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32 Abstract

33 Synthesis of structured porous materials in the absence of organic structure-directing 

34 agents highlights the adaptable nature of metal cations during hydrothermal synthesis. Here, we 

35 perform template-free hydrothermal treatments to synthesize phillipsite and tobermorite, at the 

36 same molar precursor ratios, while varying the identity and compositions of the counterbalancing 

37 metal cations that act as inorganic structure-directing-agents. Phillipsite is crystallized selectively 

38 at low total cationic charges (in the recovered solids) in the presence of sodium and potassium at 

39 373 and 393 K. Partial substitution of sodium and potassium with calcium in the synthesis gels 

40 results in the co-precipitation of tobermorite phases in proportion to the calcium substitution 

41 amount; exclusive tobermorite precipitation was observed from synthesis growth solutions 

42 containing only calcium (373 and 393 K). X-ray diffraction (XRD) patterns, together with nitrogen 

43 adsorption isotherms (at 77 K), indicate a monotonic increase in the fraction of tobermorite crystals 

44 with increasing calcium content in synthesis gels. Differences in framework topology, dictated by 

45 the choice of metal cation, are accentuated by the quantity of metal cation retention within the 

46 available and interfacial cavities of phillipsite ((K + Na + Ca)/Al ≤ 1) and tobermorite (((K + Na 

47 + Ca)/Al ≥ 1). These results demonstrate the ubiquitous roles of metal cations during crystallization 

48 processes and their use to judiciously synthesize porous materials of varied framework topology. 

49

50
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51 1. Introduction

52 Structurally defined materials impart varying stages of complexity and functionality to 

53 inorganic solids. The addition of porous structures, as in the case of zeolitic materials, provide the 

54 capabilities to perform adsorption processes1 and contribute favorable reaction cavities for 

55 catalytic chemical transformations.2 It is therefore of general interest to control the structure and 

56 size of the porous cavities, largely targeted by judicious choices of synthesis conditions and 

57 parameters. 

58 Synthesis of zeolitic materials is generally performed in basic media in the presence of 

59 metal precursors and an organic structure-directing agent (OSDA).3 Silicon and metal precursors 

60 dissociate to form amorphous particles4 that organize around structure-directing agents (SDA) 

61 during aging stages5,6 prior to crystallization of the desired zeolite topology at elevated 

62 temperatures (≥ 373 K).7 The crystallization mechanism by which SDA-free synthesis takes place, 

63 however, is a result of complex phenomena. Metal cations (e.g., Na+, K+, Ca2+) are typically used 

64 as a source of counterbalancing charge for the incorporation of Al heteroatoms into the framework 

65 during crystallization processes;8 yet, they also occupy local cavities and serve as SDAs.9 The 

66 nature of these molecular interactions and the proportionality between the fraction of metal cations 

67 used as SDA and for Al counterbalancing requires further investigation.

68 Phillipsite and tobermorite exemplify the key aspects of synthesis protocols that lead to 

69 crystallization of porous, inorganic materials in the absence of an OSDA. Phillipsite precipitates 

70 in the presence of sodium,10 potassium,10,11 and/or calcium;12 yet, naturally-occurring phillipsite 

71 contains predominantly only sodium and potassium.10 Tobermorite, in contrast, is a porous solid 

72 that is synthesized at similar synthesis gel molar compositions (e.g., 0.38 Na2O: 0.19 K2O: 0.05 

73 Al2O3: 1 SiO2: 17.57 H2O for phillipsite13 and 0.83 Ca: 1 Si: 18.2 H2O for tobermorite14,15) and 
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74 temperatures (e.g., 373-393 K) but in growth solutions containing only calcium. Though the 

75 syntheses of these porous solids have similar inorganic content (in the synthesis gel), the synthesis 

76 conditions that dictate the crystallization selectivity towards phillipsite or tobermorite provide an 

77 opportunity to investigate the characteristics of inorganic SDAs to drive crystallization of porous 

78 structures. 

79 Here, we develop synthesis protocols to discern the structural connections between 

80 phillipsite and tobermorite. We prepared zeolitic samples with varying cationic content (i.e., (2 × 

81 Ca2+)/(K+ + Na+ + (2 × Ca2+))) in the absence of an organic SDA. Our results indicate that in the 

82 absence of calcium, phillipsite is the predominant phase crystallized at 373 and 393 K, whereas 

83 tobermorite is the predominant phase crystallized in the absence of sodium and potassium. A 

84 monotonic increase in the calcium content reflects a systematic increase in the fraction of 

85 tobermorite in the recovered solids, and concomitant increase in the total cationic content occluded 

86 in the crystalline solids. Our results indicate that potassium has a predominant role as an Al 

87 counterbalance cation, while sodium and calcium have a predominant role as SDA. Taken 

88 together, these results highlight the versatility of metal cations as charge balancing agents and 

89 inorganic SDAs during zeolite crystallization processes.

90

91 2. Experimental Methods

92

93 2.1. Catalyst synthesis

94 Phillipsite zeolites (PHI-TOB-373/393-0) were synthesized by adapting the procedure 

95 reported by Cichocki et al.13 In a typical synthesis, potassium hydroxide (KOH, Fisher Scientific, 

96 ≥ 85%) was added to deionized water (18.2 M and stirred until completely dissolved in a 
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97 NalgeneTM wide-mouth HDPE bottle (250 cm3, Thermo Fisher Scientific). Then, sodium 

98 aluminate (Sigma Aldrich, 50-56% Al2O3, 40-45% Na2O) was added and the resulting mixture 

99 was stirred until completely dissolved. Lastly, sodium silicate (Sigma Aldrich, 26.5% SiO2, 10.6% 

100 Na2O) was added to the Nalgene container. The resulting gel solution was covered and stirred for 

101 24 h at ambient conditions. The final gel composition was 6.95 Na2O: 3.5 K2O: 1 Al2O3: 18.5 

102 SiO2: 325 H2O. The gel was placed into a Teflon-lined stainless-steel autoclave and heated to 373 

103 or 393 K for 7 days under static conditions. The recovered solids were washed thoroughly with 

104 water, isolated by centrifugation, and dried overnight at 363 K. 

105 The charge ratio (C.R. = (2 × Ca2+)/(K+ + Na+ + (2 × Ca2+)), or the amount of calcium in the 

106 synthesis gel, was modified by adapting synthesis procedures reported for phillipsite synthesis by 

107 Cichocki et al.13 In a typical synthesis, KOH was added to deionized water and stirred until 

108 completely dissolved in a Nalgene bottle (250 cm3). Then, sodium hydroxide (NaOH, Fisher 

109 Scientific, ≥ 97%) was added and the resulting mixture was stirred until completely dissolved. 

110 Calcium hydroxide (Ca(OH)2, Fisher Scientific, ≥ 98.5%) and aluminum hydroxide (Al(OH)3, 

111 Strem Chemicals, 87.8%) were added individually and the mixture was stirred until complete 

112 dissolution. Lastly, Ludox SM30 (Sigma Aldrich, 30 wt.% in water) was added to the Nalgene 

113 container. The resulting gel solution was covered and stirred for 24 h at ambient conditions. The 

114 final gel composition was x Na2O: y K2O: z CaO: 1 Al2O3: 18.5 SiO2: 325 H2O, where x, y, and z 

115 were modified to attain the desired charge ratios (e.g., 0.25-0.80). The alkaline content (e.g., 

116 OH/Si) in the starting synthesis gels was kept constant for samples crystallized at the same 

117 temperature (details in Section S.1, Supporting Information). The specific gel compositions for all 

118 the samples in this study are compiled in Table S.1 (Supporting Information). The gel was placed 

119 into a Teflon-lined stainless-steel autoclave and heated to 373 or 393 K for 7 days under static 
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120 conditions. The recovered solids were washed thoroughly with water, isolated by centrifugation, 

121 and dried overnight at 363 K. 

122 Tobermorite silicate hydrates (PHI-TOB-373/393-1) were synthesized by adapting the 

123 procedure reported previously.14–19 In a typical synthesis, Ca(OH)2 was added to deionized water 

124 and stirred until completely dissolved in a Nalgene bottle. Then, Ludox SM30 was added and the 

125 resulting mixture was stirred until completely dissolved. At 373 K (PHI-TOB-373-1), Al(OH)3 

126 was added and the resulting solution was stirred until complete dissolution (0.11 Al2O3: 0.90 CaO: 

127 1 SiO2: 17.59 H2O). The resulting gel solution was covered and stirred for 24 h at ambient 

128 conditions. The final gel composition of synthesis gels prepared in the absence of aluminum at 393 

129 K was 0.83 CaO: 1 SiO2: 18.2 H2O. The gel was placed into a Teflon-lined stainless steel autoclave 

130 and heated to 373 or 393 K for 7 days under static conditions. The recovered solids were washed 

131 thoroughly with water, isolated by centrifugation, and dried overnight at 363 K. 

132 For simplicity, samples are referred to as PHI-TOB-X-Y, where X represents the 

133 temperature at which the hydrothermal treatment was performed (e.g., 373 K or 393 K) and Y 

134 represents the charge ratio (fraction of calcium in the total cationic content).

135

136 2.2. Zeolite Characterization

137 Powder X-ray diffraction (XRD) patterns were collected in the range 5-70° of 2θ (scan rate 

138 of 0.0765° s-1 and a step size of 0.02°) using a PANalytical X’PertPro X-ray diffractometer with a 

139 Cu Kα x-ray source (𝛂 = 1.54 Å) and an X’Celerator 2 detector. 

140 Vapor-phase N2 (77 K) adsorption isotherms were collected with a Micromeritics TriStar II 

141 3020 instrument. Typically, ~0.20 g of zeolite sample, pelleted and sieved to retain particles with 

142 size between 180-250 μm, were degassed by heating under vacuum (<0.1 Torr) to 383 K for 24 h 
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143 prior to adsorption measurements. The micropore volume was determined from semi-log 

144 derivative analysis of the isotherm (∂(Vads/g)/∂(log(P/P0) vs. log(P/P0)), where the first maximum 

145 represents the micropore filling transition and the subsequent minimum represents the end of 

146 micropore filling.

147 The elemental composition of the recovered solids was measured using an inductively-

148 coupled-plasma optical emission spectrometer (ICP-OES, Varian Vista-MPX). Samples (~0.03g) 

149 were dissolved overnight in 2 g of HF (48 wt.%, Alfa Aesar) and diluted with ~50 g of deionized 

150 water. In a separate 15 cm3 centrifuge tube, ~10 g of the resulting solution and 0.1 g of nitric acid 

151 were mixed prior to measurements. The Si/Al ratios of PHI-TOB-373/393-0 were calculated using 

152 the unit cell formula for the PHI framework topology. 

153 Transmission electron microscope (TEM) images were collected after samples (< 20 mg) 

154 were dispersed in ethanol for 240 s in an ultrasonic bath. Approximately 4 drops of the dispersion 

155 were deposited in a 200 mesh Cu grid with a C film. TEM bright field images were taken with a 

156 JEOL JEM-2100F TEM/STEM operated at 200 keV, with spot size 1 and magnifications between 

157 12 and 20kx.

158

159 3. Results and Discussion

160

161 3.1. Roles of metal cations on the crystallization of phillipsite and tobermorite aluminosilicates

162 Samples are denoted as PHI-TOB-X-Y, where X represents the temperature of the 

163 hydrothermal treatment (e.g., 373 K or 393 K) and Y represents the charge ratio, defined as the 

164 fraction of calcium in the total cationic content of the synthesis gels ((2 × Ca2+)/(K+ + Na+ + (2 × 

165 Ca2+)), see experimental section). Hydrothermal treatments of synthesis gels associated with 
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166 phillipsite crystallization were performed at 373 and 393 K in the sole presence of sodium and 

167 potassium (PHI-TOB-373/393-0), and the structure of the recovered solids was probed using X-

168 ray diffraction (XRD) patterns and nitrogen adsorption isotherms (77 K). Figure 1 encloses the 

169 XRD patterns of the recovered solids of all the samples prepared in this study. XRD patterns of 

170 PHI-TOB-373/393-0.0 show primary diffraction peaks centered at 28.1 and 30.5˚ (Figure 1(A)), 

171 previously observed for zeolitic samples with a phillipsite topology.20 Micropore volumes (Figure 

172 2), measured from the semi-log derivative plot of the nitrogen adsorption isotherm (77 K, Section 

173 S.2, Supporting Information), are also characteristic of phillipsite zeolites (0.003 cm3 g-1).21–23 

174 Characteristic phillipsite prism-like and lath-like morphologies24 were detected with transmission 

175 electron microscopy (TEM) images (Section S.3, Supporting Information). The precipitation of 

176 inorganic solids with structural features of phillipsite indicate that, in the absence of organic 

177 structure-directing agents (OSDA), it is the predominant zeolitic phase crystallized in the presence 

178 of sodium and potassium (373 K, 168 h) as the only cationic charges in growth solutions.

179 Phillipsite, as a natural and synthetic zeolite, crystallizes in the presence of sodium, 

180 potassium, and/or calcium.10–12 To further probe the role of the metal cations in the crystallization 

181 processes that lead to phillipsite formation, hydrothermal treatments were performed by replacing 

182 the total cationic contributions of sodium and potassium in growth solutions with calcium. 

183 Performing hydrothermal syntheses at the same total cationic charge (Na2O + K2O = 10.45) but 

184 replacing the total metal cations with calcium (CaO = 5.23) resulted in XRD patterns (Figure 1) 

185 and micropore volumes (Figure 2) that are different from those observed in the sole presence of 

186 sodium and potassium (Figure 1). Specifically, XRD patterns of PHI-TOB-373/393-1.0 have 

187 distinctive diffraction peaks centered at 29.4 and 49.9˚, and 10× higher micropore volumes (~0.07 

188 cm3 g-1, Section S.2, Supporting Information). TEM images of the recovered solids illustrate an 
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189 acicular morphology (Section S.3, Supporting Information). These XRD patterns, micropore 

190 volumes, and morphological parameters are characteristic of Al-tobermorite (referred as 

191 tobermorite in this manuscript) silicate hydrates.14,15,25–27 

192 The topological characteristics of hydrothermally-synthesized zeolites are dictated by the 

193 molar composition of synthesis precursors in the synthesis gel and the conditions of the 

194 hydrothermal treatment.5,28 The pH of the synthesis growth solution during crystallization 

195 processes, in particular, influences the final Al content (i.e., Si/Al content) and the structural 

196 properties of the resulting zeolitic material, and it can be modified during crystallization processes 

197 by modifications in the alkaline content (e.g., OH/Si).5,28,29 In this study, the alkaline content and 

198 solution charge ((K+ + Na+ + (2 × Ca2+))/Al) in synthesis gels prior to high temperature treatments 

199 were fixed for each synthesis series (e.g., crystallized at the same temperature) to mitigate 

200 contributions provided by the thermodynamic crystallization of different zeolitic phases at varied 

201 pH (Section S.1, Supporting Information). Phillipsite molecular sieves and tobermorite silicate 

202 hydrates crystallize at similar pH ranges (13-14),30,31 congruent with coprecipitation mechanisms 

203 observed in this work. These synthetic strategies, at fixed alkaline content, provide frameworks to 

204 investigate the influence of the identity of metal cations in the starting synthesis growth solutions 

205 on the transition from phillipsite zeolites to tobermorite silicate hydrates after hydrothermal 

206 treatments (at 373 and 393 K).

207 Metal cations in synthesis gels have varied roles during hydrothermal processes in the 

208 absence of OSDAs. An illustration of the roles of metal cations in the microporous cavities of 

209 phillipsite after heat treatments (373 K, 168 h) is enclosed in Scheme 1. Isomorphous substitution 

210 of aluminum heteroatoms in siliceous frameworks results in a localized anionic charge on an 

211 adjacent oxygen imparted by differences in the oxidation state of silicon (Si4+) and aluminum 
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212 (Al3+) when tetrahedrally-coordinated. The first role of metal cations is to compensate this 

213 mismatch in framework charges imparted by aluminum incorporation. This counterbalancing role 

214 takes place using monovalent cations (e.g., Na+ and/or K+) for aluminum that have no nearby 

215 aluminum neighbor (“isolated” aluminum, Al-O(-Si-O)x-Al, x ≥ 3) and divalent cations (e.g., Ca2+) 

216 in frameworks that can accommodate aluminum heteroatoms separated by one or two silicon atoms 

217 (“paired” aluminum, Al-O(-Si-O)x-Al, x = 1, 2).32 In absence of OSDAs, as is the case in the 

218 syntheses performed in this study, metal cations organize within the microporous cavities during 

219 crystallization processes to become inorganic SDAs. 

220 In synthesis gels of PHI-TOB-373/393-0.0, sodium and potassium account for aluminum 

221 counterbalance and as SDA, and we probed their total contribution through elemental analysis. 

222 Table 1 contains the elemental composition, collected via induced coupled plasma optical emission 

223 spectroscopy (ICP-OES), of the solids recovered for all the syntheses performed in this study. The 

224 potassium content is higher than the sodium content in samples prepared at varied temperatures 

225 (373 and 393 K), accounting for > 50% of the total cations retained with respect to the aluminum 

226 content. Although sodium is in excess (2:1 ratio) in synthesis gels when compared to potassium, 

227 the sodium content accounts for < 40% of the total cations in the solids relative to the retained 

228 aluminum. 

229 The total cationic content, defined as the summation of all the metal cations normalized to 

230 the aluminum content, is ≤ 1 for samples prepared in the absence of calcium in growth solutions 

231 (PHI-TOB-373/393-0.0, Table 1). The implication of these results, collected after water washing 

232 steps intended to remove unreacted species, is that the remaining metal cations are participating as 

233 counterbalance cations for aluminum in the framework (assuming that all the aluminum is in a 

234 tetrahedral coordination) and those participating in a templating role have been selectively 
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235 removed during washing steps. Consequently, the elemental compositions of PHI-TOB-373/393-

236 0.0, together with the excess of sodium in growth solutions, suggest that the primary role of sodium 

237 (Na/Al < 40%, Table 1) during hydrothermal treatments is as a SDA and gets removed during 

238 washing steps. By extension, our results indicate that potassium (K/Al > 50%) has a predominant 

239 role as an aluminum counterbalance cation during crystallization of phillipsite zeolites at 373 and 

240 393 K. Zeolites prepared in the sole presence of calcium (PHI-TOB-373-1.0) also contain metal 

241 cationic contents that account for less than the total aluminum content (Cat. / Al ≤ 1, Table 1), 

242 suggesting that the retention of metal cations during tobermorite crystallization procedures are 

243 predominantly associated with aluminum heteroatoms. Taken together, these results exemplify the 

244 structure-directing role of metal cations in crystallization processes in the absence of SDAs. 

245 Zeolite polymorphism driven by the judicious choice of inorganic SDAs highlights the 

246 adaptable capabilities of metal cations in zeolite crystallization protocols.28 Hydrothermal 

247 treatments of growth solutions replacing sodium with potassium, for instance, leads to the 

248 formation of NU-10 (TON) rather than MFI (523 K, 122 h),33 synthesis gels containing potassium 

249 instead of sodium crystallize EDI rather than LTA (468 K, 96 h),34 and synthesis gels containing 

250 varying mixtures of sodium and potassium crystallize LTA, SOD, and/or FAU (429 K, 168 h),35 

251 amongst others.28 Here, replacing sodium and potassium with calcium in synthesis gel 

252 compositions that typically crystallize phillipsite,13 results in the precipitation of tobermorite, a 

253 silicate hydrate of different identity and pore structure. Although the elemental composition of 

254 tobermorite prepared at 373 K (PHI-TOB-373-1.0) was expected to occlude more calcium content 

255 (i.e., Ca/Al > 1) and at higher densities than those measured (Ca/Al < 1), the structure of the 

256 characterized solid indicates the distinctive features (Figure 1) of tobermorite as a result of an 

257 exclusive calcium-containing growth solution. Further experiments are required to interrogate the 
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258 differences between PHI-TOB-373-1.0 and other tobermorite samples crystallized in this study. 

259 Altogether, the results in this manuscript contribute guidelines for the preparation of two different 

260 zeolitic and silicate hydrate aluminosilicates by varying the metal cation identity in the synthesis 

261 gel. We next investigate the roles and contributions of inorganic SDAs by systematically 

262 modifying the metal cation content.

263

264 3.2. Guidelines for the selective co-precipitation of phillipsite and tobermorite 

265 The total cationic content is defined as the molar composition in the synthesis gel 

266 composed by all metal cations. Systematic substitution of the cationic content with calcium, 

267 however, requires accounting for differences between monovalent cations (Na+ and K+) and 

268 divalent cations (Ca2+). The role of calcium as a counterbalancing cation for aluminum 

269 incorporation is limited by the ability of a framework to accommodate two aluminum heteroatoms 

270 in close proximity (Al-O(-Si-O)x-Al, x = 1, 2) in order for aluminum incorporation to take place. 

271 The calcium content in the synthesis gel was determined by half of the total molar contributions 

272 of sodium and potassium to retain the same total cationic charge in the synthesis gel; at the same 

273 time, the alkaline content within each synthesis series (e.g., crystallized at the same temperature), 

274 was kept constant for all samples prepared in this study (Section S.1, Supporting Information). We 

275 define the charge ratio in the synthesis gel as the fraction of the total cationic content composed 

276 by calcium (e.g., (2 × Ca2+)/(K+ + Na+ + (2 × Ca2+))).

277 The transition from phillipsite to tobermorite phases was probed by performing 

278 hydrothermal syntheses at varied charge ratio in synthesis growth solutions. XRD patterns of 

279 samples prepared at varied charge ratio reflect diffraction peaks centered at 29.4˚ and 49.9˚ that 

280 increase concomitantly with increasing calcium content (Figure 1). Differences in framework 
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281 identity and composition are also detected in the pore volume measured by nitrogen adsorption 

282 isotherms, with a monotonic increase in the micropore volume from 0.003 to 0.03 cm3 g-1 with 

283 increasing charge ratio (Figure 2). These results highlight single-step hydrothermal treatments to 

284 prepare silicate hydrates of mixed morphological and adsorption properties by tailoring the molar 

285 composition of metal cations in the starting synthesis growth solution (Section S.2, Supporting 

286 Information). The increase in XRD diffraction peaks associated with tobermorite (e.g., 29.4 and 

287 49.9˚), together with micropore volumes that increase concomitantly, indicate that phillipsite 

288 crystallization transitions to tobermorite crystallization with increasing the calcium content in the 

289 synthesis gel, as we discuss next with respect to the elemental composition of the recovered solids.

290 Figure 3 compares the potassium and sodium content in the recovered solids, normalized 

291 by the aluminum content. Normalizing the cationic molar content by the aluminum content allows 

292 for rigorous distinctions of the relevance of sodium and potassium as aluminum counterbalance 

293 cations. The sodium content increases concomitantly with the potassium content in the recovered 

294 precipitates.  The sodium and potassium content also increase monotonically with increasing 

295 charge ratio for samples crystallized at 393 K (PHI-TOB-393), as diffraction peaks (e.g., peaks 

296 centered at 29.4 and 49.9˚) associated with tobermorite increase concomitantly. These results 

297 indicate that the inclusion of sodium and potassium is codependent and that, although the 

298 combination of the two predominantly leads to crystallization processes associated with phillipsite, 

299 the retention of a higher fraction of these metal cations ((K + Na)/Al >1) is facilitated by 

300 tobermorite crystallization.

301 Figure 4 compiles the total cation content with respect to the sodium content (normalized 

302 to the aluminum content). The total cationic content increases systematically with respect to the 

303 sodium content (per aluminum), and thus with increasing the fraction of tobermorite precipitation. 
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304 Phillipsite phases are crystallized at total cationic charges (per Al) < 2, while tobermorite phases 

305 are primarily detectable at total cationic charges > 2. Retention of a higher content of metal cations 

306 at higher charge ratios, together with the formation of a higher fraction of tobermorite, suggests 

307 the bigger pores in tobermorite (~1 nm)36 compared to phillipsite (8 MR, ~0.37 nm), or the 

308 mesoporous area between the two phases (observed in the hysteresis in N2 adsorption isotherms in 

309 Section S.2, Supporting Information), encapsulate more metal cations during crystallization 

310 processes. These results suggest that phillipsite zeolites primarily retain inorganic cations 

311 associated with aluminum heteroatoms, while tobermorite silicate hydrates retain metal cations 

312 corresponding to aluminum counterbalance as well as those filling the available porous cavities 

313 (SDA role). These results indicate that, either because of structural composition or the ability to 

314 retain more cations within various topologies of varied pore structure, more cations are captured 

315 within the porous architecture of tobermorite silicate hydrates compared to phillipsite zeolites.

316 Differences in the identity and composition of metal cations in the starting synthesis growth 

317 solutions result in the precipitation of porous materials with varied structural and physicochemical 

318 properties. For samples of mixed phillipsite zeolites and tobermorite silicate hydrate phases, the 

319 micropore volume measurements and XRD patterns are similar to the weighted linear combination 

320 of the two phases (Figure 2), as previously observed for the intergrowth precipitation of SAPO-

321 5/SAPO-11.37 Compared to the physical mixture of the two phases, however, the hydrothermal 

322 treatments developed in this study impart capabilities to prepare mixed phases in a single step by 

323 tailoring the identity of the metal cations in the starting synthesis gel. The protocols described here, 

324 in addition, result in the crystallization of inorganic materials with available mesoporous cavities 

325 (Section S.2, Supporting information), because of the coprecipitation of both phases, enabling 

326 access to bigger voids that are beneficial to transport phenomena relevant for catalytic38,39 and 
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327 adsorption40,41 processes. The selective crystallization of both phases by replacing the cationic 

328 charge imparted by calcium in the starting synthesis gel suggests that crystallization mechanisms 

329 are sensitive to the identity of the metal cations in the starting growth solution, as we explore next.

330 Zeolite crystallization mechanisms and polymorphism are generally described by driving 

331 forces following the Ostwald rule of stages42,43 or the transformation of crystalline phases guided 

332 by their molar density.5,28,44 Crystallization following the Ostwald rule of stages take place after 

333 dissolution of synthesis precursors to form amorphous, metastable phases that reorganize over time 

334 in stages that form more thermodynamically stable phases (e.g., from structures of less negative to 

335 more negative enthalpy of formation).42,43 In other instances, zeolite transformations occur by the 

336 formation of metastable phases that transform over time to form a phase with higher framework 

337 density (i.e., a framework with a lower molar volume).44 In the phillipsite/tobermorite system 

338 studied here, we speculate that silicon and aluminum complexes, available in the synthesis gels 

339 after precursor dissolution during aging protocols (ambient, 24 h), nucleate metastable phases 

340 around inorganic cations. At the same time, the stabilized structure is dictated by the kinetic 

341 diameter, hydrated radii, or other physicochemical properties of the metal cations in solution 

342 (Scheme 2). These metastable phases, in turn, then dictate the aluminosilicate phase that eventually 

343 nucleates locally and crystallizes during high temperature treatments. We surmise that tobermorite, 

344 with bigger cavities than phillipsite, accommodates calcium cations and its crystallization results 

345 from high temperature treatments of aluminosilicate complexes formed around calcium during the 

346 aging step (Scheme 2). These proposed mechanistic steps, based primarily on the Ostwald rule of 

347 stages, describe general nucleation and crystallization steps that result in the crystallization of pure 

348 or mixed phillipsite and tobermorite phases in the presence of sodium, potassium, and/or calcium 

349 in varied composition in synthesis gels. 
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350 Distinguishing the ability of various metal cations to arrange within microporous and 

351 mesoporous voids allows for the preparation of porous aluminosilicates with varying pore 

352 structure. Sodium and potassium contribute to the selective crystallization of phillipsite zeolites in 

353 the absence of calcium (at 373 and 393 K). The total cationic content (normalized by Al) on PHI-

354 TOB-373/393-0 samples suggest that the micropores of phillipsite accommodate cations 

355 exclusively to counterbalance aluminum heteroatoms. The higher total cationic content (per Al) 

356 on samples of varied charge ratio, together with detection of tobermorite phases, however, 

357 indicates that tobermorite phases retain metal cations associated with aluminum counterbalance 

358 and those that participate of structure-directing processes. The consistently higher total cationic 

359 content (per Al) in all the samples prepared at 393 K compared to those synthesized at 373 K, 

360 along with XRD features associated with tobermorite becoming prominent at low charge ratios 

361 (C.R. > 0.3), corroborate that tobermorite porous structures accommodate metal cations that 

362 participate in aluminum counterbalance and template roles. Taken together, this study summarizes 

363 guidelines for the preparation of zeolitic phases in the absence of OSDAs and highlights the 

364 ubiquitous roles of metal cations during crystallization processes of zeolitic materials. 

365

366 4. Conclusions

367

368 Synthetic protocols involving zeolite crystallization take place around OSDAs that dictate 

369 the resulting topological properties of the precipitates. In the absence of OSDAs, however, 

370 inorganic SDAs can selectively nucleate and crystallize aluminosilicates of various framework 

371 topologies depending on their identity and synthesis conditions.28
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372 Here, we elaborate on the roles of sodium, potassium, and calcium in the crystallization of 

373 phillipsite zeolites and/or tobermorite silicate hydrates (at 373 K and 393 K) at the same total molar 

374 cationic content. Phillipsite zeolites are selectively crystallized (at 373 K and 393 K) from starting 

375 growth solutions that contain solely sodium and potassium, and retain metal cations at molar ratios 

376 that account only for roles associated with of aluminum counterbalance during crystallization 

377 processes ((Na + K)/Al ≤ 1). Tobermorite samples, however, are selectively crystallized after high 

378 temperature treatments (at 373 K and 393 K) of growth solutions containing solely calcium. 

379 Aluminosilicates containing tobermorite crystals retained metal cations at molar ratios ((K + Na + 

380 Ca)/Al ≥ 1) indicating their ubiquitous roles as both aluminum counterbalance and SDA during 

381 crystallization protocols. Syntheses performed (373 K and 393 K) at mixed compositions of metal 

382 cations indicate that the partial substitution of sodium and potassium with calcium on synthesis 

383 gels (identical total molar compositions) results in the crystallization of mixed phillipsite and 

384 tobermorite phases. We surmise that these results are the consequence of the aluminosilicate 

385 complexes stabilized around metal cations during aging stages, leading to nucleation and 

386 crystallization of tobermorite when these complexes are encapsulating calcium cations and 

387 phillipsite when the complexes are isolating sodium and/or potassium. Taken together, these 

388 results summarize the roles of metal cations during crystallization processes and highlight the 

389 ability of their identity to dictate the topological properties, tailored for specific applications, of 

390 the resulting precipitate.

Page 17 of 29 Reaction Chemistry & Engineering



18

391 Author contributions

392 JCVV—Investigation, Writing – Original Draft; AH—Investigation; RA—Investigation, Writing 

393 – Original Draft; DP—Writing – Review & Editing; SD—Investigation; LT—Investigation; 

394 ELP—Conceptualization, Writing – Review & Editing, Funding acquisition; KE—Funding 

395 acquisition; AK—Funding acquisition, Investigation; MB—Conceptualization, Funding 

396 acquisition, Writing – Review & Editing; SS—Conceptualization, Writing – Original Draft and 

397 Review & Editing, Funding acquisition, Supervision, Project administration; GS—

398 Conceptualization, Writing – Original Draft and Review & Editing, Funding acquisition, 

399 Supervision, Project administration; DS—Conceptualization, Writing – Original Draft and 

400 Review & Editing, Funding acquisition, Supervision, Project administration;

401

402

403 Conflicts of interest

404 There are no conflicts to declare

405

406

407 Acknowledgements

408 We acknowledge the financial support provided by the Advanced Research Projects 

409 Agency-Energy (ARPA-E: Award Number: DE-AR0001147). We thank Dr. Joseph King and 

410 Dr. Madhav Acharya for helpful technical discussions. 

411

Page 18 of 29Reaction Chemistry & Engineering



19

412 Figures and Tables

(A) (B)
Figure 1. X-Ray Diffraction (XRD) patterns of (a) PHI-TOB-373-0, (b) PHI-TOB-373-0.25, (c) 
PHI-TOB-373-0.50, (d) PHI-TOB-373-0.75, and (e) PHI-TOB-373-1 crystallized at (A) 373 K, 
and of (a) PHI-TOB-393-0, (b) PHI-TOB-393-0.30, (c) PHI-TOB-393-0.50, (d) PHI-TOB-393-

0.80, and (e) PHI-TOB-393-1 crystallized at (B) 393 K.
413
414

415
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Figure 2. Micropore volume (cm3 g-1) of PHI-TOB-373 (◼︎) and PHI-TOB-393 (●) with respect 
to the charge ratio (C.R. = (2 × Ca2+)/(K+ + Na+ + (2 × Ca2+)) in the starting synthesis growth 

solution.
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Scheme 1. Illustration of the porous cavities of phillipsite zeolites after heat treatments at 373 or 
393 K (168 h) prior to and after water washing steps and drying procedures (363 K, 16 h).
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Figure 3. Potassium and sodium content normalized by the aluminum content in the recovered 
solids with varying the total charge ratio in hydrothermal treatments at 373 K (◼︎) and 393 K (●). 
Shaded areas represent elemental compositions at which selective formation of one phase (e.g., 

phillipsite or tobermorite) is observed.
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Figure 4. Total cation content and sodium content normalized by the aluminum content in the 
recovered solids with varying the total charge ratio after hydrothermal treatments at 373 K (◼︎) 
and 393 K (●). The total cation content is defined as the summation of individual metal cations 

(e.g., sodium, potassium, and calcium) normalized by the aluminum content. Shaded areas 
represent elemental compositions at which selective formation of one phase (e.g., phillipsite or 

tobermorite) is observed.
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Scheme 2. Proposed mechanism for the crystallization of phillipsite and/or tobermorite (373 and 
393 K, 168 h) in the presence of sodium, potassium, and calcium.

421
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422 Table 1. Elemental composition of recovered solids after hydrothermal treatments at varied metal 
423 cation composition. All the results were collected via ICP-OES.

Sample C.R.a Si/Al Na/Al K/Al Ca/Al Cat./Alb

PHI-TOB-373-0c 0.00 3.13 0.24 0.60 - 0.84
PHI-TOB-373-0d 0.00 2.33 0.24 0.34 - 0.58

PHI-TOB-373-0.25 0.25 - 5.27 2.35 0.06 7.68
PHI-TOB-373-0.50 0.50 - 2.73 1.38 0.03 4.13
PHI-TOB-373-0.75 0.75 - 3.99 1.51 0.89 6.40
PHI-TOB-373-1.00 1.00 - 0.45 0.08 0.16 0.69
PHI-TOB-393-0.00 0.00 2.78 0.36 0.64 - 1.01
PHI-TOB-393-0.30 0.30 - 9.07 6.52 0.16 15.75
PHI-TOB-393-0.50 0.50 - 9.38 6.79 0.04 16.21
PHI-TOB-393-0.80 0.80 - 14.19 9.17 4.83 28.19
PHI-TOB-393-1.00 1.00 - - - - -

424 a Fraction of calcium compared to the total metal cations in the synthesis gel (i.e., (2 × Ca2+)/(K+ + Na+ + (2 × Ca2+))).
425 b Metal cation content normalized by the aluminum content ((K + Na + Ca)/(Al)). 
426 c Synthesis performed at a lower water content to lower the silicon concentration to 0.2 M (more details in Section 
427 S.1, Supporting Information).
428 d Synthesis performed at reported molar ratios13 with a silicon concentration of 3 M (more details in Section S.1, 
429 Supporting Information). 
430
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