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12 Abstract: In this report we have discussed the important role of molecular modeling, especially the
13 use of the molecular dynamics method, in investigating transport processes in nanoporous
14 materials such as membranes. With the availability of high performance computers, molecular
15 modeling can now be used to study rather complex systems at a fraction of the cost or time
16 requirements of experimental studies. Molecular modeling techniques have the advantage of being
17 able to access spatial and temporal resolution which are difficult to reach in experimental studies.
18 For example, sub-Angstrom level spatial resolution is very accessible as is sub-femtosecond
19 temporal resolution. Due to these advantages, simulation can play two important roles: Firstly
20 because of the increased spatial and temporal resolution, it can help understand phenomena not
21 well understood. As an example, we discuss the study of reverse osmosis processes. Before
22 simulations were used it was thought the separation of water from salt was purely a coulombic
23 phenomenon. However, by applying molecular simulation techniques, it was clearly demonstrated
24 that the solvation of ions made the separation in effect a steric separation and it was the flux which
25 was strongly affected by the coulombic interactions between water and the membrane surface.
26 Additionally, because of their relatively low cost and quick turnaround (by using multiple processor
27 systems now increasingly available) simulations can be a useful screening tool to identify
28 membranes for a potential application. To this end, we have described our studies in determining
29 the most suitable zeolite membrane for redox flow battery applications. As computing facilities
30 become more widely available and new computational methods are developed, we believe
31 molecular modeling will become a key tool in the study of transport processes in nanoporous
32 materials.
33 Keywords: molecular simulation; membrane separations; ion-transport
34

35 1. Introduction

36 It is estimated that 55% of all energy consumed in chemical processes is spent on separations,
37  of which about 50% is consumed by distillation, 20% by evaporation and 10% by drying, and the
38  remaining 20% by non-thermal separations, include membrane-based separations [1]. Thus, further
39  development of membrane-based separation processes to enable their use in applications currently
40  employing thermal separations can lead to significant energy savings in e chemical process
41  industries. One obstacle to the development of membranes for these energy intensive separations is
42 that many membrane-based separation processes are not well understood at the fundamental
43 molecular level, thereby resulting in membrane synthesis becoming an art rather than a science [2—-

44 5]. Computational molecular modeling tools such as molecular dynamics [6] can play a crucial role

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.
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45  in clarifying the molecular forces that result in making a membrane effective for a proposed
46  application. Such molecular level understanding can thus greatly assist in the design of new
47  membranes for a desired separation. In addition, such molecular level tools can also assist in
48  understanding unexpected behavior observed during membrane separation processes by providing
49  access to spatial resolution to a fraction of an Angstrom and temporal resolution to a fraction of a
50  femtosecond. This level of resolution is often difficult to achieve in experimental methods. Selectively
51  permeable membranes perform important roles in a wide range of systems from naturally occurring
52 lipid membranes in biological systems to engineered polymeric membranes in filtration and energy
53 technologies. In order to design technologies that incorporate such membranes, it is crucial to
54  understand the behavior of these systems at the molecular level so that optimal performance and
55  maximum efficiencies can be achieved. Computational molecular modeling tools such as molecular
56  dynamics are ideally suited to provide detail at a level that can aid in the understanding of the
57  transport process.

58 In this paper we briefly summarize three applications that use molecular dynamics

59  techniques to examine intramembrane transport:

60

61 1. Transport of water and ions in reverse osmosis (RO) nanoporous membranes and the role
62 played by ion-solvation in such membranes

63 2. Ionexchange in zeolite membranes and our finding that the separations were almost completely
64 enthalpically driven rather than entropically

65 3. Separation of gases using zeolite membranes and the role of membrane loading and diffusion
66 in the observed separation factors achieved in the membranes.

67

68  These brief overviews are followed by more detailed discussions of two recent investigations by our
69  group:

70

71 1. Wedescribe our investigations of multiple zeolite framework types to determine their transport
72 behavior regarding water, protons, and vanadium ions, and investigate at the molecular level
73 the requirements for their suitability in ion exchange membrane (IEM) applications. In addition
74 to investigating different zeolite frameworks, the effect of composition is also examined by
75 introducing different levels of aluminum substitution into the crystalline structure of a specific
76 zeolite framework. By investigating two characteristics, membrane loading and intramembrane
77 diffusion, it was possible for us to predict the overall ion permeability with the goal of
78 optimizing the amount of aluminum substitution for high proton permeability while
79 maintaining selectivity to undesirable ions. These and similar studies can be instrumental in
80 designing more efficient membranes for important applications such as water
81 purification/desalination and in many proposed applications in energy sustainability.

82 2. The second application focuses on how molecular simulations can help to understand
83 unexpected or non-intuitive results obtained during experiments. A recent experimental study
84 on the dehydration of alcohols using zeolite membranes showed [7] that the membrane was
85 effective in dehydrating alcohol when 5% water was present but became surprisingly ineffective
86 when the water content was 1%. This was an intriguing observation that molecular simulation
87 was able to explain because of the fine spatial and temporal resolution accessible in such
88 investigations that may not be possible experimentally.
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2. Molecular Simulations Applied to Various Membrane Applications

Here we demonstrate the wide range of applications that can be addressed using molecular
simulations.

2.1 Transport in Reverse Osmosis Membranes

Reverse osmosis (RO) separations of electrolyte solutions (such as the desalination process), is a
rather interesting problem, because it is not an obvious case of separations enabled by differences in
molecular sizes. In the case of an aqueous NaCl solution, for example, the size of Na+ (< 0.2 nm) is
certainly considerably smaller than that of a water molecule (~0.3 nm). Despite this, it is well known
that membranes used for desalination, such as those described previously, allow water molecules to
permeate quite easily while smaller ions such as Na+ are prevented from such permeation. Since
permeation in this case could not be explained due to size differences, it was generally accepted that
this was due to surface interactions between the membrane surface and the solute/solvent molecules.
Molecular simulations present a useful tool for understanding these molecular forces [8]. This
problem has been examined in considerable detail recently using the molecular dynamics method
and has led to a significant improvement in our understanding of the forces that play a significant
role in the RO-based separation of electrolyte solutions as described below.

The simulations were carried out using previously developed intermolecular potential models
for both the water and the ions. For water, the simple point charge (SPC) model was used [9], while
for the ions the primitive model was used [10]. These models are known to provide a realistic picture
of these systems for a wide range of properties and state conditions [8,9]. Long-range forces were
accounted for using the reaction field method [11]. The membrane consisted of a thin ZK4 zeolite
layer with pores of 0.42 nm diameter (see Figure 1). The atoms constituting the membrane were not

charged so that essentially only steric separation would be possible in these membranes.

Walter molecules

‘\

lons

Zeolite membranes{ 704 Particles)

Figure 1. Set up for reverse osmosis separation of brine with zeolite membranes.

One of the most remarkable results from the molecular simulation studies of aqueous electrolyte
solutions was that no additional molecular forces needed to be introduced to prevent the much
smaller ions from permeating the membrane, while permitting the larger water molecules to

permeate the membrane. This appeared to be due to the large ionic clusters formed. The ions were

d0i:10.20944/preprints201807.0371.v1
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121 surrounded by solvating water molecules, thus increasing their effective size quite considerably to
122 almost 1 nm. A typical cluster formed due to the interaction between the ions and a polar solvent is
123 shown in Figure 2. These clusters were found to be quite stable, with a rather high energy of de-
124 solvation. In addition to the clusters of the type shown in Figure 2a, larger clusters which involved
125  more than one ion were also observed. Figure 2b shows two ions separated by a layer of water
126  molecules forming one such large cluster. By increasing the temperature of the solution, it was
127  possible to make ions permeate the membrane. This effectively made the larger ionic clusters less
128  stable, and the ions were able to break away from the clusters, and the “bare” ions can then permeate
129 the membrane. This was also found to be the case when an external electric field was included in the
130  simulation system. The electric field also weakened the ionic clusters and again allowed ions to then
131  permeate the membrane. These simulations have showed that the solvation of ions is at least partly
132 responsible for these separations, and in the very least these forces must be taken into account as part
133 of the design in RO-based separations of aqueous electrolyte solutions.

a b

134

135  Figure 2. a) Na+ ion (blue) solvated with water (red/white) to effectively increase its size. b) A
136  hydrated ion pair of Na+ (blue) and Cl- ions (cyan).

137

138  The ionic clusters observed are not limited to aqueous electrolyte solutions. In fact, very similar
139 results were obtained for methanolic solutions as well [12]. This shows that sufficiently large and
140  stable ionic clusters are a fairly common occurrence whenever ions are dissolved in polar solvents.
141  The clusters are an essential factor in the facilitation of reverse osmosis purification. Since many
142 industrially important solutions include ions in polar solvents, it is important to account for them in

143 separations involving such solvents.

144 2.2 Transport in lon-Exchange Membranes

145 Another example of the use of molecular simulation to examine transport of water and ions in
146  nanoporous membranes is the ion exchange between an aqueous solution and NaA zeolite. Our
147  group carried out such a simulation to understand the molecular basis of such exchanges [13]. The

148  schematic for such a simulation is shown in Figure 3.

149
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152  Figure 3. A typical system set up for ion exchange. Two reservoirs and two membranes in
153  conjunction with periodic boundary conditions are usually used in simulations as shown here.
154

155  Molecular simulations were carried out to study the dynamics and energetics of ion exchanges
156  between monovalent and bivalent cations in supercritical and subcritical (liquid) electrolyte solutions
157  (here Li+ and Ca++ in aqueous solutions of LiCl and CaClz) and an ion exchange membrane (NaA
158  zeolite) using direct simulations of up to a nanosecond or more. NaA zeolites are widely used in
159  many commercial ion-exchange processes including detergents. Our results showed that with
160  appropriate driving forces, such ion exchange processes can be clearly witnessed and investigated
161  using molecular simulations at these time scales. We also attempted to understand the phenomenon
162 of ion-exchange itself at the molecular level. Our results have shown that the ion-exchange process is
163 primarily energetically driven and entropic forces do not appear to be playing a significant role in
164  the exchanges observed. For supercritical LiCl solutions, we found small differences between the
165  energy of the Li+ inside and outside the membrane. In contrast, for Na+ there was a considerable
166  energetic advantage in being outside the membrane, making the overall exchange process
167  energetically favorable. In subcritical (liquid) LiCl solutions we found exchange to be more favorable
168  energetically than in supercritical solutions. For Ca* similar trends were observed, except that the
169  differences in the energies were much larger (compared to the corresponding Li* exchanges), making
170  them more energetically efficient, as has also been observed experimentally [14]. This difference in
171  clearly shown in Figure 4. In addition to clarifying the molecular basis for these ion exchanges,
172 simulations can also potentially be very useful to determine the behavior (e.g., state dependence, etc.)

173 of hydrodynamic parameters commonly used to characterize ion-exchange processes at a


http://dx.doi.org/10.20944/preprints201807.0371.v1
http://dx.doi.org/10.3390/pr6080124

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2018 d0i:10.20944/preprints201807.0371.v1

6 of 25

174  fundamental molecular level, and to determine if the continuum hydrodynamic equations used for
175  ion-exchange processes are applicable to nano-systems.

10

o N b~ O

40 80 120 160 200

AE(in — out)

\
IS

-6

-10

107 ity
25

20 —e—Ca+t+
15

10

——Na+

5 10 30 40 50 60 70

AE (in — out)

-10
-15
-20
-25
-30

10~* % ity
176

177  Figure 4. The differences in configurational energy of, Li+, Ca++ and Na+ ions inside and outside
178  the membrane plotted against the number of time steps. A positive number indicates a preference
179  for being outside the membrane.

180 2.3 Transport in Gas Separations Membranes

181 Molecular modeling has also been used to study the transport and subsequent separation of
182  gases using nanoporous membranes. A study carried out by our group using a range of zeolite
183  membranes to support gaseous mixtures has shown good agreement with experiments exhibiting the
184  viability of using molecular modeling to study such separations. The simulation setup for such a

185  study is shown in Figure 5.
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187  Figure 5. Initial system setup for gas separation simulations and the structure of FAU, MFI and
188  CHA unit cell.
189

190 We performed a rather vigorous test of the reliability of the simulation technique to examine the

186

191  separation factor of CO2/N2 and O»/N2 mixtures in zeolite membranes. In separations, the ideal
192 separation factor (ISF) is defined as the ratio of the permeabilities of the two gases in their pure state
193 and the usual separation factor (SF) relates to the permeabilities in mixtures (equimolar in our
194 studies). Data obtained from our simulations can be seen in Figure 6 along with experimental results

195  measured on similar systems.


http://dx.doi.org/10.20944/preprints201807.0371.v1
http://dx.doi.org/10.3390/pr6080124

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2018 d0i:10.20944/preprints201807.0371.v1

100
o a HCO2 mN2
IG Experiment Simulation
A, 2.73 10
= 35.5
| 10.2
vy 10
[\l
|
S
S
g 1
\/
A
X
~
o
—
0.1

8 of 25

CO2-N2 Single CO2-N2 Binary CO2-N2 Single CO2-N2 Binary

a> b Experiment 0% Simulation
IG 10 12.5
A,
. 1.93
T 18.1
%)
T 1 1.6
g
g
— 0.1
A,
X
~
o
—
0.01

02-N2 Single 02-N2 Binary ~ 02-N2 Single 02-N2 Binary

196
197  Figure 6. The permeance of a) O2/Nz and b) CO:/N: for both pure systems and equimolar binary

198  mixtures compared with experimental results. The first two sets are experimental results while the
199  last two are simulation results as marked. The numbers above the permeances represent the
200  separation factors (SF). Note the contrasting behavior between pure fluids and mixtures for the
201  two systems that the simulation results correctly predict.

202

203 While examining N2/O» mixtures the ISF > SF, in CO2/N2 mixtures the opposite trend is observed
204  (SF>ISF). Additional results from our simulations are shown in Figure 7 and confirm this behavior.
205  This phenomenon can be explained as follows, based on observations from our simulations. In the
206  case of N2/O: for pure fluids N2 has a higher diffusion rate than oxygen which leads to high SF since
207  both have similar loadings. In mixtures this effect is dampened since the narrow pores do not allow
208 N2 to cross Oz in mixtures. For pure CO2 and N2, CO: has a somewhat higher loading than N2 which
209  leads to CO: having a higher selectivity. In mixtures, the loading is exclusively CO: because of its
210  high quadrupolar moment, which increases the selectivity in mixtures by almost a factor of 3,
211 correctly predicted by the simulations. In addition, simulations can be a useful tool to determine the
212 type of diffusion in the nanopores. For example, the simulations clearly show surface diffusion of N2

213 in the zeolite pores as shown in Figure 7.
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215  Figure 7. Simulation data on permeance of Nz at 322 K in an equimolar N2/Oz mixture as a function
216  of pressure. Note that except for surface diffusion, the two other mechanisms are clearly
217  qualitatively incorrect.

218 2.4 Membranes for Redox Flow Batteries

219 Redox flow batteries (RFBs) show significant potential for energy storage because of their safety,
220  capacity, and small environmental footprint [15,16]. However, this technology is not currently widely
221  available due to problems with the ion-exchange membranes needed in RFBs. For an RFB with high
222 storage capacity and high efficiency: (i) the electrode reactions must be reversible; (ii) both the
223 oxidized and reduced species must have a high solubility in the electrolyte solution; (iii) there must
224 be a large difference between the redox potentials. Several ion pairs satisfy these requirements,
225 among them Fe/Cr [17], Zn/Br [18], and Zn/Ce [19]. Vanadium RFBs [20] constitute a special case in
226  that only a single elemental species is present in the ions on both sides of the ion-exchange membrane

227  (IEM). For this case the two half reactions are shown in Equation 1.

228

229 Cathode:VO?** + H,0 —e™ & VOF + 2H"

230 Anode: V3t + e~ © V2?7 (D
231

232 During charging and discharging, current flows through an external circuit while protons must

233 be transported across an IEM between the two electrode compartments. IEMs thus plays a critical
234 role in the design of an RFB [21]. While being electrically insulating it must also be impermeable to
235  the four reactive, vanadium ions species (see reactions above). The current state-of-the-art is to
236  employ polymeric membranes, more specifically sulfonated fluoropolymer-copolymers
237  (commercially known as Nafion) [22]. While these polymer membranes show favorable behavior as
238  proton exchange membranes in fuel cells (PEMFC) and direct methanol fuel cells (DMFC) [23], in
239  RFBs they have stability problems in the highly reactive environment, resulting in the crossover of
240  reactive ions and thus the reduction of cell efficiency and lifetime [24]. In addition, the highly
241  oxidizing environment in RFBs tends to degrade the polymer membrane [25,26]. While some

242 improvements have been made in these polymeric membranes to increase selectivity and stability
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243 [22], they have not yet overcome the obstacles for their widespread use in RFBs. New materials must
244 therefore be designed if RFBs are to become a viable means of energy storage. We have focused on
245  using zeolite membranes as an alternative to polymeric membranes. Zeolites are aluminosilicate
246  crystals with ordered pore sizes varying from 0.3 nm to >1.0 nm depending on the framework type.
247  Zeolites with high Si/Al ratios are electrically insulating and are extremely stable in both acidic and
248  basic conditions due to their inert chemical nature [27-29]. Previously, thin zeolite membranes have
249  been used to confirm water/ion separation via the size-exclusion mechanism [8,30,31]. We believe
250  that thin film zeolite membranes could be used successfully as IEMs in RFBs.

251 To test this possibility, we have carried out molecular dynamics studies of six different zeolite
252 frameworks (ERI, LTA, MFI, BEC, CFI, DON) for vanadium RFBs to determine the transport behavior
253 of ions, protons, and solvent in the nanopores of the membranes [32]. The structure of these
254  membranes were obtained from the IZA-SC’s Database of Zeolite Structures [33] and constructed to
255  havea thickness of a single unit cell. As discussed previously, the hydration of the vanadium(II) [V27],
256  vanadium(IIl) [V3], oxovanadium(IV) [VO?>], and dioxovanadium(V) [VO:*] ions plays a key role in
257  ion transport and this effect was examined in detail. We found that a relatively large pore (~7A) was
258  necessary for ion transport due to the strongly bound hydration shell that effectively increases the
259  size of the ion. At higher ion concentrations we have observed passive (spontaneous with no external
260  forces) permeation of the pores by the ions. This was observed in our studies when both the ion
261  concentration and the temperature were significantly higher than the normal operating conditions in
262  RFBs (8 mol%, 400K). We note that even at these extreme conditions, we observed permeation and
263  subsequent transport of only HsO* ions in ERI, LTA, and MFI membranes. We did not observe any
264  vanadium ion transport across the zeolite (Figure 8b). Therefore, we propose these membranes would
265  be more suited in RFBs because they exhibit the necessary ion selectivity. This agrees with
266  experimental measurements by Xu et al. [34] who have reported similar selective transport using
267  substrate-supported zeolite membranes with ERI frameworks. In contrast, the larger pores in BEC,
268 CFI, and DON frameworks did allow permeation and transport of all ion species V2, V3, VO, and
269  VO:* in addition to hydronium ions (Figure 8a), which would thus make them unsuitable for

270  vanadium redox flow batteries as they present no proton selectivity.
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272 Figure 8. Ion transport events for a) DON framework and b) MFI framework (straight channel) at
273 8 mol% and 400 K

274

275  This again confirmed that the size of the hydrated ion complex is a key factor in zeolite membrane
276  transport. The only ion transport observed through membranes with smaller pores (< 5 A) such as
277 ERI, LTA, and MFI zeolite frameworks was that of the hydronium ion (proton). Therefore, these
278  membranes demonstrate the selective transport of hydronium ions over vanadium ions that is an
279  essential requirement for IEMs in vanadium RFBs.

280 To better understand the mechanism of the transport of the hydrated ions through a range of
281  zeolite pores, we placed a single ion on the pore axis and moved it through the membrane at a
282  constant velocity of 0.75 m/s. This steered molecular dynamics (SMD) technique differs from the
283  passive diffusion observed previously and permits the calculation of the Kirkwood potential of mean
284  force (PMF) [35] across the membrane. The PMF is defined as the potential that yields the average
285  force for all configurations along the “reaction path”. Such methodologies have been employed
286  previously to determine the energy barriers of membrane permeation [36]. The force needed to keep
287  the hydrated ion on the pore axis is assumed to be the opposite of the total pairwise force exerted on
288  theion:

289

290 F.= —F,= VU 2)

291
292 Where U is the total pairwise intermolecular potential. This force can then be integrated along the

293  path maintained by the SMD which, for the one-dimensional path used here, leads to Equation 3:
294
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295 PMF = ch-dr= chxdx 3)

296  The PMFs obtained using this approach are shown in Figure 9.
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299  Figure 9. Potentials of mean force for hydrated V2 ion passing through the 6 membrane framework
300  typesat325K.

301

302 The jagged behavior of the PMF for the ERI membrane results from the varying number of
303  water molecules in the hydration shell as it moves through the membrane. These pores are rather
304  small, so in order for the ion to be forced through the pores, some of the hydrating waters must be
305  detached so that the cluster is small enough to enter the pore. Once it exits the membrane, the ion is
306  hydrated again resulting in the reappearance of the stable cluster. The ERI profile also shows
307  asymmetric behavior. This is because the rather quick motion of the ion (0.75 m/s) does not allow for
308  the changing number of water molecules in the hydration shell to equilibrate as it continues to move
309  along the pore axis. The local minima observed for LTA, MFI, and BEC membranes indicates the most
310  favorable location for the hydrated complex within the pore. These locations correspond to the cavity
311  at the intersection of the channels running in 3 directions within the zeolite membrane. For CFI and
312  DON membranes the maxima observed is located at the center because their pores are 1-dimensional
313 channels. In Figure 9, it is also evident that the free energy barrier decreases with increasing pore
314  size. While results for other vanadium ions all showed similar behavior, the hydronium ion profiles
315  are quite different in magnitude. In Figure 10 we compare the PMF peak heights for V2 and HsO*
316  ions in the six zeolites in Fig. 9. The large differences observed in the free energy barriers for the
317  vanadium ions and hydronium ions for zeolites with pores less than 5 A shows the effectiveness of

318  selective transport, a desirable characteristic of RFB IEMs.
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320  Figure 10. Magnitude of free energy barriers for V2* and HsO* ions as they traverse the pore of
321  different zeolite membranes

322

323 Further examination of the orientation of the hydrated ion complexes during membrane
324  permeation yields additional insights to the relative size of the zeolite pores and the diffusing species.
325  The [V(H:0)s25+, [VOH:20)5]2+, and [VO2(H20)]* complexes have rather stable octahedral
326  structures, so it is interesting to monitor the changes in orientation of the hydrated ions as they
327  traverse the membrane during our directed simulations. We measured the angle between: (1) a single
328  V2-water pair and the pore axis for V273 (2) In the case of VO?* the V-O bond and the pore axis, and
329 finally for (3) VO2r one of the V-O bonds and the pore axis. The results obtained are shown in Figure
330 11 for the BEC membrane. This membrane was chosen as the cluster size closely matches the pore
331  dimensions (~6.08 A for the cluster and ~6.23 A for the pore). Unsurprisingly, this analysis shows that
332 outside the membrane, the [V(H20)s]>* complex exhibits random tumbling. However, in the small
333 pore of the BEC membrane the angular motion of the complex is restricted, and it remains in a certain

334  orientation until it leaves the channel.
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336  Figure 11. Orientation of the [V(H20)¢]** complex with respect to the pore axis during membrane
337  transport in BEC zeolite membrane. The dashed lines indicate the zeolite boundary. Tumbling,
338  followed by alignment and finally tumbling are observed.

339

340 In addition to determining how zeolite pore size affects ion transport, we also investigated
341  how zeolite composition could lead to differing behavior. The membranes described in the above
342  analyses all consisted of solely silicon and oxygen representing a Si/Al ratio of infinity. These
343  membranes were shown to display selectivity of the hydronium ion over the heavy vanadium ions
344  in the vanadium-RFB at pore sizes below a certain threshold. The composition of these membranes
345  was then modified to incorporate various levels of aluminum substitution. Seven membranes of the
346  identical MFI framework, but varying aluminum content were constructed representing Si/Al ratios
347 of infinity, 383, 191, 95, 54, 47, and 31. The aluminum atoms were substituted at sites corresponding
348  tothe T7, T10, and T12 sites as described in studies which previously modeled the uptake of gas into
349  MFI zeolites [37,38]. The substitutions also followed Lowenstein’s Rule [39,40] which does not allow
350  for the presence of Al-O-Al linkages. In order to ensure that the membrane remained charge neutral,
351  the local negative charges due to the aluminum atoms were spread across the four neighboring
352  oxygens and an extra-framework sodium ion was placed in the channel in the vicinity of the
353 substitution. These cations were allowed to equilibrate and find their lowest energy positions prior
354  to the addition of any water or ions to the system.

355 The aluminum-substituted MFI membranes were used with the same protocol and system
356  setup to ensure that the local charges on the aluminum atoms did not disrupt the hydrated ion
357  complex or allow vanadium ions to permeate the membrane and alter its selective character. Our
358  results showed that for all levels of Si/Al ratios, we still observed no spontaneous vanadium
359  permeation for the entire simulation time of 10 ns. Once this selective characteristic had again been
360  confirmed, the vanadium cations were replaced with hydronium ions in order to measure the
361  dynamics of proton transport. Since the principle of the RFB mechanism rests on protons being
362  released by the reaction in one half-cell and moving through the membrane to be used in the
363  complimentary reaction in the other half-cell, the membranes not only need to be selective for proton
364  transport, but also must have a high enough permeability that they not limit the reaction. For this

365  reason, itis necessary to observe whether or not the membrane permeability is tunable using the Si/Al
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366  ratio in order that the proton flux be maximized. The flux of any species through a membrane is

367  proportional to the concentration difference and the permeability [41] (Equation 4).
368

369 ji= PT’“ (e —c,) @

370

371  Here the permeability, Pm, can be represented as the product of the membrane loading, Cm/co, and
372  the intramembrane diffusion, Dm (Equation 5). Each of these quantities were measured
373  independently in order to determine which was more strongly affected by the membrane

374  composition.

375
376 P =Dy 2 ©)
377

378  Membrane Loading: In order to observe the ionic loading of the membrane, the system consisting of
379  a single membrane with solution on both sides was studied with the various levels of aluminum
380  substitution. The solution consisted of a 5 mol% HCI solution in which the dissociated proton was
381  modeled as a hydronium ion, or protonated water molecule (H30+). For each membrane, the system
382  was simulated until the number of hydronium ions absorbed reached an equilibrium value, this
383  process was usually complete after ~2 ns. The number was then averaged over an additional 0.5 ns
384  to obtain the final values presented in Table 1.

385

386  Table 1. Hydronium loading in membranes with increasing aluminum substitution levels.

387  Uncertainties represent one standard deviation of the ion loading over 0.5 ns of simulation.

No. of Substitutions Si/Al Hydronium lon
per Unit Cell Ratio Concentration, mol/L
0.00 oo 1.86+0.46
0.25 383 2.02+0.50
0.50 191 2.22+0.57
1.00 95 2.77 £0.54
1.75 53.86 4.36 +0.52
2.00 47 5.42 +0.63
3.00 31 6.37 +0.61

388

389  The data clearly shows an increase in the number of framework substitutions results in an increase
390  in the uptake of hydronium ions. This agrees with previous findings regarding water uptake in MFI
391  membranes [42], however the difference is much more pronounced with the charged species in this
392 study. This increase in absorption is due to Coulombic attraction between the positively charged
393 hydronium ions and the local negative charges present on the oxygens where aluminum atoms have

394  been substituted within the zeolite membrane framework.
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395  Intramembrane Diffusion: In molecular dynamics simulations, the calculation of diffusion
396  coefficients in three dimensional systems is commonly performed using Equation 6, where MSD is

397  the mean square displacement of the species of interest.

398

1. d(MSD)
7 D=glim =g ®
400

401  Because we are only interested in the rate of diffusion within the membrane and not in the bulk, care
402  must be taken, when finding the MSD, that one accounts only for the intramembrane ions. This
403  method indicates a slight decrease in the diffusion as more framework substitutions are made (Table
404  2). This decrease can be explained in a similar manner - as the charged framework attracts more
405  hydronium ion ands results in an increased loading, this attraction also reduces the mobility of the

406  absorbed ions when compared to those in the bulk solution.

407
408 Table 2. Hydronium diffusion in membranes with increasing aluminum substitution levels
No. of Substitutions Si/Al Hydronium lon Diffusion,
per Unit Cell Ratio x 105 cm?/s
0.00 oo 2.66 +0.11
0.25 383 2.56 +0.24
0.50 191 2.40+0.11
1.00 95 2.35+0.25
1.75 53.86 2.31+0.23
2.00 47 2.09+0.18
3.00 31 1.98 0.31
409
410 However, our model for the proton provides an incomplete picture of what occurs in reality.

411  Protons in aqueous solution are known to diffuse by hopping from one water molecule to another
412 adjacent molecule via a process known as the Grothuss mechanism [43]. Work on this topic has been
413 quite extensive [44-47] and modeling of this phenomenon is usually performed using techniques
414  that account for quantum behavior. Here, the model we are using is solely classical in nature and
415  represents a permanently hydrated water molecule [46]. Due to this quantum hopping, the mobility
416  of H+ions in water is significantly higher than other monoatomic ions. The diffusion measured above
417  only accounts for what is termed “vehicular diffusion”, or the proton riding along with the water
418  molecule. A measure of the “hopping diffusion”, which is the quantum effect, would provide a more
419  complete picture of the hydronium diffusion, but is beyond the scope of this study.

420 When the membrane loading and intra-membrane diffusion of the various systems are scaled
421  relative to the pure silica membrane and the product is taken to find the relative permeability, an
422  interesting trend emerges (Figure 12). At high Si/Al ratios (low substitution numbers), the relative
423  permeability increases as the higher ion uptake dominates, but as more framework substitutions are

424  made, the decreasing diffusion rate forces the permeability to stabilize at a constant value.
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426  Figure 12. Relative permeability of MFI zeolite membranes at increasing levels of aluminum
427  substitution.

428

429  In this case, we observe that a substitution rate of ~2 per unit cell, corresponding to a Si/Al ratio of
430  ~45 there exists a threshold beyond which we no longer see an increasing ionic flux. In this context,
431  this represents the minimum number of aluminum substitutions per unit cell of zeolite that will
432  maximize the proton transport through the membrane. As the values used here are relative to the
433 pure silica membrane, one should not view these values as absolute, but the trends should be

434  reproducible using experimental methods.

435 2.5 Dehydration of Alcohol

436 We discuss finally our recent studies using molecular dynamics to understand unexpected
437  results observed in experiments [7]. Again, we emphasize the high temporal and spatial resolution
438  provided by molecular simulations lead to increased insights into certain non-intuitive phenomena.
439  In this particular case, a NaA zeolite membrane was used to dehydrate alcohol via vapor phase
440  pervaporation. While the membrane was quite effective when the water content was 5% by weight,
441  itbecame ineffective when the water content dropped to 1%. Such an observation certainly is counter-
442  intuitive because in general membranes should be more effective when the undesirable component
443 is at a lower concentration. The schematic of the system designed for this study is shown in Figure
444  13. The middle compartment of the simulation system contains the vapor phase mixture being
445  investigated. Two layers of NaA zeolite membranes separate this compartment from the two side
446  compartments which are initially empty (vacuum). This provides the driving force for the vapor to
447  permeate the zeolite membranes. The system size was chosen to ensure that no vapor condensation
448  takes place in the bulk phase of the vapor compartment at the system temperature of 423K. By
449  removing some atoms that constitute the membrane we are also able to simulate a zeolite membrane

450  with defects of approximately 1 nm - similar to those observed experimentally [7].
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451

452  Figure 13. Schematic of the simulation system for vapor permeation through NaA zeolite
453  membranes. Red represents the zeolite framework, water and IPA are between the two zeolite
454  membranes.

455

456 Our simulation results, as shown in Fig. 14, confirm the non-intuitive trend observed during
457  experiments [7]. In addition, the simulations also provided significant insight into why this unusual
458  and unexpected phenomenon occurred. Simulations were carried out for pure IPA, as well as with 5
459  and 10% by weight water in the IPA. As can be clearly observed, the IPA was able to readily permeate
460  the defect in the absence of water. Once water was included in the mixture the IPA permeation

461  completely stopped in our time frame.

462
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463
464  Figure 14. Number of IPA molecules permeating the membrane as a function of time for different
465  compositions.

466

467 Upon further investigation, our simulations showed that there were two primary reasons that
468  explain the decrease in IPA permeation when water is present. Firstly, we found that water molecules
469  get adsorbed in zeolite pores as well as the defects, thus effectively reducing the effective size of the
470  defects. When water is present at the defect sites, IPA molecules can also get adsorbed (with high
471  adsorption energy) which further contributes to blocking the defect (Figure 15). In addition, we
472  observed another interesting phenomenon in our simulations. In the bulk vapor phase in the presence
473 of water, the IPA molecules tend to form larger IPA clusters which as a result effectively increases
474  the dynamic diameter of the IPA molecules, making it more difficult for them to permeate the zeolite
475  defects. This can be clearly observed in Fig. 16. In addition to this, as can be seen from Fig. 16 (c) and
476  (d), the presence of water also results in fewer IPA molecules at the surface of the zeolite, which
477  further restricts the permeation of IPA into the zeolite. We also observed that when water was present

478  no IPA permeated the membrane.


http://dx.doi.org/10.20944/preprints201807.0371.v1
http://dx.doi.org/10.3390/pr6080124

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2018 d0i:10.20944/preprints201807.0371.v1

20 of 25

I.

ﬂ
AR =8 h. i
§§‘wg,i; 5 "‘;ls;

fw::fh“

b b 2

479 i
480  Figure 15. Contrasting behavior exhibited with pure IPA (left side, a, ¢, and e) and with 5 wt %

481  water (right side, b, d and f): axial views of the defect showing (a) pure IPA molecules permeating
482  defect and (b) water and IPA molecules blocking the defect (water in blue); (c) as (a) above but
483 IPA molecules not shown; (d) as (b) above but IPA molecules not shown; (e) cross section views
484  showing pure IPA in cavity and (f) cross sectional view of both water and IPA molecules in cavity.

485  The molecular diameters shown as spheres are not to scale.
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(b)

() (d)

486
487  Figure 16. Changes in the behavior of the vapor phase when water is present: (a) snapshot of the

488  pure IPA simulation system near the zeolite membrane; (b) snapshot of simulation system for 5
489  wt% water in vapor phase near the zeolite membrane. (c); snapshot of the pure IPA vapor phase
490  for a section of the simulation system (away from membrane) (d): snapshot with 5 wt% water in
491  vapor phase (away from membrane); Key: yellow zeolite membrane; green IPA; and blue water;

492  red: membrane defects

493 3. Conclusions

494 Membrane separations have a number of advantages over other more conventional techniques
495  including minimal maintenance due to the lack of moving parts and the fact that unlike other
496  techniques it does not require a phase change. As an increasing amount of membrane-based
497  separations are developed in fields as diverse as gas separation, desalination, dialysis, batteries,
498  biosensing, and drug delivery, it is crucial that these processes be well understood so that their
499  efficiencies can be maximized. This requires a more complete picture of the molecular level
500  phenomena that occur between the membranes and the species they are separating.

501 In this paper we have discussed the important role molecular simulations (specifically the
502  technique of molecular dynamics) can play towards the realization of this goal. We have described
503  our previous work which has helped provide an improved understanding of fluid and ionic transport
504  in processes as diverse as reverse osmosis, ion exchange, gas separations, and redox flow batteries.
505  The application of these simulations has shown how they can play two important roles. Foremost,
506  they can allow us to understand phenomena not well understood, e.g. why water can permeate
507  membranes in RO separations and ions cannot; or why N2/O2 and CO2/N2 show opposite behavior in
508 their separation factors when switching from pure fluids to mixtures; or why zeolite membranes can
509  be effective in dehydrating alcohols via pervaporation when 5% water is present and become
510  ineffective when only 1% water is present. Secondly, they can be effective screening tools for
511  determining which membranes are suitable for a potential application, e.g. simulations clearly
512 identified the zeolite membranes best suited for redox flow batteries while simultaneously revealing
513 details about the ion transport process and how it can be affected by membrane structure and
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514  composition. Both of these roles can ultimately help provide a better understanding of the
515  physiochemical behavior of many such membrane-based applications and aid in more efficient
516  process design and optimization.
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