1.6 MHz and 367

2.4-2.8 MHz, respectively, depending on the value of the asymmetry parameter ( ) (0 1).368

These results indicate that Cq in [4]Al site in Na-zeolite A increases with increasing temperature 369

from 298 K to 873 K. Therefore, a small structural variation in the zeolite framework would lead 370

to a distribution of the chemical shifts and Cq for [4]Al peak in 27Al NMR spectra, whereas it 371

would only affect the distribution of the chemical shifts in 29Si NMR spectra.  372

373
17O MAS NMR results and analysis: Temperature-induced changes in oxygen 374

environments  375

Figure 8 shows the 17O 3QMAS NMR spectra of Na-zeolite A and dehydrated phases 376

with increasing annealing temperature, highlighting the temperature-induced structural changes 377

in the oxygen environments. Na-zeolite A has three crystallographically distinct O atom sites, O1, 378

O2, and O3 (Freude et al., 2001). O1 is the oxygen linking the adjacent sodalite units, while O2 379

and O3 form the 4-membered rings and 6-membered rings in the sodalite cage (i.e., -cage), as 380

shown in Figure 1 (Baerlocher et al., 2007). At 298 K, crystallographically distinct Si-O-Al sites 381

including O1, O2, and O3 in Na-zeolite A are partially resolved in the isotropic dimension: the 382

peaks at -25 ppm and -31 ppm were assigned to Si-O2-Al linkage and unresolved Si-O1-Al and 383

Si-O3-Al linkages, respectively, according to previous studies (Neuhoff et al., 2002b; Pingel et 384

al., 1998). Previous works have reported the NMR parameters for O1, O2, and O3 sites in Na-385

zeolite A based on the differences in their Si-O-Al angles and population ratios: the Si-O-Al 386

bond angles are 145.6°, 159.5°, and 147.6° for O1, O2, and O3 sites while the population ratio 387

O1:O2:O3 is 1:1:2 (Gramlich and Meier, 1971; Neuhoff et al., 2002b; Pingel et al., 1998). 388

Approximately, 2 % of the oxygen population is expected to be in the form of Si-O-Si according 389

to 29Si MAS NMR results: the peak for Si-O-Si is not prominently observed because the 3Q 390

excitation efficiency of Si-O-Si is lower than that of Si-O-Al in the 3QMAS experiments (Lee 391

and Stebbins, 2000a; Xu and Stebbins, 1998). After annealing at 873 K, the three Si-O-Al sites 392
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are not resolved because of peak broadening in the MAS and isotropic dimensions, indicating an 393

increase in the topological disorder around the oxygen atoms. Note that the temperature-induced 394

amorphization does not occur at 873 K, as shown in 29Si MAS NMR spectra (Figure 2 and 3). 395

Between 933 K and 973 K, the 17O 3QMAS NMR spectra show three types of bridging oxygen 396

atoms (BO, e.g., Si-O-Al, Al-O-Al, and Si-O-Si). The peaks at ~ -12 ppm, -25 ppm, and -45 ppm 397

in the isotropic dimension correspond to Al-O-Al, Si-O-Al, and Si-O-Si linkages, respectively at 398

9.4 T (Lee and Stebbins, 2000b; Stebbins et al., 1999a). The crystallographically distinct Si-O-Al 399

sites such as O1, O2, and O3 are not distinguished in the 17O 3QMAS NMR spectra at 933 ~ 973 400

K due to an increased disorder. As indicated by the change in the number of contour lines of the 401

Al-O-Al peak, the proportion of Al-O-Al and Si-O-Si linkages has a maximum at 953 K, 402

indicating that the degree of chemical disorder between Al and Si in the Na-zeolite A is 403

maximized with amorphization. We found that the XRD pattern did not show a significant 404

evidence of amorphization for the dehydrated Na-zeolite A at 933 K (see Figure 1), whereas the 405

Al-O-Al linkage was seen in the 17O NMR spectra for the same sample. These results suggests 406

that a small proportion of the amorphous phase in zeolites was not well-distinguished using XRD 407

alone. At 1073 K, the peak intensities of the Al-O-Al and Si-O-Si linkage were still observed, 408

though with small intensity, thereby implying that the amorphous phase exists. At 1173 K, the Si-409

O-Al peak is observed, which could be assigned to the oxygen sites in nepheline, in accordance 410

to the XRD results. While it has been known that crystallographically distinct six oxygen sites 411

(from O1 to O6 depending on bond angle and neighboring tetrahedral sites) exist in nepheline, 412

these are not resolved well in the 17O 3QMAS NMR spectrum at 9.4 T (Buerger et al., 1954). 413

Figure 9(a) shows the total isotropic projections of the 17O 3QMAS NMR spectra for the 414

Na-zeolite A and dehydrated phases, confirming that Si-O-Al is dominant, and small but non-415

negligible fractions of Al-O-Al and Si-O-Si are also detected at 933 - 1073 K. These results 416

indicate that the chemical order between Si and Al is affected by amorphization. Figure 9(b) 417

depicts the magnified spectra of the projections in the isotropic dimension of the 17O 3QMAS 418
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NMR spectra of Na-zeolite A and dehydrated phases over the frequency range of -15 - -45 ppm, 419

thereby highlighting the changes in the structural disorder around the Si-O-Al linkage during 420

amorphization. At 298 K, the peaks for O1 and O3 species overlaps with each other, while the 421

peak for O2 species is resolved at -24 ppm in the isotropic dimension. With increasing 422

temperature up to 873 K, the peaks for the distinct oxygen environments broaden and shift to 423

higher frequency in the isotropic dimension. The shift in the peak positions of Si-O-Al linkages 424

in Na-zeolite A might be due to the removal of H2O and/or migration of Na ions upon annealing 425

as the 17O chemical shift of the Na-zeolite A was affected by the extra framework species (e.g., 426

water molecules and cations) as well as Si-O-Al bond angle (Neuhoff et al., 2002b). Over the 427

temperature range of 933 K - 1073 K, Al-O-Al and Si-O-Si as well as Si-O-Al linkages were 428

observed while the peaks for Al-O-Al and Si-O-Si linkages were not observed at 1173 K. 429

Previous studies on the temperature-induced phase transition of Na-zeolite A have reported that 430

the breaking of Si-O-Al bridges in zeolite A started within D4R units while the - and -cage431

units were retained through the collapse of the zeolite frame works (Bursill and Thomas, 1981; 432

Djordjevic et al., 2001). In this study, the crystallographically distinct three Si-O-Al linkages (i.e., 433

O1, O2, and O3 sites) are partially resolved for Na-zeolite A at 298 K and 873 K. However, these 434

are not significantly resolved between 933 K and 1073 K, indicating that the -cage units might 435

possess highly distorted structures. Thus, the two types of Si-O-Al linkages (O2 and O3 sites) in 436

the -cage could not be distinguished during amorphization.  437

438

Reversibility of temperature-induced phase transition of Na-zeolite A  439

The dehydrated zeolites without the collapse of frameworks are known to be readily 440

rehydrated (i.e., reversible dehydration), whereas the completely dehydrated zeolite with 441

subsequent amorphization do not undergo rehydration (i.e., irreversible dehydration) (Alberti et 442

al., 2001; Bish and Carey, 2001; Cruciani, 2006, and references therein). The structure of 443

dehydrated zeolites without amorphization may be readily revert to the structure of hydrated 444
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zeolite. The combination of sample packing into NMR rotors under Ar atmosphere in a glove 445

box and measurement of NMR spectrum during spinning of the sample often prevent the 446

rehydration of the dehydrated sample (Kim and Lee, 2013a). 447

Figure 10 shows the effect of the sample rehydration on the 27Al MAS NMR spectra of 448

the dehydrated Na-zeolite A at 873 K: the black and red lines indicate the spectra of the samples 449

packed in a glove box (under Ar gas) and an open atmosphere, respectively. We note that the 450

exposure time to atmosphere (i.e., a time for sample packing in an open atmosphere) was only a 451

few minutes. The spectra show obvious structural changes in the dehydrated samples upon 452

exposure to an open atmosphere (i.e., rehydration), while the black line shows the broad peak 453

shape at ~ 54 ppm, the red line shows a rather sharp peak at 59 ppm. The peak shape and 454

position of the [4]Al peak in rehydrated samples (red line) are similar to those in Na-zeolite A 455

before annealing. These results indicate that the dehydrated structure of Na-zeolite A could 456

experience rehydration with exposure to atmosphere for only a few-minutes, and the slight 457

distortion of the zeolite framework with annealing below 873 K might go undetected without 458

careful sample handling. All the samples for NMR experiments in this work were packed under 459

Ar gas in a glove box, and rehydration did not occur.  460

Figure 11 shows the 17O 3QMAS NMR spectra of the dehydrated Na-zeolite A at 933 K 461

(top) and the spectrum collected for the same sample after 7 months (stored in a desiccator) 462

(bottom). The three peaks for Al-O-Al and Si-O-Si as well as Si-O-Al linkages are observed in 463

the 17O 3QMAS NMR spectra of the dehydrated Na-zeolite A at 933 K, suggesting the collapse 464

of the zeolite framework, and the formation of the amorphous phases. However, the spectrum 465

collected after 7 months does not show the Al-O-Al and Si-O-Si linkages. The peak shape 466

corresponding to the Si-O-Al linkage is similar to that before annealing. These results indicate 467

that the collapsed framework in the dehydrated Na-zeolite A at 933 K could be restored back to 468

the zeolite framework upon rehydration, which is consistent with the results of the previous 469

studies. Additionally, the results indicates that the rehydration of the intermediate amorphous 470
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phase might lead to the formation of crystalline phases (Alberti et al., 2001; Bish and Carey, 471

2001; Cruciani, 2006, and references therein). We found that the rehydration of the dehydrated 472

Na-zeolite A at 933 K was not well-distinguished using XRD partly because of the low 473

proportion of the amorphous phase in the sample (see section for O-17 NMR results above).474

Further experimental efforts would be necessary to confirm the observed trend in transitions 475

involving the amorphous phases. 476

477

Implications: Si-Al ordering in crystalline and amorphous aluminosilicates during 478

temperature-induced amorphization  479

Based on the high-resolution solid-state NMR results, we investigated the structural 480

changes (chemical and topological) during the amorphization of Na-zeolite A. While several 481

previous studies have reported the temperature-induced phase transition in natural/synthetic 482

zeolites (Bish and Carey, 2001; Cruciani, 2006; Dimitrijevic et al., 2004), the Si-Al ordering 483

behavior in the intermediate amorphous phase upon heating has not been reported hitherto. With 484

increasing annealing temperatures up to 873 K, a topological disorder in the zeolite frameworks 485

was observed, as evidenced by an increase in the widths of [4]Al and Q(4Al) peaks in the 27Al486

and 29Si MAS NMR spectra of Na-zeolite A, and complete Si-Al ordering with respect to 487

chemical disorder. These collapsed structures of zeolite frameworks reverted to their forms 488

before annealing with exposure to the open atmosphere for only a few minutes (i.e., reversible 489

changes). With further increase in the annealing temperature from 873 K up to 973 K, the 490

amorphization of zeolite frameworks occurred with the accompanying T-O-T bond breaking. 491

Both topological and chemical disorders were observed in the amorphous phase in Na-zeolite A 492

as evidenced by the presence of Al-O-Al, Si-O-Si peaks as well as Si-O-Al peak in the 17O493

3QMAS NMR spectra, and the broad peak shapes in 29Si and 27Al NMR spectra. Finally, at 494

temperatures above ~ 1073 K, the phase transition of amorphous phase  low-carnegieite 495

nepheline occurred with a decrease in both topological and chemical disorders (i.e., intensity of 496
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Al-O-Al and Si-O-Si linkages in 17O 3QMAS NMR spectra). The observed structural changes in 497

Na-zeolite A and other dehydrated phases suggested that the amorphization of zeolites was 498

accompanied by increases in both topological and chemical disorders in the intermediate 499

amorphous phase.  500

Temperature-induced transitions of natural zeolite occur during diagenesis with the 501

increase of burial depth and/or metamorphism by intrusion of plutonic mass (Utada, 2001 and 502

references therein). Diverse experiments have shown that natural zeolites including natrolite and 503

analcime undergo amorphization during thermal phase transitions (Abe et al., 1973; Arletti et al., 504

2006; Bish and Carey, 2001; Danisi et al., 2012; Fischer et al., 2008; Ori et al., 2009; Park et al., 505

2013, and references therein). The atomic structure of the intermediate phase of zeolites during 506

phase transition, however, is not fully understood. The current experimental results and methods 507

involving model zeolite phases with Si/Al = 1 can be employed to infer the changes in structural 508

disorder and configurational entropy due to Si-Al mixing in other diverse natural zeolite phases 509

(with Si/Al > 1) such as natrolite (Na16Al16Si24O80·16H2O), analcime (Na16Al16Si32O96·16H2O),510

and faujasite (Na20Ca12Mg8Al60Si32O384·235H2O) as an increase in the chemical disorder in the 511

intermediate amorphous phase of zeolites would be expected, regardless of the Si/Al ratio. The 512

systematic effect of temperature, heating rate, chemical composition and network topology on 513

the changes in structural disorder in natural zeolites and the intermediate phases remains to be 514

established.  515
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814



FIGURE CAPTIONS 815

Figure 1. (a) Structure of Na-zeolite A showing secondary building units such as -cage, -cage816

(sodalite cage), and double four-membered rings (D4R). The crystallographically 817

different oxygen sites are also described. The water molecules located inside the - and 818

-cage are not shown (Baerlocher et al., 2007). (b) XRD patterns of Na-zeolite A and 819

dehydrated phases with increasing annealing temperatures. Red (square), purple (circle), 820

and blue (diamond) colors correspond to the peak positions and intensities of Na-821

zeolite A (JCPDS file no. 04-010-2001), low-carnegieite (Thompson et al., 1993), 822

nepheline (JCPDS file no. 01-079-0992), respectively.  823

824

Figure 2. 29Si MAS NMR spectra at 9.4 T of Na-zeolite A and dehydrated phases with increasing 825

annealing temperatures up to 1173 K.  826

827

Figure 3. Simulation of 29Si MAS NMR spectra at 9.4 T of Na-zeolite A and dehydrated phases 828

with increasing annealing temperatures. Red, purple, blue, and black lines correspond 829

to Q species in Na-zeolite A, low-carnegieite, nepheline, and amorphous phase, 830

respectively. 831

832

Figure 4. 27Al MAS NMR spectra at 9.4 T of Na-zeolite A and dehydrated phases with 833

increasing annealing temperatures up to 1173 K. 834

835

Figure 5. 27Al 3QMAS NMR spectra at 9.4 T of Na-zeolite A and dehydrated phases with 836

increasing annealing temperatures up to 1173 K. Contour lines are drawn from 3 % to 837

98 % of relative intensity in increments of 5 %.  838

839

840



33 

Figure 6. Isotropic projection of 27Al 3QMAS NMR spectra of Na-zeolite A and dehydrated 841

phases with increasing annealing temperatures up to 1173 K at 9.4 T. 842

843

Figure 7. Comparison of area-normalized 29Si and 27Al MAS NMR spectra of Na-zeolite A at 844

298 K and 873 K. The black and red lines refer to the NMR spectra at 298 K and 873 845

K, respectively. 846

847

Figure 8. 17O 3QMAS NMR spectra of Na-zeolite A and dehydrated phases at 9.4 T with 848

increasing annealing temperatures up to 1173 K. Contour lines are drawn from 8 % to 849

98 % of the relative intensity in increments of 5 %.  850

851

Figure 9. Isotropic projection of 17O 3QMAS NMR spectra of Na-zeolite A and dehydrated 852

phases with varying annealing temperatures at 9.4 T over the frequency range from 853

(a) 0 to -60 ppm, and (b) -15 to -45 ppm. 854

855

Figure 10. 27Al MAS NMR spectra of dehydrated Na-zeolite A at 873 K, prepared either in a 856

glove box (black line) or an open atmosphere (red line).  857

858

Figure 11. (a) 17O 3QMAS NMR spectra of dehydrated Na-zeolite A at 933 K immediately after 859

annealing, and (b) seven months after annealing.  860

861
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