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Extra-large pore zeolites are a small subset (21) among the whole list of 253 zeolites available. The discovery of
new low-glycemic sugars is very attractive as new healthy additives in the food field. This is the case of the 6-
kestose. In the present case, it appears in a mixture in aqueous solution together with sucrose, the separation of
the mixture being necessary. For this, we have focused on using certain zeolites with adequate pore sizes that
allow the separation of this mixture, considering that since the molecular size of 6-kestose is greater than sucrose,

it is necessary to promote the sorption of the latter, so that the first can be purified. After a computational
screening of micropores of the 253 IZA zeolites, 11 zeolites were selected. Of these, 3 extra-large pore zeolites
(AET, DON, ETR) have been proposed, which were analyzed in-depth through a molecular dynamics study
considering the external surface. The results show that DON presents the most promising theoretical results for a
selective sucrose/6-kestose separation.

1. Introduction

Zeolites constitute a substantial family of crystalline materials,
whose application covers different fields, such as catalysis, separations,
ion exchangers, and adsorbents [1]. Their structure is shaped by a
three-dimensional tetrahedral periodic framework, from which a high
porosity arises due to the nanometer-sized channels that they host. This
feature, combined with their wide surface area, explains their adsorp-
tion properties. Thus, they are used as molecular sieves for the separa-
tion of molecules and ions, being the microporous size of the structures
that defines their size-separation capacity [2,3]. At the present time, 253
different zeolite framework types have been described, and can be found
at the International Zeolite Association (IZA) website [4].

The presence of hydrophilic silanol surface groups and aluminum
atoms locally compensate for the rest of the silica framework which is
hydrophobic. The presence of hydrophilic centres creates the possibility
to selectively adsorb polar molecules. In particular, water molecules
interact with the oxygens of the zeolite framework through H-bonding
and also with Brgnsted sites in the zeolite, if present, through the water
oxygens. Additional effects may be achieved regarding selectivity,
which can be due not to the chemical nature of the framework but rather

due to the topology of the micropores in what is usually called ‘shape
selectivity’. This phenomena favours the adsorption of molecules,
through van der Waals interactions, when their shape is similar to that of
the micropore [5].

Computer simulations approaches based in a combination of clas-
sical force fields and molecular dynamics (MD), are considered an
outstanding tool to tackle the theoretical evaluations concerning diffu-
sion [6-9]. The use of MD allows to study the evolution of a molecule of
interest with time, under specific selected conditions while analyzing a
wide area of the potential energy surface involved, conditions which
might be chosen so its direct comparison or application to an experi-
mental problem [10]. Regarding the use of a flexible zeolite framework,
it has been cautioned in several publications that the calculation of the
diffusion coefficients from these studies are really sensitive to the force
field used [11,12].

Using separation technology, zeolites can be suggested as key ma-
terials in glucose-fructose separation. The adsorption of carbohydrates
in the liquid phase has been successfully investigated in hydrophobic Y
zeolites where the pores of the zeolite are enriched with the saccharide
molecules and there is therefore a high specific adsorption of carbohy-
drates [13]. Beta zeolites have also been shown to have similar effects
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[14,15]. The use of zeolites in the chromatographic separation of car-
bohydrates has been investigated for the separation of the mixture
glucose-fructose [16-18], glucose-sucrose-sorbitol [19] and oligosac-
charides of fructose [20]. In addition, the adaptation of FAU zeolite to
replace organic polymeric resins as inorganic ion exchangers was
investigated in the separation of isomaltose-oligosaccharide saccharide
mixture in a liquid chromatography [21].

6-Kestose is an oligosaccharide of industrial interest because of its
prebiotic and other functional properties. Consequently, efficient pro-
cedures for the production of this sugar have been devised [22]. A sig-
nificant technical problem of the production procedure is the need to
purify 6-kestose from sucrose. The separation of sucrose and 6-kestose in
zeolites modelized in this study is just a representative example whose
results could be applied to the separation of other oligosaccharides ob-
tained by enzymatic synthesis, a procedure which is gaining industrial
relevance [23]. In the present work, the capability of different zeolites
for the separation of a sucrose/6-kestose mixture in aqueous solution has
been evaluated.

In the separation of 6-kestose and sucrose, as well as other oligo-
saccharides, sugar concentration and temperature are crucial parame-
ters. For practical reasons (productivity), sugar concentration, limited
by solubility (an intrinsic property of each sugar, which is a function of
temperature), should be as high as possible. An optimum temperature
should be selected that maximizes sugar solubility, stability and energy
saving. Approaching boiling point temperature risks sugar denatural-
ization either by Maillard reaction or caramelization [24]. The presence
of amino acids, causing Maillard reaction, in oligosaccharide prepara-
tions obtained by enzymatic synthesis should be taken into account.
Zeolites can be an alternative to nanofiltration, currently used indus-
trially for oligosaccharide separation [25].

Taking advantage of the large variety of pore sizes in zeolites, we
explore whether there are suitable candidates for the separation of
sugars. We employ the IZA (International Zeolite Association) database
and a definition of ad hoc parameters that may maximize the separation
in order to select candidates [4]. After a short list was generated, MD
simulations of sugars in a selection of candidate zeolites allowed us to
estimate if there are large differences in the mobility of the sugars
selected.

2. Methodology and models
2.1. Sucrose and 6-kestose geometries for diffusion

Sucrose and 6-kestose are two relatively large molecules whose
conformations, in molecular dynamics simulations, are expected to give
rise to a variability in their corresponding molecular size, which in turn
will influence whether or not the sugar molecules can fit in different
zeolite micropores. As a first estimation, their molecular size was
roughly estimated, using a recently developed algorithm, from the
ground state geometries obtained through first-principles calculations
using the Gaussian16 package [26].

Density functional theory (DFT) geometry optimizations were per-
formed with the B3LYP [27] exchange-correlation hybrid functional and
the Pople-type 6-311G basis set [28]. Grimme’s D3 empirical dispersion
correction [29,30] were also included to account for van der Waals in-
teractions. Geometry optimizations were performed without including
the effect of solvent (water).

Once ground state geometries (Fig. 1) have been obtained, molecular
size has been calculated with the ‘shoebox’ algorithm [31]. The algo-
rithm finds the two atoms of maximum intramolecular distance and
makes a rotation to define a new x axis along those two atoms, and
calculates maximum intramolecular distances along two axes (y,z)
perpendicular to x. In the new coordinate system, the maximum and
minimum coordinates over the three axes define a box (xmax—xmin,
ymax—ymin, zmax—zmin) of nearly minimum size (similarly to shoe
boxes), and whose values, ordered from largest to shortest are our
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a)

Fig. 1. Structures of the sugar molecules framed by shoebox algorithm. a) su-
crose (C12H22077) disaccharide showing cyclohexane (glucose) and cyclo-
pentane (fructose) rings; and b) 6-kestose (C18H32016) trisaccharide, showing
cyclohexane (glucose) and 2 cyclopentane (fructose) rings. The dimensions ®(x,
y,z), in f\, are ®g: (9.4, 7.5, 6.3) for sucrose and ®y: (11.4, 9.1, 6.7) for 6-kes-
tose. Atoms colors are O: red, C: gray, H: white. For the sake of clear visuali-
zation, aliphatic hydrogens were omitted. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)

definition of molecular size (®). The results obtained (in Io\) are ®g: 9.4,
7.5, 6.3 for sucrose and ®x: 11.4, 9.1, 6.7 for 6-kestose molecules.

A configuration search study [32] was carried out to find how mo-
lecular size (and hence fitting in zeolite pores) can be affected by sugar
conformations. Details are given in Section S1 of Supporting Informa-
tion. The molecular size of selected configuration (Fig. 1) is represen-
tative of the configurations found during the search and can be
considered a valid estimation to assess candidate zeolites for separation
of the sugars.

2.2. Selection of potential zeolites for sucrose/6-kestose separation

The main objective of this work is to find an appropriate zeolite to
separate 6-kestose and sucrose. Target zeolites should allow the diffu-
sion of sucrose and preclude 6-kestose. A first selection of zeolites has
been made by comparing micropore size with sugar dimensions.
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Micropore size has been tabulated according to the maximum diameter
of a sphere that can diffuse (along a,b,c crystallographic directions),
defined according to Foster et al. [33], available from the IZA Atlas [4].
Molecular size has been calculated according to the ‘shoebox’ algorithm,
as explained in the above section (Fig. 1). Molecular diffusion proceeds
with the molecule aligned with the diffusion channel, hence only ‘y’ and
‘2z’ dimensions need to be compared with the micropore size. For
diffusion to be allowed, y and z should be smaller than one (or more)
zeolite channel dimension (either a, b, or c). For diffusion to be pre-
cluded, y or z should be larger than all zeolite micropore dimensions (a,
b and c). Applying these criteria to all 253 zeolites in the IZA database, a
selection of 11 (Table 1) was made that, in principle, may allow the
diffusion of sucrose and preclude the diffusion of 6-kestose. The zeolites
are: AET, DON, EMT, ETR, FAU, IFO, MOZ, SBE, SBS, SBT, and UTL
(Fig. 2).

2.3. Molecular dynamic simulation

Molecular dynamics was performed using the DL_POLY program
(version 2.20) [34]. The force field of Bushuev and Sastre [5] was
employed for zeolite frameworks, consisting of a harmonic expression
for three body interactions, along with Coulomb and Lennard-Jones
potentials for the nonbonded interactions. When the zeolite surface
was modeled, H-O bonds of silanol groups were defined by a Morse
potential [10]. A flexible version of the SPC model [35] was employed
for the water molecules, proposed for zeolite systems in aqueous media
[5]. Sucrose and 6-kestose bonded terms described bond stretching and
bending with harmonic expressions, and torsional barriers by a trun-
cated Fourier series, as defined by Oie et al. forcefield [36]. The point
charges assigned to sugar atoms were computed by the Gasteiger-Marsili
method [37] as implemented in Open Babel [38]. van der Waals in-
teractions between sugar atoms came from the UFF force field [39],
while its interaction with zeolite were considered as reported by Kiselev
and co-workers [40,41]. The remaining Lennard-Jones parameters
needed were obtained by applying Lorentz-Berthelot combination rules.
A complete force field description can be found in the Supporting In-
formation (Section S2).

Systems were simulated in the NVT ensemble, where the constant
temperature of 338 K was ensured by Evans thermostat [42]. Periodic
boundary conditions were applied to avoid finite box-size effects. For
the nonbonded forces, a cutoff of 9.0 A was considered, and the Ewald
summation was applied to deal with long-range interactions. Consid-
ering a time step of 1.0 fs, simulation boxes were equilibrated for 20 ps,
thereafter the trajectories were calculated for either 10 (bulk) or 20
(membrane) ns, with time evolution being computed by the Velocity
Verlet algorithm. Diffusion coefficients were calculated (Supporting
Information, section S3) for the bulk systems using the data from the
first 5 ns of the mean square displacement plots.

Table 1
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Two types of systems (Table 2) were simulated, called bulk and
membrane, corresponding to increasing accuracy. ‘Bulk’ models contain
the usual 3-D zeolite periodic model without external surface and one
sugar molecule is located inside the micropore, with all atoms of the
system (between 729 and 2277) allowed to relax and their trajectories
being recorded for 10 ns. ‘Membrane’ models contain two zeolite layers
separated by 20 A, producing two reservoirs, with sugar molecules
initially located in one of these reservoirs, outside the zeolite, and were
run for 20 ns Some zeolite atoms were fixed in order to keep the zeolite
layer separation since, otherwise, both tend to approximate each other.
Zeolite layers were terminated by silanol groups which were allowed to
relax. To obtain more realistic results, water molecules were added to all
systems, using packmol software [43], to simulate the aqueous solution
in which the sugar separation process should be performed. The water
content could not be calculated according to the expected uptake since
no water isotherms on these systems are available. Instead, a water
content was selected so that full solvation of sugar molecules was ach-
ieved and the water density was 0.98 g/cm®. Selected membrane sys-
tems were simulated during 20 ns for simulation boxes with low (four
sucrose and four 6-kestose) and high sugar loading (nine sucrose and
nine 6-kestose for ETR; twelve sucrose and twelve 6-kestose for AET and
DON).

3. Results

3.1. Mobility of sucrose and 6-kestose in AET, DON, EMT, ETR, FAU,
IFO, MOZ, SBE, SBS, SBT, UTL zeolites

As a first insight into the mobility of sugars in the 11 candidate ze-
olites (AET, DON, EMT, ETR, FAU, IFO, MOZ, SBE, SBS, SBT, UTL), 10 ns
molecular dynamics in bulk systems with only one sugar molecule were
performed (Table 2). Although 10 ns is a moderately large simulation
time, having only one sugar molecule in the unit cell will preclude
obtaining valuable statistics, and these calculations will be taken only to
qualitatively guess the most promising zeolites for sucrose/6-kestose
separation.

Figs. 3 and 4 show the mobility of sucrose and 6-kestose in the
different zeolites. Mobility itself will not be used as main criterium, but
rather diffusion coefficients, obtained from mobility-related parameters
(mean square displacements versus time), will be used. Although dis-
placements are small, only a qualitatively different mobility for sucrose,
larger than that for 6-kestose is needed in order to select the corre-
sponding system for a more in-depth study that will assess more accu-
rately the possible separation of sucrose/6-kestose mixtures. Figs. 3 and
4 show a similar mobility for sucrose and 6-kestose except in the cases of
DON, AET, ETR and IFO.

In AET and ETR a clearly larger mobility for sucrose than 6-kestose
can be observed. In DON, although the mobility of sucrose is small,

Preliminary analysis of 11 zeolites for sucrose and 6-kestose separation. Micropore data for zeolites includes: maximum diameter of sphere that can be included (d),
maximum diameter of sphere that can diffuse in directions a, b, ¢ (relevant values in bold), channel size (A), and ring size. Sucrose diffusion will be allowed if ®s(y,z)
(Fig. 1) is equal or smaller than zeolite diffusion channel. 6-kestose diffusion will be precluded if ®x(y and/or z) (Fig. 1) is larger than zeolite diffusion channel.

Zeolite Micropore Size A Molecular size (A, Fig. 1) and comparison with micropore size
d a b c channel size ring size ®g: 9.4,7.5,6.3 Py 11.4,9.1, 6.7
AET 8.4 1.8 1.8 7.6 7.9x8.7 14 Dg(y,z) = AET(c) Dk (y) > AET(c)
DON 8.8 2.2 1.8 8.1 8.1x8.2 14 Dg(y,z) < DON(c) ®g(y) > DON(c)
EMT 11.6 6.5 6.5 7.4 7.3x7.3 12 Ps(y,z) = EMT(a,b,c) Dk(y) > EMT(a,b,c)
ETR 10.1 29 2.9 9.3 10.1x10.1 18 ®g(y,z) < ETR(c) Pk (y,z) < ETR(c)
FAU 11.2 7.4 7.4 7.4 7.4x7.4 12 ®s(y,z) = FAU(a,b,c) ®k(y) > FAU(a,b,c)
IFO 7.8 7.2 2.0 1.1 9.3x10.6 16 Ps(y,z) = IFO(a) Dy (y) > IFO(a)
MOZ 10.0 3.4 3.4 7.5 6.8x7.0 12 ®s(y,z) = MOZ(c) Dk(y) > MOZ(c)
SBE 12.5 7.3 7.3 3.9 7.2x7.4 12 ®s(y,z) = SBE(a,b) ®k(y) > SBE(a,b)
SBS 11.5 7.3 7.3 5.7 6.9x7.0 12 Ps(y,z) = SBS(a,b) Dk (y) > SBS(a,b)
SBT 11.2 7.3 7.3 5.7 7.3x7.8 12 ®s(y,z) = SBT(a,b) ®g(y) > SBT(a,b)
UTL 9.3 1.4 5.8 7.6 7.1x9.5 14 ®s(y,z) = UTL(c) ®g(y) > UTL(c)
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AET DON EMT ETR

FAU IFO MOZ

SBS SBT UTL

Fig. 2. Zeolite structures selected to study sucrose and 6-kestose diffusion. Views show the channel for diffusion in AET, DON, EMT, ETR, FAU, IFO, MOZ, SBE, SBS,
SBT and UTL. Same scale is used for all figures.

Table 2

Models employed for the molecular dynamics simulations, specifying the number of silanol groups (SiO3,,H) and silica units (SiO5) of the zeolite, as well as the number
of sucrose, 6-kestose, and water molecules. Bulk models (without silanols) contain only 1 sugar molecule, run for 10 ns, and were used for low accuracy calculations.
Membrane models (those with silanols) run for 20 ns, and contain much larger unit cells, with number of sugar molecules being: 8 (AET, DON, ETR) at low loading
(Section 3.2.1); and 18 (ETR) or 24 (AET, DON) at high loading (Section 3.2.2).

Zeolite SiO, Si03,oH Suc Kes Water Zeolite SiO, SiO3/oH Suc Kes Water
AET 575 0 1 0 54 SBE 256 0 1 0 57
AET 575 0 0 1 56 SBE 256 0 0 1 55
DON 256 0 1 0 31 SBS 384 0 1 0 94
DON 256 0 0 1 30 SBS 384 0 1 0 92
EMT 384 0 1 0 99 SBT 576 0 1 0 140
EMT 384 0 0 1 97 SBT 576 0 0 1 133
ETR 192 0 1 0 36 UTL 304 0 1 0 54
ETR 192 0 0 1 37 UTL 304 0 0 1 48
FAU 192 0 1 0 52 AET 1728 288 4 4 3347
FAU 192 0 0 1 51 DON 1536 256 4 4 3150
IFO 384 0 1 0 113 ETR 1344 192 4 4 2400
IFO 384 0 0 1 111 AET 1728 288 12 12 3054
MOZ 648 0 1 0 89 DON 1536 256 12 12 2868
MOZ 648 0 0 1 89 ETR 1344 192 9 9 2190
the mobility of 6-kestose is extremely small. IFO is a representative case leading to a larger mobility. Other zeolites in which this ‘anomalous’
of zeolites in which, surprisingly, the mobility of 6-kestose is larger than behaviour of lower mobility for the smaller sugar is observed are FAU,
that of sucrose. The small mobility of sucrose might be due to a nearly MOZ, SBE, SBS, UTL.
perfect match of O---H bonding between zeolite oxygens and alcohol Diffusion coefficients show low diffusivity, but the values obtained
hydrogens. With the larger 6-kestose, the fit would be less pronounced, allow to confirm the conclusions above regarding the relative mobility
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of sugars. Mean square displacement plots are included in the Sup-
porting Information (Section S3), from which diffusion coefficients have
been obtained. For the purpose here, the ratio of diffusion coefficient
sucrose/6-kestose in each zeolite is meaningful (Table 3). The values
indicate a larger preliminary separation value for ETR, AET, DON, in
agreement with the conclusion above. We have disregarded the subset of
zeolites showing ‘anomalous’ behaviour (IFO, FAU, MOZ, SBE, SBS,
UTL), with larger diffusivity for the bulkier sugar. In particular, IFO is
not a good candidate since although having a large pore dimension, 9.3
x 10.6 A, sufficient for diffusion of sucrose and 6-kestose, the largest
sphere that can diffuse through IFO channels is much smaller (due to
channel ellipticity), 7.2 A along [100]. Hence, the zeolites selected for a
more in-depth study of their capability for sucrose/6-kestose separation
are: AET, DON, ETR.

The temperature selected for our molecular dynamics runs was 338
K, since it is the best temperature fulfilling the conditions of: i) being not
too high, which would pose an economic penalty in any further possible
application, and ii) being able to give sufficiently different mobility for
sucrose and 6-kestose. Results at 298 K give too similar mobilities for

BT, UTL, at 338 K. All systems contain water molecules. Black, red and blue colors
of the references to color in this figure legend, the reader is referred to the Web

Table 3
Ratio of diffusion coefficients for sucrose/
6-kestose in zeolites at 338 K.

Zeolite Dg/Dx
AET 7.5
DON 4.8
EMT 0.9
ETR 8.5
FAU 0.8
IFO 0.01
MOZ 0.6
SBE 0.2
SBS 0.2
SBT 2.2
UTL 0.3

sucrose and 6-kestose, whilst temperatures of 378 K and higher do not
give significant differences from the results shown here at 338 K. Results
at 378 K are shown as Supporting Information.
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Operating conditions at 338 K (chosen for this study) represent a
convenient upper limit that maximizes sugar solubility and stability.
Although degradation of sucrose and 6-kestose in an environment free of
enzymes and acids is not expected to happen at the considered tem-
peratures, it is safer to avoid large temperatures such as 378 K to avoid
the risk of sugar denaturalization either by Maillard reaction or
caramelization.

3.2. Uptake of sucrose/6-kestose mixture in AET, DON and ETR
membranes

3.2.1. Dilute sugar loading

The mobilities of sucrose and 6-kestose in the AET, DON and ETR
membranes (Fig. 5) are shown in the Supporting Information (Section
S4). Membranes have been created with the general strategy of allowing
uptake of sucrose and 6-kestose in a realistic system in which a mixture
of both sugars is present. In a first approach, 4 molecules of each sugar
have been introduced near the external surface of the zeolite to improve
statistics, instead of only one as in previous zeolite-bulk calculations. A
sufficient number of water molecules has been introduced in each of the
AET, DON and ETR systems (3347, 3150 and 2400, respectively, see
Table 2), which have been distributed along all parts of the system (both
reservoirs and channels of zeolite layers).

At low loading (4 sucrose and 4 6-kestose molecules) none of the
membranes show significant uptake after 20 ns (Figs. 6 and 7). The
reason is that sugar molecules interact strongly with the zeolite external
surface and remain attached, with little probability to jump into the
channel (Figs. S6-S9), in agreement with the so called ‘surface barrier’
effect [44].

Sugar adsorption over the zeolite surface is more energetically
accessible rather than the sugar flow thought the zeolite cavity. At dilute
solutions, the significant sugar-zeolite interaction in the surface hinders
the sugar displacement through the zeolite. At increased loadings the
external surface will become quickly saturated with a monolayer of
sugar molecules, after which the incoming molecules will interact less
strongly with the zeolite external surface and hence diffusion into the
channel will become more probable. In our models this can be simulated

Microporous and Mesoporous Materials 319 (2021) 111031

by increasing the sugar loading, which is compatible with its high sol-
ubility (2100 g/L for sucrose at 298 K [45]). Among the membranes
investigated, ETR presents the thickest external surface (Fig. S10), that
together with the number of silanol sites to anchor the sugar molecule,
contributes to increase the barrier to enter the zeolite channel. More
details of surface effects are analyzed in the Supporting Information
(Section S5).

3.2.2. Large sugar loading

In order to remove the effect of the surface barrier, two large load-
ings, 9 + 9 (ETR) and 12 + 12 (AET and DON) molecules of sucrose and
6-kestose were considered (Figs. 8 and 9).

An analysis was carried out of the sugar location throughout the 20
ns simulation, with detailed trajectories shown in Figs. S11-S13. A
representative configuration is shown in Fig. 10 for each zeolite. It can
be seen that sugar uptake is, in all three cases (AET, DON, ETR),
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Fig. 7. Configuration showing the largest uptake of sucrose into AET (left) and DON (right) membranes (yellow) at 338 K after 20 ns with low sugar concentration (4
sucrose molecules in red, and 4 6-kestose molecules, in blue) in water (transparent). The figure shows a maximum uptake of 1 sucrose molecule at this low sugar
loading. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

preferentially observed for sucrose (red) whilst 6-kestose (blue) remains
outside the zeolite, in reservoir-1. Although AET and ETR are selective
for sucrose uptake, the flux of molecules does not seem particularly
large. Nevertheless, DON shows not only a selective uptake of sucrose
but also a very high molecular flux (Fig. 11), as can be seen from some
molecules reaching, or being very close to, reservoir-2. The increase in
sugar concentration substantially promoted the uptake and diffusion of
sucrose into the three systems.

An attempt to rationalize the results in terms of pore size and surface
effects is mandatory but not easy. These concepts are invoked, as in this
study, in order to make a selection of candidates, but the quantitative
results can only be found through the MD simulations. These three ze-
olites (AET, DON, ETR) already showed the largest diffusivity for su-
crose with respect to 6-kestose (see Table 2). The pore size and largest
sphere that can diffuse are largest for ETR (10.1 x 10.1 A and 9.3 [o\),
hinting that ETR would show the largest flux, but this is not the case,
perhaps due to an interaction zeolite-sugar less stabilizing when
compared with a sucrose molecule tightly fitted in a channel. According
to the relatively narrow values (7.9 x 8.7 Aand 7.6 [o\), AET could be
predicted as a zeolite with low flux and this is indeed found. For DON,
the best system found, the pore size and largest sphere that can diffuse
(8.1 x8.2 Aand8.1 A) also indicate it should be a good candidate as it is
indeed the case. Longer simulations and larger unit cells could give a

more accurate picture, but the current membrane models already give
an excellent assessment and allow to confirm that the three zeolites
(AET, DON, ETR) are good candidates for selective uptake of sucrose in a
sucrose/6-kestose mixture. The MD calculations also indicate DON
should be the best candidate due to the large and selective sucrose flux
observed.

4. Discussion

Diffusion of sucrose and 6-kestose in extra-large pore zeolites is
certainly slow, but still trends have been obtained and assessment of
suitable structures for selective diffusion of sucrose has been possible.
Both sugars considered, sucrose and 6-kestose, are large in size, with
many degrees of freedom and a complex conformational space so that
entering the zeolite channels becomes probabilistically difficult.

Bulk systems focus on the behaviour of sugar molecules once inside
the micropores and were used as an intermediate step to focus on more
realistic systems (that we called membranes) in which the role of the
external surface is included. In fact, the role of the external surface
(Supporting Information, Section S5) has been demonstrated to be
crucial since large molecules do have a strong tendency to remain
adsorbed on the external surface. This is one of the difficulties for
entering the micropore, with the second difficulty being, as described
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Fig. 8. Initial configuration of AET (left) and DON (right) membranes with the largest sugar loading, 12 sucrose (red) and 12 6-kestose (blue) molecules, in water
(transparent). The MD simulations are carried out for 20 ns at 338 K. All sugar molecules are initially located at reservoir-1 (top and bottom part of the unit cell)
whilst reservoir-2 (middle part of the unit cell) is initially empty of sugar molecules. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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top view

Fig. 9. Initial configuration of ETR membrane with large sugar loading, 9 su-
crose (red) and 9 6-kestose (blue) molecules, in water (transparent). The MD
simulations are carried out for 20 ns at 338 K. All sugar molecules are initially
located at reservoir-1 (top and bottom part of the unit cell) whilst reservoir-2
(middle part of the unit cell) is initially empty of sugar molecules. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

above, the conformational suitability needed between sugar and
micropore. The third aspect is that adsorption at the external surface
contributes to pore blocking. With 9.4 and 11.4 A length for sucrose and
6-kestose, respectively, adsorption near the pore entrance (between 6.8
and 10.6 A) can easily lead to pore blocking.

The sugar loading simulated in the membranes was deliberately
chosen as not small. We tried in this way to include the effects of possible
pore blocking and sugar-sugar interactions that appear at high sugar
concentration. And indeed we were able to observe sugar (sucrose)
uptake in the three best candidate membranes considered (AET, DON,
ETR). The increase of loading was demonstrated to be a crucial effect. At
larger than monolayer loading the sugar-surface interactions become
weaker for those molecules outside the monolayer and this is the factor
that allows sugar uptake. We have included a simple energetic analysis
to illustrate this aspect (Supporting Information, Section S7).

Regarding the synthetic feasibility of the four materials selected, AET
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[46] has been obtained as AIPO4 composition and is hydrothermally
stable at the temperature (338 K) suggested for the separation. DON is
an even more convenient material since it can be synthesized as pure
silica [47], with higher hydrothermal stability than AET. ETR [48] is so
far not applicable to this separation since its chemical composition is a
gallo-alumino-silicate with a considerably high content of Ga, Ga/(Si +
Al + Ga) = 24%. Thin zeolite membranes, in particular with
high-aspect-ratio nanosheets and uniform thickness, similar to those
described with the simple models in this study, have been recently
prepared in the group of Tsapatsis and have demonstrated excellent
performance for the selective separation of p-xylene from a xylenes
mixture [49].

Water molecules play a particularly important role through solvation
of sugar molecules and interaction with external silanols, as described in
previous work [50]. Sugar(surface)-water and sugar(micropore)-water
radial distribution functions (Supporting Information, Section S6)
show the different effects of sugar solvation. The uptake of sugars is
heavily influenced by the presence of water. Water uptake (intrusion) in
small and medium pore pure silica zeolites is very small at lower pres-
sure than water saturation vapor pressure [51,52] and this is also what
we find in the membrane systems studied. Although external silanols can
be eliminated from the external surface [53] in order to make it more
hydrophobic, presumably leading to a reduced surface barrier and larger
uptake, it is so far less than obvious that this can be applied as a general
procedure, and so we stick in our model to the typical silanol termina-
tion. The important role of water is confirmed by our simulations
without water (not shown for the sake of brevity), which lead to lower
sugar uptake. A similar result was found by Siong et al. [54] in the Monte
Carlo simulation of uptake of an alcohol/water mixture in silicalite at
303 K.

5. Conclusions

Molecular dynamics simulations have been carried out to study the
separation of a disaccharide (sucrose) from a trisaccharide (6-kestose)
using zeolites. Taking into account the molecular size, ®(x,y,z), of su-
crose and 6-kestose, and using descriptors of micropore size, a pre-
liminary list of 11 zeolites from the IZA Atlas has been selected. The
selection is based on the principles that: i) from the 3 molecular lengths
(across x,y,z), only the two smallest, ®(y,z), are important since the

Fig. 10. Representative configurations showing sugar uptake into AET, DON and ETR membranes (yellow) with large loading of: 9 + 9 (ETR) and 12 + 12 (AET,
DON) sucrose (red) and 6-kestose (blue) molecules. Water molecules shown with transparency. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 11. Sucrose (left) and 6-kestose (right) trajectories during MD simulation (at 338 K during 20 ns) of DON membrane in a mixture containing large sugar loading

(12 sucrose and 12 6-kestose molecules).

longest goes parallel to the diffusing channel; ii) micropore size should
be larger than ® along y and z in order to allow diffusion; and iii) mo-
lecular size along diffusion (y or z) should be larger than micropore size
for diffusion to be precluded.

Molecular dynamics simulations have been carried out for 10 ns in
bulk models of the initial set of 11 zeolites, with each system containing
only 1 molecule of either sucrose or 6-kestose, plus water molecules.
These small systems give a qualitative estimation that allows to select 3
candidate zeolites in which a larger mobility is expected for sucrose than
6-kestose.

With the zeolite short list (AET, DON, ETR), more accurate molecular
dynamics calculations have been performed in order to assess if a se-
lective separation of sucrose/6-kestose might be possible. The larger
accuracy did not consist in a long simulation time, but mainly in: i)
including a ‘membrane’ zeolite model containing two reservoirs and two
zeolite layers whose external surface is terminated by silanol groups;
and ii) including a mixture of equal number of sucrose and 6-kestose
molecules, and so the effect of the mixture is studied directly instead
of the less accurate extrapolation from single component. Two different
loadings were simulated for each case, chosen so that the large loading
corresponds to a larger than monolayer adsorption. This facilitates the
uptake by a decrease of the surface barrier effect leading to weaker
sugar-surface interactions.

The calculations at large loading show that the three zeolites (AET,
DON, ETR) are selective for sucrose uptake in the sucrose/6-kestose
mixture. Finally, DON zeolite shows the largest flux, being therefore
an excellent candidate for this separation process.
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