Sorption Enhancement

Angewandte

DOI: 10.1002/ange.200803869

Enhancement of Sorption Processes in the Zeolite H-ZSMS by
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Medium-pore-size zeolites such as H-ZSM5!! are key catalyst
components in many petrochemical and refining applica-
tions.’ These molecular sieves are used not only in catalytic
processes such as toluene alkylation,™®! disproportionation,
and xylene isomerization,>!*"! but also for hydrocarbon
separation.!" Shape-selective sorption and transport!!®116 of
(substituted) aromatic molecules are the key zeolites proper-
ties for these applications. Surface modification by chemical
liquid deposition (CLD) and chemical vapor deposition
(CVD), or modification of the outer surface and the pore
apertures by precoking, has been used to fine tune these
properties.'”!%l Recently, we experimentally differentiated
the elementary steps during sorption of rigid molecules such
as alkyl benzenes into the pores of the zeolite MFI. Using fast
time-resolved infrared spectroscopy to monitor these trans-
port and diffusion processes,'*!” a complex, interconnected
network of sequential transport steps has been established, as
schematically depicted for benzene in Figure 1. The derived
model is able to coherently explain several unconnected
theoretical™®? and experimental®?" studies focusing on
sorption and diffusion®?! of aromatic molecules.

Overall, the macroscopic sorption process consists of five
consecutive steps. These include collisions of gas-phase
molecules with the external zeolite surface (Figure 1b), the
sorption into a physisorbed surface state characterized by
high two-dimensional mobility (Figure 1c), the parallel
adsorption on terminal hydroxy groups (Figure 1¢,d), and
the diffusion into the pores and subsequent sorption at
intrapore sites (Figure 1£).'% Direct experimental evidence
showed that the sticking probabilities for aromatic molecules
on H-ZSMS5 are unexpectedly small (on the order of 1077).
Such low values are the consequence of the difference
between the gas-phase and surface degrees of freedom in
rigid molecules.’”! Primarily, the sticking of the aromatic
molecules is governed by the sorbate mass and the decrease of
entropy in the sorption process. The latter contribution is
critically influenced by factors such as the geometrical sorbate
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Figure 1. Schematic model describing the elementary transport steps
from the gas phase with free molecular motion (a) to the active sites
of H-ZSMS5 during benzene sorption (adapted from reference [14]). A
typical sketch of a H-ZSMS5 crystal is shown with the zeolite lattice
highlighted in blue and the hydrogen atoms in white. Preliminary
collision with the zeolite surface (b), trapping in a weakly bound
surface state (c), high surface mobility (d), parallel transport to the
active sites (e) and in the pores (f), and finally intracrystal diffusion

(8)-

dimensions, symmetry, and the space occupied on the surface
as well as by the external morphology.®!! The observed order
of the sticking probabilities on unmodified H-ZSMS5 (p-
xylene > benzene > o-xylene > toluene) agrees perfectly with
the estimates by statistical thermodynamics, suggesting that
overall, the sticking probabilities are strongly entropically
controlled.”**

Sorption of the relatively rigid aromatic molecules shows
that the sticking probability is highly sensitive to the number
of statistically favorable orientations of the molecules during
the collision with the external surface.’!! Enhancing the total
number of advantageous orientations of the molecules on the
surface would lead to enhanced trapping of the molecules
after the collision and as a direct consequence to markedly
increased sticking probabilities. Using these results, it has
been predicted that increased relative surface roughness, that
is, a three-dimensionally structured surface induced by
postsynthetic surface modification, enhances the number of
advantageous orientations of symmetric molecules such as
benzene in the sorption process, as it would allow them to
retain a higher flexibility in their degrees of freedom when
adsorbing from the gas phase.

With this background in mind, surface-modified H-ZSM5
zeolites were prepared as prototypes of a new series of
zeolites that show enhanced sorption properties compared to
conventional materials. Silica overlayers were prepared on H-
ZSMS5 (average particle size of 0.5 pm and Si/Al=45:1), by
reaction with tetraethylorthosilicate (TEOS) and subsequent
hydrolysis and calcination. The unmodified sample is denoted
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H-ZSM5-p; the two TEOS-modified samples are called H-
ZSM5-1m and H-ZSMS5-3m, corresponding to one or three
cycles of modification and calcination, respectively. The
transmission electron micrographs of H-ZSM5-p show a
clean, well-defined surface terminating the crystalline zeolite
(Figure 2), suggesting a surface structure similar to that

modified

N

Figure 2. TEM images of typical H-ZSM5-p and modified H-ZSM5-3m
samples in powder form. The inset emphasizes the partial fragments
and overlayers of amorphous SiO, deposited on the surface. Combined
with nitrogen physisorption measurements, the micrographs indicate
an average thickness of the SiO, fragments of 2.5 to 3.0 nm. The
fragments form large micropores of about 1.5 nm aperture.

depicted in Figure 1. In contrast, the crystalline core of the
modified material was (partially) surrounded by a thin and
untextured region attributed to an amorphous SiO, layer
(Figure 2). TEM images indicate the average thickness of the
deposited layer to be 2.5-3.0 nm. Estimates based on the
average crystallite size obtained by scanning electron micro-
scopy (SEM) and the amount of TEOS added during the
synthesis suggest an average thickness of approximately
3.0 nm. The statistically and randomly distributed deposits
of SiO, on the zeolite generated by TEOS chemisorption,
hydrolysis, and calcination led to a roughened external
surface consisting of a porous amorphous overlayer. As a
secondary effect, a minor fraction of the zeolite pores may be
blocked or narrowed. Nitrogen physisorption (Table 1 and
Figures S3 and S4 in the Supporting Information) was used to
characterize the porosity of the amorphous layer.

During modification, TEOS is
hydrolyzed in the first step and
condensed during the subsequent
calcination steps, thus forming
free hydroxy groups at the surface
and in the pore mouth region, as

Table 1: Selected structural properties of H-ZSM5-p and H-ZSM5-3 m.

Sample Seer Vimicro Vineso Viotal
(m*g™] [cm’g™] [cm’g™] [cm’g™]
H-ZSM5-p 423 0.121 0.017 0.364
H-ZSM5-3m 383 0.113 0.031 0.322
induced change —40 —0.008 +0.014 —0.041

ered by SiO, with an average thickness of 2.5-3.0 nm, which
partially narrows the pore openings accidentally and forms
large microporous channels with apertures of about 1.5 nm.
The individual sorption rates at the hydroxy groups on the
outer surface and in the pores of the zeolite were studied by
time-resolved rapid-scan IR spectroscopy. The coverage of
the sorption sites was determined directly from the intensity
changes of the bands using known molar absorbance coef-
ficient. For H-ZSMS5, the stretching vibrations located at 3745
and 3610 cm ™!, assigned to terminal and bridging hydroxy
groups, were used to monitor the uptake of molecules on
external and intrapore hydroxy groups. The molar extinction
coefficients were determined from the concentration of these
groups studied by 'H MAS NMR (MAS = magic-angle spin-
ning). The coverage changes during the rapid-scan experi-
ment were fitted with an exponential function [see Eq. (1) and
reference [30]] to calculate the initial sorption rates ri;.

Ac OH,eq

1)

—t)t0 1<Tad _
Vini = kad AcOH,cq € N kad ACOH.cq I 4
a

Here, k,q is the adsorption rate constant, Acgyq is the
change in equilibrium coverage of hydroxy groups, ¢ is the
scan time, and 7,4 is the time constant of adsorption. The
characteristic time profiles of the coverage of the SiOH and
SiOHAI groups are compiled in Figure 3, and the initial
sorption rates are compared in Table 2.

Identical time constants were observed before and after
modification for the terminal hydroxy groups, while the
equilibrium coverage decreased after modification. This
change is paralleled by the reduced concentration of the

described by Zheng etal.”! A

layer of SiO, consisting of large I
micropores (or small mesopores)
is formed with an average poros-
ity of approximately 30 %, calcu-

Aclumol g

lated from the total amount of
deposited SiO, combined with the
N, physisorption. Especially the
increase in mesopore volume

(+1.4x102cm’g™") of H-ZSMS5-
3m should be mnoted. Taken
together, all characterization
methods suggest that the H-
ZSM5S crystals are partially cov-
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Figure 3. Coverage changes Ac of terminal (left) and bridging hydroxy groups (right) at 403 K on the
materials H-ZSM5-p (0), H-ZSM5-1m (0), and H-ZSM5-3m (2) during a periodic volume perturba-
tion around the equilibrium partial pressure of 0.06 mbar.
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Table 2: Equilibrium coverage changes, characteristic time constants, and initial sorption rates on
terminal and bridging hydroxy groups at 403 K together with the sticking probabilities « for benzene on

the series of surface modified H-ZSM5 zeolites.

Angewandte

H-ZSM5-3m/H-ZSM5-1m. These
ratios are in perfect agreement
with the values determined from

SiOH SiOHAI the uptake rates (summarized in
Sample Ac, T i Ac, T i ax10”  Table 2). Thus, it is well established
[umolg™] [s]  [wmolg™'s]  [umolg™] [s]  [wmolg™'s™] that the rates of benzene adsorp-
H-ZSM5-p 0.145 3.5 0.042 0.978 20 0477 2.10 tion on the hydroxy groups inside
H-ZSM5-Tm 0.096 3.7 0.026 0.907 1.2 0.741 2.48 the =zeolite pores are strongly
H-ZSM5-3m 0.060 3.6 0.017 0.722 0.7 1.044 2.96 enhanced after surface modifica-
tion with a porous silica overlayer.
free SiOH groups (band at 3747 cm™) in the sequence H- 045
ZSM5-p > H-ZSM5-1m > H-ZSMS5-3m, as deduced from the '
IR spectra of the activated zeolites. In the case of bridging 0124 P S A AR S
hydroxy groups, the time constant 7 decreased continuously ' ad
from 2.0 to 0.7 s with surface modification, indicating an T 0o 4 -.O‘O'O"O’O'O'O'O'O'O'O'O'O‘O‘O‘O’C
increasing sorption rate with an increasing amount of SiO, . ] 9 /
deposited during modification. Thus, the sorption rates for the aclumol g j de
two possible sorption pathways double for the three-fold 00674 o/
modified sample compared to the parent sample under )’ /
identical experimental conditions. This increase appears to 0037
be related to the greater sticking probabilities, which also 000
- LNLEN B B B AR B

increased by the same factor. Hence, the present data show
for the first time that it is possible to increase the sorption rate
of benzene by roughening the external surface of the particle
by modification. For the nearly rigid and highly symmetric
benzene molecule, the roughened surface and the open pore
structure allow more entropically favorable orientations of
the molecules during collision with the surface, which
increases the probability that they are successfully trapped.
Benzene colliding with the modified surface appears to be
directed to the pore openings. Statistically unfavorable gas-
phase orientations, for example with the benzene ring plane
distinctly tilted with respect to the zeolite surface, are
gradually adjusted during the transport through the overlayer,
thus leading to successful trapping and direction of the
molecules into the weakly bound physisorbed state. As the
formed mesopores have diameters about two times larger
than the kinetic diameter of benzene (0.58 nm), additional
transport limitations are not generated.

However, this effect would not account for sterically more
demanding molecules such as p-xylene (length 0.98 nm) with
typical dimensions roughly the same size as the large micro-
pores in the SiO, layer. Preliminary experiments with such
molecules indeed show a retardation of the sorption rate by
surface modification. Tailored surface modification increases
the sorption rate of molecules that have a kinetic diameter
much smaller than the size of the micropores generated in the
overlayer. Additional support for this conclusion is given by
pressure-step variations of benzene at low coverage. The
changes in the coverage of the bridging hydroxy groups with
benzene, calculated from the IR intensities, are shown in
Figure 4. The initial slopes of the uptake curves directly
represent the initial sorption rates and follow the same
sequence (H-ZSM5-p < H-ZSMS5-1m < H-ZSM5-3m) previ-
ously described for the time-resolved experiments with
repeated modulation of the pressure in a small interval. The
ratios of the SiOHALI sorption rates were 1.8 for H-ZSM5-1m/
H-ZSM5-p (sorption is faster for modified sample) and 2.6 for
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Figure 4. Time-resolved sorption profiles for benzene on SIOHAI sites
of H-ZSM5-p (@), H-ZSM5-Tm (0), and H-ZSM5-3m (@) after an
initial pressure step from 0 to 0.11 mbar at a temperature of 403 K.

To ensure that the enhancement of the intrapore sorption
rates does not result from experimental artifacts or from the
blockage of a fraction of the pore volume after modification,
sorption isotherms were measured by IR spectroscopy. The
uptake of benzene on the SiOHAI groups at the typical
pressure difference of the rapid-scan experiment is identical
to the uptake calculated from the sorption isotherm at these
pressures, thus clearly confirming that all hydroxy groups
were accessible (Figure 5). To establish that the higher uptake
rates can also be practically implemented for separation
processes, transport diffusivities were determined using
pressure—frequency response measurements.

The characteristic functions of the frequency response
experiment in a temperature range of 343 to 423 K are shown
in Figure 6, and the values for the transport diffusivities D,
are summarized in Table 3. In agreement with the rapid-scan
IR spectroscopic measurements, the transport diffusivities
increased upon modification, thus revealing faster transport
in the modified material. The apparent activation energies of
diffusion for parent and modified sample were 23 and
24 kI mol ™!, respectively, and are in the range expected from
previous studies.”>*! The corresponding pre-exponential
factors increase significantly from 3.0x107' to 8.0x
107" m?*s™! by modification. The equal energies of activation
indicate that the surface modification does not increase the
energy required for benzene to diffuse into the zeolite. Such
an enthalpic barrier leading to higher observed energies of
activations for adsorption would have been expected for
markedly narrowed pores. In turn, the higher sticking
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Figure 5. Comparison of the dynamic time-resolved IR spectroscopy
measurements (left, top) and the equilibrium sorption isotherms
(right) for benzene sorption on the bridging hydroxy groups of
unmodified H-ZSM5-p at 403 K. The pressure cycle for the dynamic IR
spectroscopy measurements is shown on the bottom left.

Kidi 0.4
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Figure 6. Characteristic in-phase (left) and out-of-phase (right) pres-
sure—frequency response functions K0; for benzene on H-ZSM5-p
(top) and H-ZSM5-3m (bottom) at 373 (<, &), 403 (¢, O), and 423 K
(>, 0).

coefficient can be understood by analyzing the elementary
steps of the adsorption process.

It has been shown theoretically that the probability for a
given molecule to enter a pore dramatically increases as the
pore size increases.* The amorphous surface layer contain-
ing mesopores and large micropores pores will, therefore,
allow a larger fraction of molecules to directly adsorb into
mesopores, thus enhancing the sticking coefficient. In more
general terms, the higher pre-exponential factor is interpreted
as being due to the retention of a higher portion of the
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Table 3: Diffusion time constants L?/D,, transport diffusivities D,, and
frequency response parameters for equilibrium uptake K at varying
temperatures compiled for parent and threefold modified H-ZSM5

H-ZSM5-p H-ZSM5-3m
T L*/Dy D, K L*/D, D, K
(K] [s] [m*s™] [s] [m*s™]

343 27.7 9.0x10°" 0.75 9.7 2.6x107™ 0.70
373 14.2 1.8x107™ 0.47 4.7 5.4x107 0.46
403 8.9 29x107% 030 25 1.0x107" 0.32

entropy compared to adsorption on the surface of the parent
zeolite (see Figure 1), which has only micropore openings at
the outer surface. Note that on the relatively flat surface of
the parent zeolite the molecules adsorb into a state similar to
a two-dimensional gas, while in the mesoporous surface, a
three-dimensional component in the movement of the sorbed
particles is retained.

The silica overlayer functions as funnel for the sorbing
molecules to direct them into the micropores, and it provides
for a gradual loss of the entropy instead of the step change
found in the parent material (Figure 7). As a direct conse-
quence, the pore diameter of the overlayer is crucial for the
successful synthesis of materials with improved sorption
properties. The larger the pores, the higher the enhancement
should be. On the other hand, we expect to see a gradual
reversion of this positive effect as the free rotation of the
sorbed molecules in the pores of the overlayer is be hindered
with increasing diameter of the sorbed aromatic molecules.

We have shown that new surfaces can be tailored by a
hierarchical structure of pores over a microporous material.
Such surface modification can be realized by a silica over-
layer, which reduces the concentration of terminal free
hydroxy groups on the external surface and of nonselective
bridging hydroxy groups in the pore-mouth region. It is
remarkable that the coverage does not lead to enhanced
blockage of a larger portion of the channels and that all acid
sites in the zeolite remained accessible after modification. The
enhanced sorption rate at sites inside the pores results

SiO; layer

/=3.0nm

H-ZSM5
D,=0.5pum

d, = 0.53 -0.56 nm ¥

Figure 7. Schematic depiction of H-ZSM5 zeolite crystals shown in
cross-section (left), with average diameter D,=0.5 um and silica
overlayer on the surface with thickness of /=2.0-3.0 nm, and in top
view (right). The overlayer, containing large micropores with average
diameter d,, around 1.5 nm, functions as a funnel directing the sorbing
benzene molecules into the micropores of the zeolite (d,=0.53—-

0.56 nm).
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primarily from the increase in the sticking probability through
the gradual loss of entropy upon collision with the roughened
surface and the mesoporous overlayer; this increase is
achieved without creating barriers that have to be overcome
by energy. This is, however, aided by the effect of the
mesopores and large micropores in the overlayer, which lead
to a larger concentration of molecules in these pores and as
consequence to a larger transport rate to the zeolite micro-
pores. The size of the mesopores needs to be sufficiently large
to allow free rotation about the longest axis of the molecule.

Preliminary experiments indicate that the advantage of
the overlayer design turns into a disadvantage if this rotation
is not possible, leading to a retardation of the sorption of
molecules with identical minimum but different maximum
diameter. Although unlikely, it cannot be fully excluded,
however, that the lower concentration of hydroxy groups at
the outer surface also aids the higher uptake rate. The
enhancement of the sorption rate into zeolites by chemical
modification of the outer surface, as reported herein, high-
lights a new strategy to enhance separation without an overall
retardation of the sorption rates. By tailoring the overlayer
pores and maximizing the roughness of the outer surface, it
should be possible to synthesize surface-modified materials
that enhance the sorption rate of small molecules and at the
same time retard the sorption rate for slightly larger ones,
even if the two species have identical minimum Kkinetic
diameters.

Experimental Section

Materials: Commercial zeolite H-ZSMS5 provided by Siid-Chemie
AG with Si/Al=45:1 (measured by atomic absorption spectroscopy)
and an average crystal size of 0.5 um (evidenced by SEM) was used
for the experiments. Concentrations of terminal and bridging hydroxy
groups were determined to be 0.27 and 0.21 mmolg™' by 'H MAS
NMR spectroscopy (see Figure S1 in the Supporting Information).
Additional Al MAS NMR spectroscopy confirmed that there was
no change in the concentration of framework aluminum during
modification.”®! Postsynthetic surface modification by chemical liquid
deposition of tetraethylorthosilicate was performed according to
Zheng et al.’*3* The resulting modified zeolites, denoted H-ZSM5-
1m and H-ZSMS5-3m, showed concentrations of terminal hydroxy
groups of 0.18 and 0.12 mmolg ' and of bridging hydroxy groups of
0.18 and 0.16 mmol g~!, respectively (determined by 'H MAS NMR;
Figures S1 and S2 in the Supporting Information). Spectroscopic-
grade benzene (GC standard, >99.96 %, Sigma—Aldrich) was used
without further purification.

Measurements: For IR spectroscopy, the powder samples were
pressed into self-supporting wafers (20 mgem™2) and inserted into a
vacuum cell. Activation was performed under vacuum (less than
1077 mbar) at 823 K for 1 h (first heated at the rate of 10 Kmin' and
then held at 823 K for 1 h). A periodic volume modulation (AV =
+ 5% ) was synchronized with the recording of the IR spectra in fast
time-resolved rapid-scan mode using a Bruker IFS 66 v/S IR spec-
trometer. A complete description of the full instrumental setup,
including the applied measurement principle, can be found else-
where.'** TEM images were obtained on a JEOL-2011 electron
microscope operated at 200 kV. The transport diffusivities of benzene
were measured using the frequency response method on powdered
zeolite samples dispersed on several layers of glass wool.” Sorbate
gases were added with a partial pressure of 0.3 mbar at temperatures
between 333 and 423 K, and the system volume was modulated
periodically with =1 % amplitude in the frequency range of 0.001 to
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5Hz. The pressure response of the system was recorded with a
Baratron pressure transducer. A planar sheet model taking into
account a Gaussian particle size distribution was used to fit the
experimental data. For the mathematical background, we refer to the
reviews by Yasuda.*** Nitrogen physisorption was measured using a
PMI Automated sorptometer at 77 K after outgassing under vacuum
at 473 K for at least 6 h. The apparent surface area was calculated by
applying the Brunauer-Emmett-Teller equation to the adsorption
isotherms over a relative pressure range from 0.03 to 0.15. The pore
volumes were evaluated using the o, comparative plot® with
nonporous hydroxylated silica®” as the reference adsorbent. Pore
size distributions were obtained by applying the Barrett—Joyner—
Halena (BJH) method!*! on the adsorption branch.
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