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Pulsed field gradient (PFG) NMR is successfully applied to trace the diffusion of methyl oleate (MO) inside the

mesopores of hierarchically structured titanium silicalite-1 (TS-1)-based catalysts. Introduction of

mesoporosity by post-synthetic treatment of initially microporous TS-1 provides additional active surface

to improve catalytic activity in the epoxidation of MO. The present study provides experimental evidence

of the accessibility of mesopores for MO resulting from alkaline treatment of TS-1. The self-diffusion

coefficients of MO inside the pores of hierarchically structured TS-1 catalysts are up to two orders of

magnitude lower compared to the values in the bulk liquid phase. Additionally, the methodological

capability of PFG NMR for measuring self-diffusion coefficients of long-chain hydrocarbons (up to C19)

confined to narrow mesopores of catalytically active is demonstrated for the first time.
In micro- and mesoporous materials, transport of uids with
molecular dimensions comparable with those of the pores oen
determines the overall rate of processes such as adsorption or
catalysis as a result of diffusion limitations.1 While the vast
majority of self-diffusion studies are focused on transport
characteristics of low molecular-weight species, in particular
short-chain hydrocarbons,2,3 far less diffusion data are reported
for higher molecular-weight compounds with dimensions of up
to several nanometers, such as proteins, fats and oils or long-
chain hydrocarbons.

A specic example for the need of understanding the trans-
port of long-chain molecules in nanopores is the heteroge-
neously catalyzed epoxidation of fatty acid methyl esters, such
as, e.g., methyl oleate (MO), in the presence of microporous
molecular sieves4,5 for the production of high value-added
epoxides. Olen epoxidation over titanium-containing molec-
ular sieves is already industrially applied for lower olens such
as propene.6 Epoxidations over TS-1 can be performed at
ambient temperatures and pressures using hydrogen peroxide
as the sole oxidant, thus forming only water as a byproduct.4

However, efficient utilization of this microporous catalyst is
oen limited due to the pore width of �0.58 nm,7 and, thus,
strong limitations of MO (�2.5 nm along the C–C segments,
�0.5 nm for the cross section) diffusion inside the TS-1 pore
system.
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It is known that zeolites and related microporous materials
possessing hierarchical pore systems, containing a secondary
porosity with pore widths larger than the micropores can
facilitates intra-crystalline transport.1,8 In such materials, the
presence of pores and channels larger than the size of micro-
pores might help to overcome the mass-transfer limitations
oen associated with catalytic conversions over conventional
zeolites.9 Tailoring the pore space towards maximum catalytic
activity, selectivity and stability is a challenging task requiring
extensive knowledge of both textural properties of the catalysts
and the diffusion characteristics of the conned molecular
species, i.e., reactants and products.10 While transport mecha-
nisms of lower molecular-weight adsorbates in multiple micro-/
mesoporous materials were thoroughly investigated using
pulsed eld gradient (PFG) NMR,11 only a single conference
contribution was reported on diffusion of MO in a mesoporous
silicate, i.e., SBA-16,12 and just one proceeding report on PFG
NMR study of n-hexadecane conned to MCM-41.13 No studies
exist on the diffusion of hydrocarbons comparable in molecular
size with MO in catalytically active materials. This is most
probably due to the combination of two factors, i.e., short spin–
spin relaxation times (from few to few tens of ms) and the need
for ultra-high gradients (�few tens of T m�1) required for
detection of slowly diffusing molecules.

In an attempt to improve the accessibility of the active Ti
sites located within the framework, hierarchical micro-/
mesoporous TS-1-based catalysts were prepared by post-
synthetic treatment consisting of an alkaline treatment and
a subsequent pseudomorphic transformation by recrystalliza-
tion in the presence of a surfactant as a structure-directing
agent.4 It has been demonstrated that such post-synthetic
RSC Adv., 2018, 8, 38941–38944 | 38941
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treatment results in a higher catalytic activity of the TS-1-based
catalysts in MO epoxidation with aqueous hydrogen peroxide
solution as compared to the purely microporous TS-1. It could,
however, not been proven whether the enhanced accessibility of
the active sites indeed leads to facilitated diffusion through the
mesopores into the intra-crystalline space of the hierarchically
structured TS-1 particles.

Therefore, the PFG NMR technique was applied in this study
to directly assess the diffusion characteristics of MO inside the
crystallites of three TS-1-based catalysts, i.e., a microporous TS-1
from microwave-assisted synthesis, and two micro-/
mesoporous TS-1 catalysts from alkaline treatment and from
alkaline treatment and a subsequent pseudomorphic trans-
formation, respectively.

The three TS-1-based catalysts, i.e., the initial TS-1 (TS-
1_ns70), and the post-synthetically treated micro-/mesoporous
TS-1 catalysts from alkaline treatment (D_NH3/TPAOH) and
from alkaline treatment and a subsequent pseudomorphic
transformation (R_D_NH3/TPAOH) were prepared as described
in ref. 4 Also, for the physicochemical properties as well as the
catalytic behavior of the three TS-1-based catalysts in the liquid-
phase epoxidation of FAME with hydrogen peroxide, the reader
is referred to ref. 4.

Fig. 1 displays diffusion attenuation curves obtained for the
three catalysts, i.e., the initial TS-1 (TS-1_ns70, Fig. 1A), and the
two micro-/mesoporous materials obtained from alkaline
treatment (D_NH3/TPAOH, Fig. 1B), and from alkaline treat-
ment followed by pseudomorphic transformation (R_D_NH3/
TPAOH, Fig. 1C) for diffusion times of 4, 18, 40 and 160 ms. All
attenuation curves are expectedly not mono-exponential sug-
gesting the presence of more than one molecular ensemble,
possessing different mobilities. According to the procedure of
the sample preparation, one shall expect a substantial amount
of bulk excess of MO outside the pellets, and a fraction of MO
that may occupy an inter-crystalline space between the indi-
vidual crystallites within the pellet (see Fig. S1 of the ESI†).
Contribution of these fractions is seen from the curves pre-
sented in Fig. 1A, and can satisfactorily be described using eqn
(S1) of the ESI† by a sum of two exponents. The result of such
tting is given by a solid line and shows good agreement with
Fig. 1 1H PFG NMR diffusion attenuation curves obtained for MO in the p
for 8 ms (squares), 18 ms (circles), 40 ms (stars) and 160 ms (diamonds) o
and 3-exponential (B and C) fits of the data using eqn (S1) of the ESI.† Th
a separate experiment. The arrows point to the different sections of the a
bulk-like diffusion outside pores, (2) – long-range diffusion caused by exc
the inter-crystalline space, and (3) – diffusion within mesopores.

38942 | RSC Adv., 2018, 8, 38941–38944
the experimental data obtained for the diffusion times in the
range from 8 to 160 ms. All results of the tting are summarized
in Table 1.

The self-diffusion coefficient representing the faster
diffusing component is denoted as D1 and is equal to the
diffusivity value of the bulk MO within the uncertainty of the
experiment. The latter was measured in a separate diffusion
experiment with only bulk MO inside the NMR tube at the same
temperature (298 K) in which the self-diffusion coefficient D1 ¼
1.7 � 10�10 m2 s�1 was obtained. This value was xed in the
tting of diffusion decays in Fig. 1. The decay that corresponds
to this diffusivity is presented in Fig. 1(A–C) by dashed lines.
The self-diffusion coefficient representing the slower diffusing
component in Fig. 1A is denoted as D2 and is assigned to MO
diffusing within the inter-crystalline space, i.e., in the voids
between the crystallites of TS-1 generated during pelletization.
The observed two-exponential decay suggests that MO located
within the pellets diffuses slower resulting in an approx. 3-fold
smaller self-diffusion coefficient (D2 ¼ 5 � 10�11 m2 s�1)
compared to D1.

The root mean squared displacements (RMSDs) of the MO
molecules can be estimated using the Einstein relation:
RMSD ¼ ffiffiffiffiffiffiffiffiffiffi

6Dtd
p

. The RMSD for the shortest observation time (8
ms) results in 1.5 mm for the MO located between the crystallites
(Table 1). This value is 2–3 fold larger than the size of the
crystallites, thus, resulting in the lower self-diffusion coefficient
compared to the value in the bulk phase. Absence of a time
dependence of the self-diffusion coefficient D2 can be caused by
approximately similar size and tortuosity of the inter-crystalline
space throughout the pellet. This does not change signicantly
aer MO molecules “explore” more than a few crystallites
during the observation time. At the same time, the RMSD is
much smaller than the size of the pellets (�100–200 mm)
resulting in slow molecular exchange with the MO located
outside the pellets, i.e., in the bulk liquid phase. As expected,
due to the narrow micropore width of TS-1 (�0.5 nm), the
component corresponding to possible diffusion within micro-
pores was below the detection limit.

Fitting of diffusion data obtained for the micro-/mesoporous
materials D_NH3/TPAOH and R_D_NH3/TPAOH as presented in
resence of TS-1_ns70 (A), D_NH3/TPAOH (B) and R_D_NH3/TPAOH (C)
f diffusion time at 298 K. The solid lines represent the 2-exponential (A)
e dashed lines represent the attenuation of the pure MO measured in
ttenuation curves, in which different diffusion process dominate: (1) –
hange between the spaces inside and outside pores and/or diffusion in

This journal is © The Royal Society of Chemistry 2018
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Table 1 Self-diffusion coefficients and calculated RMSDs from the fitting of attenuation curves plotted on Fig. 1 using the eqn (S1) of the ESI

Catalyst Da/ms D1
b/10�10 m2 s�1 RMSD/mm D2/10

�11 m2 s�1 RMSD/mm D3/10
�12 m 2s�1 RMSD/mm

TS-1_ns70 8–160 1.7 2.8–12.8 5 � 1 1.5–6.9 n.d. n.d.
D_NH3/TPAOH 8 1.7 2.8 4 � 1 1.4 � 0.1 3 � 1 0.4 � 0.1

18 1.7 4.3 3 � 1 1.8 � 0.3 2 � 1 0.5 � 0.2
40 1.7 6.4 4 � 1 3.1 � 0.4 3 � 2 0.8 � 0.3
160 1.7 12.8 4.5 � 2.5 6.6 � 2.2 3 � 2 1.7 � 0.7

R_D_NH3/TPAOH 8 1.7 2.8 2.8 � 0.3 1.2 � 0.1 1.2 � 0.2 0.24 � 0.02
18 1.7 4.3 2.9 � 0.3 1.8 � 0.1 1.2 � 0.2 0.36 � 0.03
40 1.7 6.4 2.6 � 0.8 2.5 � 0.4 1.3 � 0.7 0.56 � 0.18
160 1.7 12.8 3 � 1 5.4 � 1.0 1.1 � 0.9 1.03 � 0.59

a The diffusion time td ¼ D � d/3. b Parameter D1 ¼ 1.7 � 10�10 m2 s�1 was xed in the tting procedure.
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Fig. 1B and C requires consideration of at least three compo-
nents. In addition to the diffusion in the bulk phase (including
the space between the pellets) D1 and diffusion in the inter-
crystallite space D2 (within the pellets), it is reasonable to
assign the third component (D3) to diffusion within the meso-
pores of the crystallites of the materials from post-synthetic
treatment of the parent TS-1. The width of the mesopores in
the alkaline treated material, 3–40 nm, is large enough to
accommodate MO, having a largest dimension of �2.5 nm (ref.
14) and a certain degree of a chain exibility. It has to be
mentioned that, if MO has indeed access to the mesopores, for
the treated samples the ensemble contributing to part of the
diffusion decay resulting in D2 cannot be related to diffusion
between the crystallites only. For the probed diffusion times,
the resulting RMSDs (1.6–6.6 mm) are long enough for partial
diffusion within the mesopores. This is the case when mole-
cules spend part of the time inside mesopores and part of the
time outside, i.e., they undergo an exchange between the inter-
crystalline space and mesopores of the crystallites themselves.
Under such conditions, the diffusion process resulting in D2 has
to be treated as long-range diffusion.15

Diffusion of MO in the mesopores of the post-synthetically
treated materials results in the intra-crystalline self-diffusion
coefficients 3 � 10�12 m2 s�1 for the alkaline treated D_NH3/
TPAOH and 1 � 10�12 m2 s�1 for the alkaline treated and
pseudomorphically transformed R_D_NH3/TPAOH TS-1-based
catalyst. These diffusion coefficients do not reveal any time
dependence. Both values are almost two orders of magnitude
lower than the diffusivity in the bulk liquid phase surrounding
the pellets. This suggests that small mesopores within the TS-1
crystallites impose a strong connement on the mobility of MO
in the treated micro-/mesoporous materials. The RMSDs
calculated for the smallest observation time used in the exper-
iment (8 ms) results in �0.24 mm and �0.4 mm for the materials
D_NH3/TPAOH and R_D_NH3/TPAOH, respectively. These
values are smaller or comparable to the sizes of individual
crystallites of TS-1 (�0.5–1 mm) seen in the SEM images (see
Fig. 6 of ref. 4). This suggests that the observed diffusivities D3

are predominantly determined by the diffusion within intra-
crystalline mesopores. Analysis of the obtained RMSDs
suggests absence of pore blockages for the MO diffusion on the
length-scale comparable to the size of the crystallites. Thus, one
may conclude that the network of mesopores within the TS-1
This journal is © The Royal Society of Chemistry 2018
crystallites is accessible for MO on the millisecond time-scale.
A threefold difference in the intra-crystalline diffusivities can
be explained by the higher fraction of larger mesopores in the
range 10–40 nm (0.11 cm3 g�1) in D_NH3/TPAOH than in
R_D_NH3/TPAOH (0.05 cm3 g�1, see Table 1). This imposes less
connement on diffusion of adsorbed MO. It is in complete
accordance with the higher fraction of smaller mesopores in the
width range of 3–10 nm aer pseudomorphic transformation in
R_D_NH3/TPAOH compared to D_NH3/TPAOH.

The tting parameters pi presented in eqn (S1) of the ESI†
reect the contribution of a certain component possessing the
diffusivity Di and are proportional to the number of molecular
nuclei diffusing with Di during the observation time td.
However, obtaining the exact mole fractions for each compo-
nent would require knowledge of the nuclear spin relaxation
times (T1, T2) of each of the three components. The procedure of
the correct determination of the relaxation times affecting
observed signal in the diffusion experiment is described in the
ref. 16. Following this procedure, it was, unfortunately, not
possible to extract corresponding relaxation times due to
insufficient signal-to-noise levels. It is worth noting the molec-
ular exchange between the intra- and inter-crystalline pore
spaces cannot be completely ruled out, and thus might also
affect the pi-values.

The diffusivities of the MO within the mesopores of D_NH3/
TPAOH and R_NH3/TPAOH are of the same order of magnitude
(see values of D3 presented in Table 1). From this, one may
conclude that the active Ti sites on the (internal) surface of these
hierarchical catalysts are similarly accessible for the MO mole-
cules. However, the catalytic activity of the pseudomorphically
transformed material (R_D_NH3/TPAOH) was found to be
notably higher than for the catalyst from alkaline treatment only
(D_NH3/TPAOH).4 The observed differences in activities, thus,
might be caused by additional factors, e.g., by differences in
surface hydrophilicity of the materials present aer alkaline
treatment and pseudomorphic transformation. Addressing this
point would require additional studies in which, for example, the
hydrophobicity of the mesopore surface of the treated samples
will be probed by water sorption isotherms.

The present contribution represents rst successful experi-
mental results on molecular self-diffusion coefficients of MO
conned to mesopores of catalytically active molecular sieves
with a hierarchical micro-/mesopore system. As a case study, the
RSC Adv., 2018, 8, 38941–38944 | 38943
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self-diffusion processes of MO in pelletized TS-1-based catalysts
containing mesopores of 3–40 nm pore width as a result of
a post-synthetic treatment were investigated. Three different
diffusion regimes in the treated catalysts were observed: (i)
intra-crystalline diffusion within mesopores, (ii) long-range
diffusion in the mesopore and in the inter-crystalline space of
a pellet, and (iii) bulk-like diffusion in the voids between and
outside the pellets. The intra-crystalline diffusivities are
approximately two orders of magnitude lower compared to
those of diffusion in the bulk phase at the same temperature. In
the parent microporous TS-1, no diffusion of MO within the
crystallites was observed (as expected). The experimental data
suggest that the mesopore network of the hierarchical micro-/
mesoporous TS-1-based catalysts is well interconnected and
accessible for MO molecules at room temperature. This,
however, does not rule out possible existence of isolated mes-
opores being not accessible for methyl oleate. In such case,
introduction of mesopores might not facilitate the intra-
crystalline transport, such as it has been reported in ref. 3. To
clarify this, further microscopy studies are required. The ob-
tained self-diffusion coefficients allow the estimation of the
time required for MO to diffuse through the entire pellet at
room temperature. Moreover, the diffusivities differ for the
materials with different width fractions of intra-crystalline
mesopores. Finally, the presented diffusion data demonstrate
the feasibility of application of the PFG NMR technique for the
direct determination of diffusion coefficients of highmolecular-
weight long-chain hydrocarbons and oxygen-functionalized
derivatives, such as MO, in catalysts with hierarchically struc-
tured pore systems.
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Eng. J., 2017, 329, 45–55; (b) G. Wang and M.-O. Coppens,
Chem. Eng. Sci., 2010, 65, 2344–2351.

11 D. Schneider, D. Mehlhorn, P. Zeigermann, J. Kärger and
R. Valiullin, Chem. Soc. Rev., 2016, 45, 3439–3467.

12 S. M. Wang, R. Kanungo, B. Nohair, S. Vasenkov and
S. Kaliaguine, Diffusion fundamentals, 2011, 16, 1–2.
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