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35 ABSTRACT

36 An aluminum-free zinc-bearing smectite (Zn-smectite) was synthesized under
37  hydrothermal conditions, together with its magnesium substituted products. Its layer
38  charges calculated by cation exchange capacity (CECs) is 117.4 mmol/100 g. X-ray
39  powder diffraction (XRD) results revealed turbostratic stacking and showed that the
40  d06l value of the Zn-smectite was > 1.525 A, indicating that it is trioctahedral. Its
41 4001 value increased from ca.12.8 A to ca. 16.0 A after ethylene glycol (EG)
42  saturation. The Zn-smectite did not irreversibly collapse after heating the
43 Li'-saturated sample to 300°C, suggesting that its layer charge was generated from
44 octahedral-site vacancies (defects). The Zn-smectite resembles zincsilite-like minerals
45  with interlayer Na" and Zn®". The intralayer structure of zincsilite was confirmed by
46  pair distribution function (PDF) analysis and the whole crystal structure was built and
47  optimized by DFT calculation in the CASTEP module of the Materials Studio
48  software. Synthetic zincsilite is triclinic, space group P —1 and its optimized unit-cell
49  parameters are: a=5.294 A, b=9.162 A, ¢=12.800 A, 0=90.788°, =98.345° and

50 y=90.399°.

51  KEYWORDS: Smectite, layer charge, local structure, turbostratic disorder, PDF
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52 INTRODUCTION

53 Smectites are the most abundant group of clay minerals in Earth’s near-surface
54  environments, and they therefore, play crucial roles in geological processes, such as
55  enrichment and migration of surface elements. Most smectites in soils and sediments
56  are formed by weathering transformation of micas to vermiculites to smectites and by
57  diagenetic and hydrothermal alteration of rocks (Hillier, 2003). Zinc-rich smectites
58  (Zn-smectites) are associated with supergene nonsulfide ores worldwide (Mondillo ef
59 al, 2015). Some of these are predominant economic minerals (e.g., sauconite)
60  (Schingaro et al., 2021) of the mineral assemblage derived by weathering (Newman
61 and Brown, 1987, Ross, 1946). As natural two-dimensional (2D) inorganic materials,
62  Zn-smectites have wide applications as catalysts and catalyst supports, luminescent

63  materials, adsorbents, etc. (Liu and Zhang, 2014, Wang et al., 2019).

64 Zincsilite is a Zn containing but aluminum-free end-member of the
65  montmorillonite-zincsilite series (Smolianinova and Organoba, 1960), whose crystal
66  structure is far from well understood (Bergaya and Lagaly, 2013). At present, there
67 are relatively few studies on Zn-smectites synthesis (Ponce et al., 2020, Vogels et al.,
68 2005, Zhou et al., 2017), compared with saponite and hectorite of the same subgroup
69  (Kloprogge et al, 1999). These studies were conducted mainly on synthetic
70  Zn-smectites prepared in the presence of Al (Ponce ef al., 2020, Vogels et al., 2005,
71 Zhou et al., 2017). There is no recording on the synthesis of such a mineral until 2008

72 (Petit et al., 2008), although they considered their products to be sauconite-like
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73  stevensite. The products were proposed to have a similar structural formulas with
74  stevensite, but with octahedral Zn instead of Mg, i.e., Rx+Si4(Zn3_XI:I x)O010(OH)y,
75  where R" and x are for interlayer cations and the number of octahedral vacancies,
76  respectively (Petit et al., 2008). Apart from the results of Petit ef al., no reliable
77  unit-cell parameters and structural information are available for smectites of this
78  series (Anthony ef al, 2001). A lack of crystal structure information of these
79  smectites would limit their potential applications, for example, affecting the revelation

80  of the reaction mechanism when they are used as functional materials.

81 Refining the crystal structure of smectites is difficult, primarily because they lack
82  three-dimensionally (3D) order structures, and because of their fine grain size (usually
83 < 2 um), and widespread layer stacking disorder (such as rotation and translational
84  shifts) (Meunier, 2006). Random rotations and translations within the ab plane
85  produce turbostratically disordered structures (Brindley and Brown, 1980, Moore and
86  Reymolds, 1997, Ufer et al., 2004). In such cases, adjacent layers are no longer
87  optically coherent with each other, no orientation of the crystal can produce k0 (or
88  hkl) reflections from more than one layer (Brindley, and Brown, 1980, Moore and
89  Reymolds, 1997). For crystals containing successive turbostratic stacking layers,
90  asymmetric Akl reflections were obtained, as a characteristic of 2D crystals, similar to
91 those from a single layer (Lanson et al., 2011, Ufer et al., 2004). These types of
92  disorder make the common models insufficient to simulate the XRD profiles simply

93 by broadening Bragg reflections and the traditional Rietveld refinement completely
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94  inappropriate to the structural determination and quantitative analysis of smectites

95  (Ufer et al., 2004).

96 Computer programs were built to model the disordered layer structures of 2D
97  materials, such as DIFFaX (Braunbarth et al., 2000, Hines et al., 1997, Treacy et al.,
98 1991), DIFFaX+ (Leoni et al., 2004), FAULTS (Casas-Cabanas et al., 2016),
99  ROSS-X (Leonardi and Bish, 2020), efc. These programs have been used to model
100  diffraction from phyllosilicates, such as talc, kaolinites, illite, efc., but have not for
101  smectites (Artioli et al., 1995, Gualtieri, 1999, Gualtieri et al., 2008, Viani et al.,
102 2002). It was until 2004 that Ufer er al. (2004, 2008) proposed a method (Ufer single
103 model) based upon the Debye formula (Debye, 1915, Yang and Frindt, 1996) for
104  modeling diffraction effects from smectites with turbostratic disorder within the
105 Rietveld method. Their models combined periodic/pseudoaperiodic calculations,
106  providing a successful and fast method for XRD profile simulation and phase
107  quantifications of smectites, as included in the BGMN program (Ufer et al., 2004,
108 2008, 2012). With further development, structural features, such as layer charge
109  density and occupancies of octahedral sites of dioctahedral smectite had been
110 achieved using this method (Wang et al., 2018). Although in the above cases, models
111 with special layer faults (such as used in DIFFaX+) or supper-cell (such as used in
112 single layer method) were used, the XRD patterns of smectites were successfully
113 simulated, however the crystal structure of smectite based on these simulation results

114 s still lacking, especially for the relevant atomic coordinates.
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115 The atomic pair distribution function (PDF) method of analysis is a total
116  scattering technique, that gives the scaled probability G(r) of finding two atoms in a
117  material at a distance » apart (Egami and Billinge, 2012, Neder and Proffen, 2008,
118  Young and Goodwin, 2011). It uses both the Bragg reflections and the diffuse
119 scattering (Lee and Xu, 2020). Therefore, it can be used to investigate not only a
120  long-range ordered structure, but also the short-range ordered local structure of a solid,
121 such as poorly ordered phases (e.g. nanocrystals and gels) and amorphous phases (e.g.
122 glasses and liquids) (Young and Goodwin, 2011, Juhas et a/.,2010, Ojovan and
123 Louzguine-Luzgin, 2020, Schlesinger et al., 2021). PDF analysis can reveal the
124  atomic structure from the total scattering data using the real-space refinement method
125  (Billinge and Kanatzidis, 2004, Lee and Xu, 2020). It is therefore, a promising

126  technique to determine the local structure of smectite.

127 In the present study, an aluminum-free zinc-bearing smectite (Zn-smectite), and
128 its magnesium substituted products (with varying molar ratios of octahedral
129 Zn2+/Mg2+ cations) were synthesized under hydrothermal conditions. The resulting
130  materials were characterized by XRD, »’Si solid-state magic-angle spinning nuclear
131  magnetic resonance spectroscopy (*’Si MAS NMR), and transmission electron
132 microscopy (TEM). Their layer charges were determined by their cation exchange
133 capacities (CECs). Based upon PDF analysis and refinement of the selected structural
134 models, the intralayer structure of the Zn-smectite was obtained using PDFgui

135  program (Farrow et al., 2007). Subsequently, the overall structure of Zn-smectite
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136  (including H in hydroxyl group and interlayer cations) was constructed by Materials
137  Studio software and optimized by DFT calculation. This is the first case to study the
138  local structure of Zn-smectite, and build its crystal structure with turbostratically

139  disordered layers based upon PDF analysis.

140 SAMPLES AND METHODS

141  Hydrothermal experiments

142 The synthesis for producing Zn-smectites used10.23 g (0.036 mol)
143 NaySiO3-9H,0 (>98.0%, Aladdin) and desired amounts of ZnCl, (>98.0%,
144  Guangzhou Chemical Reagent Factory) and MgCl,-6H,O (98.0%, Guangzhou
145  Chemical Reagent Factory), which were dissolved in 25 ml deionized (DI) water. 4.00
146 mol L' NaOH (>96.0%, Guangzhou Chemical Reagent Factory) solution was added
147  to the above mixture while stirring until its pH reached ca. 10.00, which was
148  maintained for half an hour, and after the equilibration a uniform gel was eventually
149  obtained. The total volume of the mixtures was kept at 75 ml by adding DI water.
150  After that, the gel was transferred to a 100 ml Teflon-lined stain-less steel autoclave
151 and treated at 180°C for 48 h. The obtained precipitates were washed by several
152 centrifuge—washing cycles until the supernatant reached neutral pH followed by
153  drying at 65°C and grinding for further treatments. The amount of ZnCl, and
154  MgCl,-6H,0 were calculated by fixing the mole ratio of Si/M*" as 3:2 per half unit
155  cell (p.h.u.c., O1o(OH),), in which M*" represents the sum of the amounts of Zn>" and

156  Mg*" (in moles). This ratio was intentionally set to ensure that Si was sufficient for
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157 the formation of a trioctahedral smectite structure (Si/M*'= 4:3). The obtained
158  products were marked as S-Znx (x =1, 2, 3 and 4). For example, S-Zn1 represents the
159  sample synthesized with 6 moles of Si, 1 mole of Zn and 3 moles of Mg in the starting
160  chemicals.

161 The CECs of the synthesized samples were determined using the [Co(NH;)e]*"
162  method (Bisio et al., 2008). Briefly, a mixture of 500 mg synthetic samples and 30 ml
163 50 mmol L™ [Co(NH3)6]Cl (>99.0%, Aladdin) solution was shaken by a shaking table
164  at room temperature (r.t.) for 24 h to thoroughly exchange cations on the surfaces and
165 in the interlayers. After separation by centrifugation, the solution was analyzed by
166 UV-Vis spectrophotometry (UV-7504). The decrease in absorbance at 474 nm,
167  typical of the CT transition of [Co(NH;)e]*", was quantitatively related to the
168  difference in concentration by means of calibration with standard solutions. The
169  samples after [Co(NH;3)e]*" exchange were designated as S-ZnxCo.

170 The Hofmann-Klemmen tests were done using the method described in the
171  literature (Petit et al., 2008). Typically, 250 mg S-ZnxCo was put into a 50 ml
172 centrifuge tube with 30 ml 2.00 mol L™ LiCl (=97.0%, Sinopharm Chemical Regent)
173 solution. After sealing, the tube was shaken to thoroughly mix the solid and solution
174  using a shaking table for 2 h. After centrifugation, the supernatant solution was
175  removed, and the samples were shaken with another 30 ml 2.00 mol L™ LiCl solution
176  for another 2 h. These treatments were repeated twice, and the mixing time was

177  extended to 24 h. After drying at 75°C, the products (expressed as S-ZnxLi) were
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178  divided into two parts. One part was further heated at 300°C for 12 h (S-ZnxLi300).
179  Analysis methodology

180 X-ray diffraction (XRD). Powder XRD patterns were collected between 1° and
181  65° (26) at a scanning rate of 1° min™ with a step size of 0.01° (20) and a fixed
182  divergence slit size of 0. 60° (26) on a Bruker D8 Advance diffractometer with
183  Ni-filtered Cu Ka radiation (A=0.154 nm, 40 kV and 40 mA). The humidity is
184  controlled at ca. 30% by an automatic air dehumidifier. Randomly oriented samples
185  were prepared by pressing powder inside a cavity up to the reference level of the
186  sample holders. Oriented samples were prepared by pipetting the clay suspension onto
187  a glass slide and allowing it to dry at r.z. Glycolated samples were prepared by
188  treating the oriented samples in a desiccator with ethylene glycol (EG) at 30°C for 24
189 h

190 Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were obtained
191 by a Bruker VERTEX 70 Fourier transform infrared spectrometer, using KBr pressed
192 disk technique. 0.9 mg of each samples and 80 mg of KBr were well mixed and
193  ground in an agate mortar for 15 min. The mixtures were pressed for 5 min at 10
194  kbars and heated under a lamp for 3 min to remove adsorbed water before FTIR
195  measurements.. All spectra were collected at r.z. over the range of 400—4000 cm™
196  with a resolution of 4 cm™ and 64 scans.

197 Transmission electron microscopy (TEM). TEM was performed with an FEI

198  Talos F200S field-emission transmission electron microscope, operating at an
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199  accelerating voltage of 200 kV. Specimens were prepared by dispersing the sample in
200  ethanol and ultrasonically treating for 5 minutes. A drop of the resulting dispersion
201  was placed on a copper grid with carbon film coating, after which the ethanol was
202 evaporated.

203 To investigate the stacking structures of smectites along [001], oriented samples
204  were embedded in epoxy resin and dried at 100°C for 3 h. Subsequently, ultrathin
205  sections perpendicular to the film with a thickness of ~75 nm were sliced with a
206  diamond knife using a Lecia EM UC?7 ultramicrotome. The thin sections were placed
207 on carbon-coated copper microgrids for TEM observations using the above
208  parameters.

209 Magic-angle-spinning nuclear magnetic resonance spectroscopy (MAS
210  NMR). ¥Si MAS NMR experiments were performed using a Bruker AVANCE III
211 600 spectrometer at resonance frequencies of 119.2 MHz. *Si MAS NMR spectra
212 with high-power proton decoupling were recorded on a 4 mm probe with a spinning
213 rate of 12 kHz, a /4 pulse length of 2.6 us, and a recycle delay of 80 s. The chemical
214 shifts of ’Si were referenced to tetramethylsilane (TMS).

215 Atomic pair distribution function (PDF) analysis and refinement. X-ray total
216  scattering experiments for PDF analysis were carried out on a PANalytical Empyrean
217  Nano with an Ag source Kal (4 = 0.5594214 A) and a GaliPIX 3D detector, at an
218  operating voltage of 60 kV and an operating current of 36 mA. All data were

219  collected at r.z. over an angular range (260) between 2° and 140°, with a step size of
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220  0.0286°. Calibration of the experimental setup was done by measuring crystalline
221  silicon (NIST Si) as a standard material to calibrate the sample-to-detector distance
222 and to determine the Qgamp and Oproad, Which are the parameters that correct the PDF
223 envelope function for the instrument resolution (Egami and Billinge, 2012).
224  Diffraction data of empty polyimide tube were collected with the same exposure time
225  for background removal in the data reduction. The experimental data were converted
226  to PDF patterns using PDFgetX3 software (Juhas et al., 2013).

227 Models refinement based upon PDF data and crystal structure optimization.
228  PDF structural refinement were carried out using the PDFgui software (Farrow et al.,
229  2007). The initial models used to refine based upon PDF pattern of the Zn-sample
230  (S-Zn4) were with a C —1 and C2/m space group modified from talc (Drits et al., 2012)
231 and hectorite (Breu er al, 2003), respectively. Because X-ray diffraction is
232 comparatively insensitive in H as in -OH and the main focus of PDF local structure
233 modeling is the intra-layer structure, H and interlayer cations were removed from the
234  models. The structural formula for S-Zn4 model was calculated from chemical
235  composition determined by ICP-AES and the cation-exchange capacity. The fittings
236  using two models for S-Zn4 were performed between 7, =1 A and rp. = 20 A.
237  Unit-cell parameters, atomic site occupancies, atomic positions and atomic
238  displacement parameters (ADPs) were refined. The refined values Qgamp and QObroad
239  were fixed in the subsequent structural refinements of the PDF data. The atomic

240  positions were fixed during the refinement of talc model (Drits ef al., 2012), but were
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241  refined with the hectorite model under the restrictions of the space group (Breu et al.,
242 2003).

243 After refinements, the unit-cell parameters, atomic coordinates and site
244 occupancies were input into the Materials Studio software package to further build the
245  overall crystal structure of Zn-smectite. The H as in —OH and interlayer cations were
246  restored, which were removed previously during the models refinement using PDF
247  data. The interlayer space was set to the d001 value from its XRD pattern. The H
248  atom was added to the octahedral O that was not connected to the tetrahedron with a
249 default O-H length (0.82 A) and a direction paralleling to the layer stacking direction.
250  The number (p.h.u.c) and occupancy of interlayer cations were set according to the
251  corrected structural formula. Their initial atomic coordinates were set to the midpoint
252 of the two nearest —OH in the adjacent layers. Subsequently, the density functional
253  theory (DFT) based calculation was carried for the geometry optimization using
254  Perdew-Burke-Emzerhof (PBE) function (Perdew et al., 1996), which is simplified by
255  generalized-gradient approximation (GGA) as in CASTEP module (Clark et al., 2005).
256 A 3x2x1 k-points sampling grid was set for the optimization. The cutoff energy of the
257  projector augmented plane-wave basis was set at 598.7 eV to ensure energy accuracy.
258  The full geometry optimizations were carried out with convergence thresholds of

259 1.0x107 eV and 0.03 eV/A for total energy and maximum force, respectively.

260 RESULTS

261  XRD results of hydrothermal products
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262 XRD patterns of the synthetic samples showed a series of reflections at 26 angles
263  ca. 5.84, 19.58, 28.78, 35.31, 59.70°, etc., close to those of saponite (a Mg-rich
264  trioctahedral smectite) (Egami and Billinge, 2012) and other smectites (Figure 1)
265  (Faust et al., 1959, Petit et al., 2008, Tao et al., 2016). The d value of the 001
266  reflection was ca. 12.8 A for the S-Zn4 sample, which is a typical value of smectite
267  (Bergaya and Lagaly, 2013). All the other patterns in the range of 15 to 40° (26)
268  exhibit broad and asymmetric reflection maxima, typical of turbostratically stacked
269  smectites. Their d values of the diagnostic reflection 06/ band at ca. 60° (26) were all

270  larger than 1.525 A, indicating that the samples are trioctahedral (Bergaya and Lagaly,

271 2013).
272
Figure 1
273
274 With the increase in the Zn/Mg ratio, the relative intensity of the 00! reflection

275  was prominently increased, while the full width at half maximum (FWHM) decreased
276  from 6.44° (26) for S-Znl to 1.33° (20) for S-Zn4. The sample in which octahedral
277  sites were only occupied by Zn (Figure 1d) shows the narrowest and sharpest 001
278  reflection with the highest intensity. After EG saturation, all samples except
279  S-Znl EG (Figure 2) showed increase in the relative intensity of the 00/ reflections
280  (16.2 A).

281
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Figure 2

282  Si MAS NMR Spectra of hydrothermal products

283 The nearest neighbor environment of Si was assessed by *’Si MAS NMR spectra.
284 Q™ (m=0, 1,2, 3 and 4) was adopted to describe the Si environments in the solid
285  products, in which Q™ refers to the polymerization state of Si (Tao ez al., 2016). Two
286  main signals were recorded at ca. —95.0 and —83.8 ppm (Figure 3) for all the

287  as-synthesized samples, which are attributed to Q° Si and Q* Si, respectively. Signals

288  atca. 110 ppm are ascribed to amorphous silica, as in all the samples except for

289  S-Zn4.
290

Figure 3
291

292 TEM images of hydrothermal products

293 Typical flaky grains with curled ribbon-like edges were observed in TEM images
294  for all products (Figure 4). This is a very common morphology for smectite minerals,
295  such as saponite and sauconite (Guven, 1988, Schingaro et al., 2021, Tao et al., 2019).
296  Among the products, S-Znl displayed the smallest particle sizes (Figure 4a). There
297  were loose fluffy needle-like fine grains randomly aggregated on its surface with a
298 thickness of several nanometers along the direction perpendicular to the crystal plates
299  (c* direction). This is probably the lateral view of the particles, and they were

300  possibly formed by the curling of the very thin smectite layers. Similar aggregations
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301  were also observed in S-Zn3 (Figure 4c). The S-Zn4 sample was readily identified

302  because it had the largest particle size (Figure 4d).

303
Figure 4
304
305 Turbostratic layer stacking could be further evidenced by selected area electron

306  diffraction (SAED) of the samples. However, for such hydrated clay minerals, all
307  attempts to obtain its SAED failed due to the structural damage caused by the electron
308  beam under the vacuum of the TEM. Fortunately, lateral lattice images mostly along a
309  or b directions of the S-Zn4 grain were successfully obtained from ultrathin sections
310  of oriented samples embedded by epoxy (Figure 5). In the HRTEM image, the lateral
311  stacking of layers along the ¢ direction could be clearly seen. The orientation could be
312 verified by the single layer distance (orange bar), which were calculated to be ca. 130
313 — 140 A, close to 10 times of the d001 value of S-Zn4 (Figure 1). The fast Fourier
314  transform (FFT) of the HRTEM image were processed for the selected areas 1 and 2
315  (Figure 5). Although the diffraction spots were not clear, they still could be
316  recognized, which showed a ~ 12.5 A d-spacing (Figures 5 and 2). This value was
317  also in accord with the d value as in XRD results (Figure 1). The turbostratic nature of
318 the crystal layer could be visually observed by the randomly distributed single layers
319  (orange arrow).

320
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Figure 5

321

322 DISCUSSIONS

323 Chemical compositions and origin of permanent layer charge

324 Considering that ’Si MAS NMR spectrum of S-Zn4 shows the least and
325 negligible amount of amorphous silica (Figure 3), its chemical composition and the
326  formula calculated from it are much closer to the pure phase than of all other products.
327  Therefore, elemental analysis of S-Zn4 and its Li" exchanged product are selected and
328 measured by ICP-AES (Table 1), in which each value is the average of three parallel
329 tests. The synthesis of a pure sample with only Mg®" in octahedral sites (stevensite)
330  turned out to be a XRD amorphous magnesium gel (not shown), which may require
331  much higher temperature and pressure to crystallize than those used in this study
332 (Golubeva et al., 2005). The composition of S-Zn4 mainly consisted of silicon, zinc,
333  sodium and magnesium. Si always occupies tetrahedral sites in a smectite structure,
334  7Zn and Mg generally occupy octahedral sites, and Na appear preferentially in the
335 interlayers. The calculation from chemical analyses showed that the total contents of
336  Zn was insufficient for the occupancy of all the octahedral sites (Schlesinger et al.,
337  2021). Some vacancies therefore must exist in the octahedral sheet to keep the ratio of
338  T/O at 4:3 and generate permanent layer charge. This kind of structure was commonly
339  found for ferric, nickel or magnesium trioctahedral smectites, which generates the

340 layer charge together with the effect of substitution in tetra- or/and octahedral sheets
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341  from ca. 0.15¢" to 0.56e” p.h.u.c. (Christidis and Mitsis, 2006, Hicks et al., 2014,

342  Takahashi et al., 1997, Vicente et al., 1996).

343
Table 1
344
345 Layer charge is an important characteristic of 2:1 smectites. It is not only a

346  criterion for the classification of smectites but also influences the capacity to retain
347  cations and to adsorb H,O and polar organic molecules (Mermut ef al., 1994). The
348 layer charge of smectites arises primarily from the permanent charges generated by
349  isomorphous substitutions in their structure. Generally, both tetrahedral and
350 octahedral sheets can have these substitutions. For instance, in tetrahedral sheets,
351 there are often trivalent cation (typically Al¥, Fe? ™) substitutions for Si*", whereas in
352  octahedral sheets, substitutions involve Mg®", AI**, Fe’", Li" etc. (Lagaly, 2013). Two
353  types of octahedral substitutions generally occur. One involves the substitution of 3
354  bivalent cations by 2 trivalent cations and a vacancy (3Mg*" = 2A1*" + [J) (Kloprogge
355 et al., 1994). The other is a one-to-one model, in which 1 AI*" is replaced by 1 Mg*"
356  (Suquet et al., 1981). The former substitution has no effect on the layer charge,
357  whereas the latter generates a positive charge. In addition, there are also some special
358  smectites (e.g.. stevensite), whose layer charge is generated by the presence of cation
359  deficiencies (vacancies) either in octahedral or tetrahedral sheets, or both, or even

360  with no cation substitution (Lagaly, 2013, Suquet ez al., 1981).
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361 NMR spectra (Figure 3) showed that with increasing Zn/Mg, both Q* Si and Q*
362  Siare intensified and increased in symmetry along with a decrease in peak width and
363  an increase in chemical shift (negative). Meanwhile, the intensity of the broad signals
364  at ca. —100 ppm decreased, corresponding to the gradual reduction of the amorphous
365 silica phase. If all three octahedral sites are occupied by Mg”’, four Si*" tetrahedra are
366  required p.h.u.c. to form the ideal 2:1 type of trioctahedral smectite structure (Si/Mg =
367 4:3). Considering that the concentration of Si was sufficient in the raw materials,
368  excess Si allowed the amorphous silica phase to precipitate in the products. The
369 least and negligible amount of amorphous silica for S-Zn4 as shown by *’Si MAS
370 NMR spectrum (Figure 3a) indicated that most of input Si participated in the
371  formation of Zn-smectite. It requires more Zn than input to maintain the ideal T : O
372 ratio of 4:3 for a trioctahedral structure, which therefore leads to the possibility that
373  some cationic defects exist in the octahedral sheets of the zinciferous products, similar
374  to those in ZnO semiconductors (Fabbri et al., 2014, Janotti and Van de walle, 2009,
375 Panetal,2014). Actually, many elements, such as Mg, Fe, Ni etc., can form this kind
376  of octahedral vacancy with generated layer charge, similar to that in stevensite and
377  zincsilite, which can be deduced from the perspective of layer charge balance. The
378  -lowest amount of amorphous silica in S-Zn4 product compared with the other
379  products also implied that Zn is much easier to than Mg react with Si and crystallize
380  to form smectite with octahedral defects.

381 The layer charge of smectite was mainly contributed by permanent charge (Petit
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382  etal,1995). The CECs of all samples have been determined to estimate their layer
383  charge in this study (Table 2). All samples showed larger CECs (over 109 mmol/100
384  g) than those of typical dioctahedral smectites (e.g., montmorillonite) and were
385  comparable with those of synthesized trioctahedral smectites (e.g., saponite)
386  determined by the same processes (He ef al., 2014). The proportion of tetrahedra (T)
387 is 4 in p.h.u.c. for an ideal smectite. In this study, the input Si is excessive and there
388 are no other cations that can enter tetrahedra sites. Based upon the CEC value of
389  S-Zn4 and fixing the ratio of Si as 4 in p.h.u.c., the theoretical proportions of
390 interlayer cations (represent as Mi ", eg. Nai"), octahedral Zn and vacancies are
391  calculated as 0.58, 2.71 and 0.29, respectively. Therefore, the ideal structural formula
392 of S-Zn4 can be presented as Zng7Nag 04(Zn3.71[J0.29)Si4010(OH);, (Table 2).
393  According to the statistics in literature, there are usually at least 2.75 octahedral sites
394  should be occupied for the trioctahedral smectites, whose charges were generated by
395  isomorphic substitutions (Hutton, 1947). The number of occupied octahedral sites is
396  smaller than the value in this case, suggesting octahedral Zn defects existed. The
397  calculated layer charge p.h.u.c. (0.58) verified that the obtained product belongs to
398  high-charge trioctahedral smectites (0.48—0.60 e p.h.u.c.) (Christidis and Mitsis, 2006,
399  Milesi et al., 2019).
400

Table 2

401
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402 It was also noticed that most of the interlayer cations are Zn>" for S-Zn4 in this
403  case (Table 2). It was probably because there are no other cations available with the
404  exception of Na', during the formation of S-Zn4. This is obviously different from the
405  structure of sauconite, in which Zn is mainly located within the octahedral site, and
406  the Zn*" adsorbed at the mineral surface or fixed in the interlayer is negligible or

407  lacking (Schingaro et al., 2021).

408 Layer charge position and its effects on the expandability of Zn-smectite:

409 Hoffmann-Klemen effects

410 Previous research revealed that dioctahedral clay minerals saturated with small
411  cations such as Li" (ionic radius 0.90 A) lose their cationic exchangeability after
412 heating at ca. 250°C for 24 h (Hofmann and Klemen, 1950). As there are ~1/3
413 unoccupied octahedral sites, the migration of Li" cations toward the vacant octahedral
414  sites appreciably reduces the octahedral layer charge. Migration of Li to the ditrigonal
415  cavities when heated is also a common phenomenon for dioctahedral smectites (e.g.,
416  beidellite), whose layer charges were generated only by tetrahedral substitutions
417  (Komadel et al., 2005). In contrast, this effect does not occur in trioctahedral
418  smectites (e.g., hectorite) (Glaeser and Mering, 1971).

419 In this case, there are ca. a total of 1/10 vacant octahedral sites for S-Zn4 (Table
420  2), and interlayer Li" can migrate to these sites during the heating treatment. Although,
421  the CEC value of the Li saturated sample is reduced to 27.13 mmol/100g, the heated

422  Li-bearing sample still shows an increased d001 value as 16.2 A after in the XRD
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423  pattern (Figure 6). This indicated that the adjacent TOT layers were not
424  “locked”/collapsed, demonstrating that the layer charge was generated by the

425  vacancies in the octahedral sites instead of isomorphic substitutions in tetrahedral

426  sheets.
427
Figure 6
428
429 After Li fixation, the Si—-O-Si stretching bands become obviously narrower and

430  shifted to higher frequencies (up to 1019 cm™) than those of unheated samples (Figure
431 7). This trend is consistent with that for the reduced-charge montmorillonite
432  (Madejova et al., 1996), reflecting the variation of magnitude and location of layer
433  charge (Kitajima et al,, 1991). Based upon all the results above, the products
434  synthesized in this case were determined to be zincsilite-like smectites.

435

Figure 7

436

437  Characterization of the local structure of zincsilite by PDF analysis

438 To obtain the crystal structure of S-Zn4, PDF analysis was applied because it is
439  very sensitive to short- and medium range-order. The decay of the PDF pattern for
440  S-Zn4 from low- to high-r regions suggested a ~24 A coherent crystalline domain size

441  (intra-layer domain). The value is consistent with the height of ca. 2 TOT layers
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442 (Figure 1).

443 The PDF peaks represent interatomic distances in the material. The first peak at
444  ~1.58 A corresponds to Si—O correlations in the tetrahedral sheet (Figures 8 and 9a").
445  The second peak at ~2.16 A is consistent with Zn—O correlations in the octahedral
446  sheet (Figures 8 and 9a’). The third peak at ~3.11 A may consist of three kinds of
447  correlations, including the neighboring tetrahedral Si atoms that share a basal O, the
448  neighboring octahedral Zn atoms, and the adjacent apical O atoms that bridge
449  tetrahedral Si and octahedral Zn (Figures 8, and 9a’). The peak at ~5.39 A, is
450  consistent with Si—Si correlations at the diagonal position in the interconnected six
451  membered SiO4* rings, which may overlap with the correlations of the second nearest

452  Zn—Zn (Figures 8 and 9a’).

453
Figure 8
454
455 The selected models, i.e., talc and hectorite have different symmetries. Talc has a

456  lower symmetry (C —1) than hectorite (C2/m). The refined results using talc as model
457  are almost in perfect fit with the experimental PDF data in the region of 1.0 to 20 A
458  (Figures 9a and a’). The difference between the experimental and calculated patterns
459  reached as low as 0.037 (Rw) for ca. 10% vacancies random distributed in octahedral
460  sheet (Table 2 and Figure 9a). Although the calculated PDF pattern of modified

461  hectorite (interlayer cations removed) matched reasonably (Rw = 0.206) with the peak
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462  positions of the experimental data (Figure 9b), obvious distortions could be clearly
463  observed by the mismatches in almost all peaks more or less (Figures 9b and b'). A
464  further check of the refined structure indicated that distorted bonds were generated
465  during the refinement processes, such as Si—O (Figures 9b and b’). These distortions
466  could also result from the Zn vacant sites, similar with those observed for layered
467  vernadite (Lee and Xu, 2020). They could further reduce the symmetry of phase,
468  which is probably the reason why talc model shows better match with the

469  experimental PDF pattern than that of hectorite framework.

470
Figure 9
471
472 To build the structure of zincsilite, the refined unit-cell parameters, atomic

473  coordinates and site occupancies using talc model were imported into Material Studio
474  software. The interlayer space was set to 12.800 A according to XRD pattern (Figure
475 1). The H in hydroxyl groups was added to parallel with the layer stacking direction (c
476  directions). The amount of interlayer cations (1 for 4Si in p.h.u.c) and their
477  occupancies (0.58) were set according to the corrected structural formula. The initial
478  atomic coordinates of the interlayer cations were set to the midpoint of the two
479  adjacent hydroxyl groups in ¢" direction. After optimization, the space group of the
480  crystal changes to P —1 and the cell parameters are as follows: a=5.294 A, b=9.162 A,

481  ¢=12.800 A, a=90.788°, f=98.345° and y=90.399° (Figure 10 and crystal structure
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482  file in Supporting Materials).

483
Figure 10

484

485 CONCLUSION

486 Obtaining the reliable crystal structure of smectite is very challenging by refining
487  of XRD reflections, because of its small crystallite size and the extensive stacking
488  disorder among the layers. In this study, zincsilite-like smectite has been successfully
489  synthesized, whose layer charge was generated by the Zn defects in octahedral sheets.
490 XRD and TEM results showed that turbostratically disordered layer stacking existed
491  in their grains. PDF analysis indicated that zincsilite only has a short-range order with
492  a domain size of ca. 24 A (2 layers). Further refinement reveals that the structure of
493  the synthetic zincsilite fits talc with a triclinic symmetry better than hectorite with a
494  monoclinic. The lower symmetry of this zincsilite than the common smectite could be
495  attributed to its bond distortions in both tetrahedral and octahedral sheets, which
496  probably resulted from the octahedral Zn defects. Finally, the crystal structure of
497  zincsilite was built and optimized using DFT calculation in CASTEP module of
498  Materials Studio software with the unit-cell parameters obtained by talc model
499  refinement based upon PDF data, restoring interlayer cations and H atoms in hydroxyl
500  groups, and setting ¢ value according to XRD results. The optimized structure is with

501  aP -1 space group and the unit-cell parameters are as follows: a=5.294 A, b=9.162 A,
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502 ¢=12.800 A, ¢=90.788°, f=98.345° and y=90.399°.

503
504 IMPLICATIONS
505 Due to the variable composition, fine crystallite sizes, difficulty to synthesize

506  single crystal, as well as the widespread turbostratically disordered layers (Ufer ez al.,
507 2004), XRD patterns of smectites contain no 3D information and therefore is
508 inapplicable to determine its crystal structure by traditional refinement method.
509  Meanwhile, as hydrated minerals with very fragile layers it is also very challenging to
510  obtain complete and reliable SAED patterns for crystal structure analysis. Although
511  smectite models can be constructed by XRD refinement, special techniques had to be
512 adopted to increase the layer stacking order, such as using F to replace —OH for
513  hectorite structure determination (Breu et al., 2003), otherwise the obtained model
514  actually represents merely the short-range ordered domains. How to directly, quickly,
515 and accurately obtain the crystal structure parameters and models of smectites has
516  been a continuous problem for decades.

517 This study reports a novel method to determine the crystal structure of smectite
518 by using a combination of the model refinement based upon PDF data and the
519  structure optimization by DFT calculation. Among them, PDF analysis provides
520  accurate the distance information between atoms using real-space refinement method
521  (Billinge and Kanatzidis, 2004, Lee and Xu, 2020), which does not depend on the

522  long-distance order of the structure (Egami and Billinge, 2012). Meanwhile, DFT
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523  calculation can optimization of the positions of H atoms in —OH and interlayer cations.
524  Although zincsilite has more octahedral defects than other common trioctahedral
525  smectite, the method is believed still effective for all smectites with both di- and tri-
526  octahedral structures, as well as the other materials and minerals with turbostratically
527  disordered layers, such as graphite, illite-smectites interstratified clay minerals etc.
528  (Neder and Proffen, 2008).

529 The CEC value shows that the amount of the charge reaches 117 mmol/100 g for
530  zincsilite, which is comparable with those of the common trioctahedral smectites (He
531 etal., 2014). Because there is no substitution in either tetra- or octahedral sheets, and
532 its structure did not irreversibly collapse after heating the Li'-saturated sample to
533  300°C (Hoffmann-Klemen effects),the layer charge of zincsilite is deduced as
534  generated by the Zn vacancies (defects) in octahedral sites. Generally,
535 Hoffmann-Klemen effect is much common for dioctahedral smectites (such as
536  beidellite) (Komadel er al., 2005), while does not occur in trioctahedral smectite (such
537 as hectorite) (Glaeser and Mering, 1971). It is therefore inferred that expandability of
538  zincsilite with layer charge generated by octahedral vacancies is obviously different
539 from common trioctahedral smectites, whose charge generated by isomorphic
540  substitution, and similar with those in dioctahedral smectites.

541 Smectites are with turbostratically disordered layers along stacking direction,
542 which makes it impossible to build their 3-D crystal structure. However, their local

543  domain structures (such as intralayer structure) can be reliably determined by PDF
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788  LIST OF TABLES

789  Table 1. The chemical compositions (wt%) by ICP-AES of the products

) ) " Total
SiO, ZnO Na,O Li,O Else L.O.I.
Samples (%)
S-Zn4 49.70 41.30 0.67 - 0.14 7.13 98.94
S-Zn4-Li 49.40 40.90 0.05 0.23 0.17 8.09 98.84

# “Else” includes those are not intended to input as source chemicals and with trace amount
of contents, including Ca, Fe, Al, Ti, etc.

790

791  Table 2. CECs and calculated structural formulas of as-synthesized samples
792

CECs Structural Formulas
Samples -
(mmol/100 g)  Calculated by CECs® Corrected by compositions
S-Zn1 1157 Mio 35 [(Zn,Mg)>.7100.26]S14019(0  N.D.
H),
S-Zn2 1095 Mig 54[(Zn,Mg) 7300927]Si4010(0  N.D.
H),
S-Zn3 114.4 Mig 57[(Zn,Mg)5.7:010.25]S14010(O N.D.
H),
S-Zn4 117.4 Miy s3(Zn3.710.29)Si4019(OH), Zng37Nag,04(Z02.7100.20)S14010(0
H),

793 ¥ Calculation method: The proportion of Si (excessive) p.h.u.c. was set to 4.
794 "Mi represents the interlayer cation
795  N.D. represents Not Determined.

796
797
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798  FIGURE CAPTIONS

799  Figure 1 XRD patterns of the samples with different concentrations of Zn and Mg in

800  octahedral sheet. a. S-Znl, b. S-Zn2, c. S-Zn3 and d. S-Zn4.

801  Figure 2 XRD patterns of EG saturated samples: a. S-ZnlEG, b. S-Zn2EG, c.

802  S-Zn3EQG, and d. S-Zn4EG.

803  Figure 3 *’Si MAS NMR spectra of synthesized samples: a. S-Zn1, b. S-Zn2, ¢c. S-Zn3,

804 and d. S-Zn4.

805  Figure 4 TEM images of synthesized samples: a. S-Znl, b. S-Zn2, c. S-Zn3 and d.

806  S-Zn4.

807  Figure 5 HRTEM image of the ultrathin section of S-Zn4 with the turbostratically

808  disordered layers.

809 L represents the thickness of a layer. The arrows indicate the areas where the layers

810 are stacked in random orientations.

811  Figure 6 XRD patterns of the EG saturated samples after H-K effect tests.

812  Figure 7 FTIR spectra of Co exchanged samples (after CECs tests), Li exchanged

813  samples, and 300°C heated Li exchanged samples.

814  a. S-ZnlCo, b. S-ZnlLi, c. S-Zn1Li300, d. S-Zn2Co, e. S-Zn2Li, f. S-Zn2Li300, g.

815  S-Zn3Co, h. S-Zn3-Li, 1. S-Zn3Li300, j. S-Zn4Co, k. S-Zn4-L1, and 1. S-Zn4Li300.

816  Figure 8 The experimental PDF data of S-Zn4 from 1 A to 40 A range. The decay of
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the pattern suggests a ~24 A coherent crystalline domain.

Figure 9 PDF patterns of S-Zn4 from 1 to 20 A range and related refinements using
different models: a. Talc with a triclinic symmetry and a C —1 space group. b.
Hectorite with a monoclinic symmetry and a C2/m space group. a’ and b’ show the

interatomic distances in the resulted structures.

Figure 10 The front (a and a’), side (b and b’) and top (c and c’) views of optimized
crystal structure of zincsilite. The octahedra and atoms in blue represent octahedral Zn

defects.
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