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Highlights

» GCMC-based calculated water adsorption isotherm of sepiolite indicates that
thetunnel poresarefully filled with zeolitic water with RH>5%.

» New four-site model of zeolitic water is proposed according to molecular
dynamics simulation.

» Strong confining effects on the zeolitic water of intrapore surface of sepiolite are

revealed clearly.
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Abstract

Sepiolite is a type of magnesium-rich fibrous clay mineral. The unique fibrous structure
endows it with various applications in many fields. Revealing the behavior of confined
water in sepiolite nanopores is crucia to understand the macroscopic properties of
sepiolite. Aiming to ascertain the distribution and dynamics of confined water, molecular
simulations using grand canonical Monte Carlo and molecular dynamics methods have
been performed. We obtain the water adsorption isotherm, density distribution profiles
and dynamic information of confined waters in sepiolite tunnels. We find that zeolitic
water is very hard to be desorbed from sepiolite under ambient conditions. Based on the
distribution profile and tragjectories of the water, we reveal the accurate distribution sites
and propose a new distribution model of the confined water including one bound water
site and four zeolitic water sites which are determined by sepiolite lattice. The zeolitic
water at different sites can exchange freely and frequently, and thus these sites may be
energetically similar. This model provides more fundamental understanding of hydration
of sepiolite, and highlights the water behaviors in the tunnel pores of microporous
minerals, which are thought being controlled by the crystallographic structure. The much
lower mobility of zeolitic water in sepiolite than that in montmorillonite implies that
materials with nano-sized tunnel pores could have more efficient fixation on foreign
molecules or ions in environmental applications than those layered materials with dlit

pores.
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1. Introduction

Sepioliteis a typical fibrous Mg clay mineral, containing a 2:1 layer structure like other
phyllosilicates. However, sepiolite only has continuous planes of basal oxygen atoms and
lacks continuous octahedral sites which differs from other layer silicates and leads to
tunnels. This structure could be described as ribbons of 2:1 phyllosilicate structures and
each ribbon is connected with the next one by inversed SO, tetrahedra (Galan, 1996).
Due to its unique structure, sepiolite is comprehensively applied in many fields, such as
special absorbent, cigarette filter, carrier of agricultural chemicals and catalysts, and so on
(Anderson et al., 1993; Celis et al., 2000; Dogan et a., 2007; Giustetto et a., 2011a;
Giustetto et al., 2011b; Gupta and Suhas, 2009; Kara et a., 2003; Ozcan and Ozcan, 2005;
Samper-Madrigal et a., 2015; Sanchez et al., 2011; Shimizu et al., 2004). Sepiolite is
proved to have the ability to adsorb heavy metal ions (e.g., Cu®*, Zn**, Co®")(Brigatti et
al., 1996; Celiset al., 2000; Kara et a., 2003; Sheikhhosseini et al., 2014; Shimizu et al.,
2004; Vico, 2003) and organic matter (Darder et al., 2007; Dogan et al., 2007; Hubbard et
al., 2003; Ruiz-Hitzky, 2001; Rytwo et al., 2002; Shariatmadari et a., 1999). Delgado et
al. successfully used sepiolite to remove CO, from CO,/CH,4 gas mixture (Delgado et al.,
2007).

The ideal formula of sepiolite is MgsSi12030(OH)4(OH2)4nH0, which rarely have
heterovalent cation substitutions and layer charge. OH is the hydroxyl of octahedral sheet,
and OH; is the bound water coordinated with octahedral magnesium at the edge of the

tunnel. H,O is zeolitic water in the tunnel. The amount of zeolitic water could change
5
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with environmenta relative humidity (RH), and therefore » is variable. The structure of
sepiolite is hard to be determined by single-crystal diffraction methods due to its
fine-grained and poor crystallinity. A widely accepted structure of sepiolite is a three
zeolitic water sites model deduced by Brauner and Preisinger from X-ray diffraction
experiments (Brauner and Preisinger, 1956).

With the applications of sepiolite increasing, more microscopic information at the atomic
scale is needed. Especially a better characterization of the water confined in sepiolite is
important to understand the behavior of the other foreign ions and molecules adsorbed
into the tunnel. Therefore, the behavior of water on sepiolite is not only important to
mineralogists, but also to the applications (Shimizu et al., 2004). The hydration and
dehydration of sepiolite have been studied experimentally for decades (Bukas et al., 2013;
Caturla et a., 1999; Frost and Ding, 2003; He et al., 1996; Rautureau and Mifsud, 1977;
Tsampodimou et al., 2015). However, the details of intracrystalline water in sepiolite are
still under debate, especially the water distribution sites in the tunnel pores. Brauner and
Preisinger deduced three zeolitic water sites with topology (Brauner and Preisinger, 1956;
Preisinger, 1959). Post et al. (2007) introduced the synchrotron-based powder X-ray
diffraction method to investigate the dehydration of sepiolite, and they proposed a model
of four zeolitic water sites which is different from previous topology results, and a
folding structure with water loss (Post et al., 2007).

Compared with experiments, computational simulation methods could obtain more

precise microscopic information than direct measurements and observation (Benli et a.,
6
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90 2012; Ockwig et al., 2009). Ockwig et a. studied the hydrogen bonding patterns in
91  sepiolite and palygorskite using computational simulations and experimental methods
92  (Ockwig et al., 2009). And Benli et al. reveaed the anisotropic characteristics of sepiolite
93  using molecular dynamics simulations and experimental methods (Benli et a., 2012). In
94  order to disclose more microscopic information of the confined water, we combine grand
95 canonical Monte Carlo (GCMC) and molecular dynamics (MD) simulation methods to
96 investigate the distribution and dynamics of the confined water in the tunnel nanopores of
97  sepiolite. We simulate the water adsorption isotherm in intracrystalline pores of sepiolite
98  with changing RH by using the GCMC method. The structures and dynamics of the
99  confined water in tunnels with MD simulations have been acquired. Based on these
100  results, we propose a hew model of zeolitic water, and reveal the confining effect of
101  sepiolite on the mobility of water in tunnels.

102 2. Modelsand Methods

103 2.1 Sepiolite models

104  Theidea formula of the constructed sepiolite is MgsSi12030(OH)4-4(0OH;)-nH,0. The cell
105  parameters of sepiolite are: a x b x ¢ =13.405 x 27.016 x 5275 A3, oo = p = y = 90°,
106  which are from Post et a. (Post et a., 2007). The box size of our model is2 x 2 x 5 unit
107  cells (Fig. 1). The tunnel extends along the z axis. The simulation box is set as a 3D

108  periodic box.
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FIGURE 1. Theinitial model of sepiolite without zeolitic water molecule.

2.2 Method details

Monte Carlo (GCMC and MD simulation methods are employed to study the water
adsorption isotherm, spatial distribution and diffusion of water under ambient conditions
(1 atm, 298 K). The force field for clay and water is CLAYFF (Cygan et al., 2004), which
has been verified by Ockwig et al. (Ockwig et al., 2009). GCMC simulations are carried
out using the TOWHEE package (Martin, 2013), and MD simulations using the
LAMMPS package (Plimpton et al., 2007).

At first, we run GCMC simulations in the constant («VT) ensemble under different
relative humidities. The chemical potential u« of water determines whether water
molecules should be inserted in or removed from the sepiolite. The adsorption processis
always in the environment with air and water vapor mixture. In the air and vapor mixture

of water, the relative humidity (RH) could be described as (Tambach et al., 2004):
8
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o4 RH= 8L7 s yRT

"0 @

125  where O(Puae) is the fugacity coefficient at the given partial pressure of water. [y and ply
126  arethe chemical potentials of water vapor at saturated and partial pressures, respectively.
127  In Equation (1), the chemical potential of water is connected with RH. Therefore,
128  different RH can be achieved by changing . In our study, we remove al zeolitic water
129  inthe initial models of sepiolite. We change the chemical potential of water to perform
130 GCMC simulations and obtain the adsorption isotherm of zeolitic water. Every GCMC
131 simulation runs for 15,000,000 steps to ensure adsorption equilibrium.

132 In order to disclose the dynamics of water in the tunnels, MD simulations are performed
133 following the GCMC simulations. The final structure from the GCMC simulation under
134  highest RH (water-saturated tunnels) is used as the initial structure in the following MD
135  simulation. The MD simulation is run for 2 nswith atime step of 1 fs, and thelast 1 nsis
136  recorded for analysis. The electrostatic interactions are treated using the Ewald
137  summation.

138 3. Resultsand Discussion

139 3.1 Water adsor ption isotherm
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141  FIGURE 2. Water adsorption isotherm of sepiolite at 298 K derived from GCMC

142  simulations.

143

144  From the GCMC simulations with changing relative humidity (RH), we derive the water
145  adsorption isotherm for intracrystalline tunnels (Fig. 2). The water content here is merely
146  for zeolitic water. Therefore this adsorption isotherm is incomparable with previous
147  experiments, in which both intracrystalline and intercrystalline water adsorptions are
148  included (Caturla et al., 1999). As the RH is always higher than 25% under experimental
149  ambient conditions, it is generally hard to measure the water adsorption amount at RH <
150  25%. However, our ssimulations obtain the number of zeolitic water molecules from 0%
151  RH and higher.

152 From the adsorption isotherm, we find that the number of zeolitic water stays at 0 within
153  RH < 5%, which means that only bound water exists in the tunnel. While RH > 5%, the
154  content of zeolitic water will jump up rapidly and zeolitic water fills the tunnels quickly.

155  Therefore, zeolitic water always exists under ambient conditions. In contrast, it is difficult

10
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157  for bound water to escape from the tunnels (Post et al., 2007).
158 3.2 Distribution model of confined water

159

160
161  FIGURE 3. Distribution model of the confined water in sepiolite tunnel.

167 (@) Water trgjectories in one tunnel, viewed by xy-cross section. (b) Density distribution
168  profile along y axis of water in one tunnel. (c) Water trgjectories in one tunnel, viewed by
169  yz-cross section. (d) Distribution model for water in one tunnel, projected in cross section
170  cut by the black dashed line in part c. Bw (purple) denotes the bound water site and Zw
171 represents the zeolitic water site. Zw1 (green), Zw2 (yellow), Zw3 (dark blue) and Zw4

172 (light brown) denote different zeolitic sites. Black circles in (b) denote the water
11
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167  molecules marked with blue ovalsin (c).

168

169  Inthe sepiolite tunnel, there is only one type of bound water site. Bw sites correspond to
170 the two sharp peaks (y= 20.5A and 33.5A) in both ends of the density distribution profile
171 (Fig. 3b). The distribution of zeolitic water is still under debate. 3 zeolitic sites were
172 deduced by Brauner and Preisinger (Brauner and Preisinger, 1956; Preisinger, 1959), and
173 one additional zeolitic site was found by Post et al (Post et al., 2007). We propose anew 4
174  zeolitic water sites model (Fig. 3d) via the y-axis density distribution profile and the
175  trajectories of water. However, the position of the additional site is different from that
176  found by Post et a (Post et al., 2007).

177  The Zw1 site is the closest zeolitic water site to the bound water site (Bw), and also next
178  to the Zw2 site closely. Zw1 sites is closely adjacent to the Zw2 ones along the y axis so
179  that their density distribution profiles are overlapped and presents as broad peaks around
180 21~24 A and 30~33 A (Fig. 3b) athough both sites can be identified in Fig. 3c. Some
181  water molecules diffusing between Zw1l and Zw2 can be observed, which also leads to
182  overlapped profiles. Part of the water molecules on Zw1 are attracted by the bound water,
183  which is consistent to the small peaks around 21.5 A and 32.5 A on the density
184  distribution profile (Fig. 3b). However, Zw2 site is not on the same xy-cross section with
185  Zw1, and much closer to the Zw3 site (Fig. 3c).In the tunnel inner surface, there are two
186  kinds of six-membered rings. one is linking the inversional tetrahedral sheets, and we

187  mark this as edge six-membered ring; the other one is on the tetrahedral sheets, we mark
12
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188 it astetrahedral six-membered ring. The Zw3 site is adjacent to the Zw2 site and close to
189  the center of tetrahedral six-membered rings, which is caused by the attraction of the
190  hydroxyl groups located in the center of tetrahedral six-membered rings. Therefore the
191 Zw3 sites have upper and lower positions constrained by the ceiling and bottom
192  tetrahedral six-membered rings respectively. In addition, they are staggered as tetrahedral
193  layers on the two sides. The distribution of Zw3 may explain that the surface of sepiolite
194  is less hydrophobic than talc, which is proposed by Benli et al. (Benli et a., 2012).
195  Connecting to the Zw3 sites, there are two equal positions of zeolitic water (Zw4) in
196  tunnel center (Fig. 3d), which results in a board peak similar in distribution profile with
197  Zw1 and Zw2 (Fig. 3b). Each Zw4 site links to the neighbor Zw3 sites (Fig. 3d). These
198  two positions are equal crystallographically. Viewing from the yz cross section cut by the
199  dashed line shown in Fig. 3c, these 4 zeolitic water sites could be projected in one planar
200 graph and show a symmetrical distribution (Fig. 3d). Noticeably, this distributions is not
201  precisely realistic in any plane.

202 Our four-site model is different from the distribution models proposed previously
203  (Brauner and Preisinger, 1956; Post et al., 2007). Three-site model deduced by Brauner
204  and Preisinger was the first model and has been accepted widely (Brauner and Preisinger,
205  1956). With the experimental methods developing, Post et al. recognized one additional
206  zeolitic water site and proposed a new model (Post et al., 2007). In their models, three
207  sSitesare similar to the Zwl, Zw3 and Zw4 sites in our model. The additional site of Post’s

208 model is different from that in our model (Zw2 site). The additiona site in Post’s model
13
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occupies two positions (upper and lower) (Post et al., 2007). However, the additional site
in our model (Zw2 site) only occupies one position in the middle as Zw1.

3.3 Bound water on edge Mg atoms

4 6 8 10 12 14
R (Angstrom)

FIGURE 4. () Radia distribution function of water oxygen (WO) around edge Mg atoms;
(b) 1 nstrajectory of one bound water molecule. For clarity, the other water molecules are

removed.

Each edge Mg atom is strongly coordinated with two water molecules, which are bound
waters corresponding to the sharp peak in the RDF curve of water around the edge Mg
atoms (Fig. 4a). This result is consistent with the previous studies (Benli et al., 2012;
Bukas et a., 2013; Caturlaet a., 1999). This strong interaction could be aso investigated
by recording the trajectory of bound water molecules. Therefore we follow one bound
water molecule and obtain its trgjectory (Fig. 4b). It is clear that the bound water
molecule only vibrates around the equilibrium position of the edge Mg and never leaves
in the simulation. Therefore, it is considered that the bound water cannot be exchanged in

the tunndl.
14
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226 3.4 Zeolitic water

10 10

1 L

o 2 4 & 8 10 12 14
227 R (Angstrom)

228 FIGURE 5. Radial distribution functions of water hydrogen (WH) around surface oxygen

229  (SO) of sepiolite tunnel.

230

231  FIGURE 6. 1 nstrgjectories of one zeolitic water molecule in each Zw site: (a) Zw1; (b)
232 Zw2; (c) Zw3; (d) Zw4. Blue ball is the start position of the marked water molecule. For
233 clarity, the other water molecules are removed.

234

235 The first peak located at 2.0 angstrom represents the interaction between the hydrogen
236 atoms of bound water and the surface oxygen atoms (Fig. 5). However, zeolitic water

237 does not show obvious interactions with the pore surface due to the relatively long
15
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238 distance (~4.0 angstrom). We follow one zeolitic water molecule in every zealitic site and
239  obtain its trgjectory to observe the motion of zeolitic water in different sites (Fig. 6). It is
240 clear that zeolitic water at every site can diffuse to the other sites freely. Therefore, the
241  zeolitic water molecules are not restrained by the sepiolite framework and can diffuse
242  among all zeolitic sites. Thus, these zeolitic waters on four sites are thermodynamically
243 indistinguishable.

244 3.5 Mobility of confined water

501 Zeolitic water ..Nl"

304

D =3.6x10°m%s

20+ bulkspe

MSDwo

D,,..=7-66x10"'m’/s

104

D ~0mis
0 100 200 300 400 500 600 700 800 00 1000
Time (ps)
245
246  FIGURE 7. Mean squared displacement (MSD) curves of water in sepiolite. D is
247  diffusion coefficient. Dy iSfrom Zheng et a. (Zheng et al., 2012).
248
249  Diffusion coefficient is calculated from the slope of MSD curve. The diffusion coefficient
250  of zeolitic water (Dawae=7.66x10""m%s) (Fig. 7) is obviously higher than bound water
251 (Dpwae=0 M?/s), as expected. Therefore the mobility of zeolitic water is larger than the

252 bound water, which does not show obvious mobility due to the strong interaction with the

253  edge magnesium atoms. These results are consistent with the tragjectory results presented

16
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254  above. Bound water only vibrates around the equilibrium position without any diffusion.
255  Incontrast, zeolitic water in every site could diffuse freely in the tunnel. However, the

256  mobility of zeolitic water istwo orders of magnitude lower than that of bulk SPC water.
257  According to previous researches, the diffusion coefficients of water in montmorillonite
258 (monolayer, bilayer and triple-layer hydrates) are all on the order around 10°~10° m%s,
259  which are lower than that of bulk SPC water (Holmboe and Bourg, 2013; Zhang et al.,

260 2014). That isto say, the confining effect of the unique sepiolite structure is more

261  significant than montmorillonite.

262 4. Implications

263  This study provides a physical basis for investigating the states and behaviors of the
264  waters in intra-particle and inter-particle pores of sepiolite. The calculated adsorption
265 isotherm of water shows that the tunnels of sepiolite are generally filled with zeolitic
266  water under ambient conditions and most of zeolitic water could be lost only under
267 extremely low RH (< 5%). In experimental studies on the dehydration of sepiolite, it is
268  hard to remove all zeolitic water and even bound water only by changing RH. High
269 temperature (maybe over 500 K) seems necessary for removing bound water in
270  experiments (Bukas et al., 2013; Post et al., 2007).

271  The proposed four-site model of zeolitic water in sepiolite provides a fundamental
272 understanding for sepiolite researches. It can be deduced that the other foreign molecules
273 in sepiolite may also show similar distribution sites as water molecules. This model of

274  sepiolite can be also taken as an analogue for the mineralogical researches and
17
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275 implications of micro-porous minerals. For montmorillonites, layered crystal structures
276  causethat interlayer water molecules show layering behaviors, such as monolayer, bilayer
277  and trilayer (Anderson et a., 2010; Holmboe and Bourg, 2013; Zhang et al., 2014). In
278  that case, water molecules do not have obviously preferred sites due to the 2-dimiension
279 geometry of the pores. This comparison reveals the controls of crystal structure on the
280  distribution of intracrystalline water.

281  This study further discloses that the zeolitic waters are indistinguishable and have much
282 higher mobility than the bound water. However, the diffusion coefficients of zeolitic
283  water are 1~2 orders of magnitude lower than that in montmorillonites, indicating much
284  more limited mobility. Water in tunnels is more restricted than that in layered structures.
285  That implies that materials with fibrous structures (1-dimension pores) could have more
286  efficient fixation on water and other foreign small molecules adsorbed in tunnels such as
287  CO,, NHs, SO, and so on in environmental applications.

288 It is well indicated that pore size or interlayer spacing could affect the mobility of
289 interlayer water of montmorillonite (Holmboe and Bourg, 2013). Palygorskite, another
290 widely utilized fibrous clay mineral, has smaller ribbon width than sepiolite. So, the
291  zeolitic water in palygorskite may have lower mobility. Sepiolite is a pure trioctahedral
292  minera in nature, and it is found that some zeolitic water could be attracted by the
293  hydroxyl of sepiolite trioctahedra. But, palygorskite always contains octahedral
294  substitutions (Bergaya and Lagaly, 2013), therefore palygorskite with different octahedral

295  substitutions may have various tunnel water distributions. Due to similar fibrous
18
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296  structures, the other minerals in palygorskite-sepiolite group may also have their own
297  specific water distribution sites and fixation on foreign molecules and ions. This will be

298  addressed in anear future molecular simulation study.
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