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Hierarchical TS-1 Through Ammonium Fluoride Etching
Thilali Akkal,[a, b] Ahcène Soualah,[a] Sophie Morisset,[b] Julie Rousseau,[b]

Nourrdine Chaouati,[a] and Alexander Sachse*[b]

Abstract: The impact of the NH4F etching on the textural and
catalytic properties of TS-1 was investigated. Two TS-1 with
different crystal sizes, i. e. 200 and 100 nm; were achieved,
with different textural properties as inferred from nitrogen
physisorption isotherms at 77 K, mercury porosimetry, pow-
der X-ray diffraction patterns and transmission electron
microscopy. The generation of larger mesopores within the
parent samples was observed together with a reduction of
the coherent crystal size (CCS) upon NH4F etching. The
generation of secondary porosity further did not result in an

alteration of the Si/Ti ratio, allowing to compare the catalytic
outcomes of the samples as a function of the textural
properties. It was found that the methyl-phenyl sulfide (MPS)
conversion kinetics importantly depend on the textural
properties of the catalysts. The initial velocity was found to
increase linearly with the reduction of the CCS until reaching
a plateau, indicating that diffusion limitation occur up to a
CCS of approximately 100 nm. Likewise, mono- and di-
oxidation product selectivity was governed by diffusion
issues.

Introduction

Zeolites present unique textural and chemical properties, which
make them very valuable in a number of industrial applications
including, catalysis, separation and adsorption. Yet, zeolites
have been described to be victims of their own success, as the
sole presence of micropores imposes diffusions limitations,
which might severely impact catalytic outputs.[1] Long diffusion
path lengths indeed often reduce catalytic activity and
selectivity by favoring the occurrence of secondary reactions.[2,3]

These might further negatively impact catalyst stability, as the
extended micropore system reduces importantly diffusion of
bulky molecules to and from the active sites.[4] The diffusion
path length is proportional to the Thiele modulus. This latter is
inversely proportional to the catalytic effectiveness factor. Long
diffusion path lengths favor low effectiveness factors. Hence,
only a fraction of the active sites are used in the catalytic
process.

In order to reduce these limitations, the reduction of the
diffusion path length is a sound solution, which can be
achieved by three approaches, i. e. the downsizing of the crystal
size of zeolites the development of bidimensional zeolites or
the development of hierarchical zeolites. Some approaches
have been published on the development of nanosized zeolites

(<100 nm) using microwave heating and ultrananosized zeo-
lites (<20 nm). Yet, these methods often feature the inconven-
ience of low incorporation of Ti into the zeolite framework and
low yields.[3,5,6] The achievement of bidimensional zeolites often
requires the use of expensive organosilanes.[7] As far as
hierarchical zeolites are concerned increased research efforts
have been made since the beginning of the present century for
the development and optimization of various strategies.[8] These
can be classified as constructive or destructive approaches. The
latter is realized through a post-synthetic treatment of a given
zeolite, which allows to generate secondary porosity within the
crystals. Due to the cost efficiency of many of these post-
synthetic strategies they emerge as most viable solutions for
possible industrial applications.[9] The most prominent strategies
are based on dealumination and desilication treatments that
allow through the use of water vapor, acid or alkaline treat-
ments to partially destroy the zeolite framework, hence
allowing for the generation of mesopores.[10]

Rather recently Valtchev and co-workers proposed a new
post-synthetic treatment based on the etching of zeolites with
aqueous NH4F solution.[11,12] It has been speculated that through
the hydrolysis of NH4F a highly active species, i. e. HF2

� ,
generates allowing for the unbiased leaching of Si and Al from
the zeolite framework, and preferentially attacks structural
defect zones in the zeolite crystals. This etching procedure has
been put forward as promising strategy as it allows to reduce
the impact on the overall zeolite acidity upon hierarchization.

The isomorphic substitution of aluminum of the zeolite
framework with heteroatoms leads to so-called zeotypes.[13] One
famous example is the introduction of titanium in the MFI
structure resulting to the well-known titanosilicalite-1 (TS-1),[14]

which revealed as highly active oxidation catalyst.[15]

As for classical zeolites there is a high quest for reducing
diffusion limitations and accessibility issues in such oxidation
catalysts. The development of purely mesoporous silica-titania
has revealed as one approach, yet these materials present a
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limited thermal and mechanical stability in comparison to the
zeolite-structured counterparts.[16–18]

The hierarchization of TS-1 is hence likely the most suitable
solution in order to achieve high catalytic activity and
minimized diffusion constrains.[19] Similar post-synthetic ap-
proaches as for classical zeolites have been applied for TS-1 and
are mainly based on desilication.[20–23] Such alkaline treatments
allow for the development of intracrystalline mesopores yet
lead to an important variation of the Si/Ti ratio, due to the
selective attack of framework silicon and partial collapse of the
framework.[24–26] As a function of the treatment mesoporosity of
different texture could be introduced as recently reviewed by
Yu and coworkers.[27] TS-1 etching using a mixture of HF-NH4F
has recently been reported leading to creation of rather tailored
mesopores of 15–30 nm.[28] In this contribution, we firstly
investigate the impact of the coherent crystal size and the NH4F
etching on the textural and catalytic properties of TS-1.

Results and discussion

Characterization of the parent TS-1 materials

Two parent TS-1 were prepared using a TPAOH/SiO2 ratio of
0.40 and 0.26 and named TS-1A and TS-1B, respectively. These
present important differences as far as their textural and
morphological properties are concerned (Table 1). For both the
nitrogen physisorption isotherms are characteristic for micro-
porous materials with micropore volume of 0.2 and 0.19 cm3 g� 1

for TS-1A and TS-1B, respectively (Figure 1). The isotherm for

TS-1B presents an important nitrogen uptake at elevated
relative pressures (>0.85) indicating the presence of interpartic-
ular condensation, typical for nanosized zeolites. This is further
inferred from the XRD powder patterns that allowed to
calculate a CCS of 177 and 95 nm for TS-1A and TS-1B,
respectively (Figure 2). These values confirm well the observa-
tions from TEM images for which the particle size of TS-1A is
roughly twice as high as for TS-1B (Figure 3).

The TPAOH amount in the synthesis only little impacts the
Si/Ti ratio, which amounts to 91 and 97 for TS-1A and TS-1B,
respectively. The coordination of the Ti sites was investigated
through DR-UV/Vis spectroscopy (Figure 4). For both samples a
principal band centered at 210 nm was observed, which is
characteristic for tetrahedral coordinated framework Ti
species.[33] Moreover, a very slight shoulder can be inferred at
around 260 nm related to the presence of some titano-oxide
oligomers (octa-coordinated Ti).[34] Hence varying the amount of
TPAOH in the synthesis little impacts the nature of the active
sites.

Characterization of the etched TS-1 materials

Upon etching with the NH4F solution important textural
modifications can be observed for both synthesized materials. A
reduction of 0.04 cm3 g� 1 of the micropore volume can be
observed for both (Table 1). For the hierarchical materials, an
important nitrogen uptake in the high relative pressure region
at 0.9�P/P0�1 is inferred, which indicates creation of larger
mesopores and macropores (Figure 1). This was confirmed from

Table 1. Textural and chemical properties of the prepared TS-1 samples.

Sample SBET
[a]

(m2 g� 1)
Sext

[b]

(m2 g� 1)
Vmicro

[c]

(cm3 g� 1)
Vmeso

[d]

(cm3 g� 1)
D[e]

(nm)
CCS[f]

(nm)
Si/Ti

TS-1A 473 46 0.2 0.04 150–230 177 91
TS-1AH 447 110 0.16 0.16 140–190 105 87
TS-1B 484 93 0.19 0.14 60–120 95 97
TS-1BH 414 130 0.15 0.2 40–120 49 99

[a,b] Specific (BET) and external surface area; [c,d] Micro and mesoporous volume; [e] Zeolite particle sizes based on TEM images; [f] Coherent Crystal Size.

Figure 1. Nitrogen physisorption isotherms at 77 K of the parent TS-1 and etched samples: a) TS-1A (black empty circles) and TS-1AH (green full circles), b) TS-
1B (black empty circles) and TS-1BH (green full circles).
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mercury intrusion (Figure 5). The parent sample (TS-1A)
presents intercrystalline void filling down to 100 nm. The
intrusion curve thereafter reaches a plateau, indicating the
absence of intracystalline macro- and mesopores in the sample.
Contrary, the etched sample TS-1AH present mercury intrusion
in the range of 100 to 10 nm, indicating the presence of macro-
and mesopors of 0.22 cm3 g� 1. This value compares well with
what was observed from nitrogen physisorption isotherms
(Table 1). This finding is confirmed by the TEM images, which
present the development of large cavities at the interior of the
TS-1AH crystals (Figure 3). By revenge, the developed meso-
pores are distributed rather homogenously within the crystals
for the smaller crystals TS-1BH.

The etching treatment has little impact on the overall
crystallinity of the samples and XRD powder patterns present
characteristic reflections of the MFI structure (Figure 2). The
calculated CCS values indicate reduction of the diffraction
domains for both etched samples (Table 1), which confirms the
hierarchization of the samples.

As it was previously observed for the Si/Al ratio in
silicoaluminate zeolite ZSM-5, the NH4F etching process little
impacts the Si/Ti ratio of the materials, confirming unbiased
extraction of Si and Ti (Table 1). The Ti sites moreover remain in
framework position during etching as indicated by DR-UV/Vis
spectra (Figure 4). This indicates that though important textural
modifications upon etching the chemical properties remain
unchanged.

The IR spectra of the etched samples resemble those of the
parent samples (Figure S1). In the region between 3000 and
4000 cm� 1, in which silanol vibrational bands are typically
observed, just a very slight band centered at 3730 cm� 1 can be
observed for both parent and hierarchical samples. This finding
indicates the presence of little silanols in the parent samples
and that the NH4F treatment does not create a significant
amount of silanol defects upon hierarchization.

Catalytic tests

The oxidation of sulfur containing compounds by catalytic
oxidation is a sound alternative for the ultra-deep desulfuriza-
tion of fuels.[34] Such sulfoxidation reactions have further been
claimed to present a major interest in the production of fine
chemicals.[35]

The catalytic performance of the parent TS-1 and etched
samples was compared in the mild oxidation of MPS with
hydrogen peroxide (Scheme 1). Figure 6 and Figure S2 present
the typical kinetic profiles of the MPS oxidation for the parent
and etched samples.[36] The oxidation results in the formation of
a sulfoxide (MPSO) and a sulfone (MPSO2). Productivity at
30 min of the MPS conversion is importantly impacted though

Figure 2. XRD powder patterns of parent TS-1 (black) and etched samples (green) for TS-1A (a) and TS-1B (b).

Figure 3. TEM images of parent samples TS-1A (a) and TS-1B (b) and of
etched samples TS-1AH (c) and TS-1BH (d).
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etching for the larger zeolite crystals and is 0.68 and
0.93 mmolg� 1 min� 1 for TS-1A and TS-1AH, respectively (Ta-
ble 2). As far the smaller crystals are concerned productivity is
higher for both the parent and the etched samples (for which
100% is achieved at 30 min). It is to note that a MPS conversion
of 17.4% was observed in a blank test, which is in agreement
with the result found in the literature.[37]

The initial velocity was found to be a function of the CCS
and increases almost linearly with decreasing CCS until reaching
a plateau for CCS values of smaller than 100 nm (Figure 6b), this
result is in good agreement with those found in the literature.[3]

Hence, it also indicates that the reaction is no longer diffusion
limited for materials featuring low CCS values and suggests that
the hierarchization of larger crystals has a similar impact as the
downsizing of the crystal size.

The CCS further impacts the selectivity of the reaction. As
can be observed for the variation of the MPSO2/MPSO ratio at
90% MPS conversion (Table 2). MPSO2/MPSO ratio is highest for
the samples featuring larger zeolite crystals (TS-1A) and smallest
for the hierarchical nano-crystals (TS-1BH) and amounts to 1.29

Figure 4. DR-UV-Vis of parent samples (black) and etched samples (green) for TS-1A (a) and TS-1B (b).

Figure 5. Mercury intrusion and extrusion on TS-1A (black, empty symbols)
and TS-1AH (green, full symbols).

Scheme 1. Catalytic sulfoxidation of MPS.

Table 2. The catalytic properties of the parent and treated TS-1.

Sample Vinit
[a] [mmolg� 1 min� 1] P30

[b] [mmolg� 1 min� 1) MPSO2/MPSO [at 90% conv.)

TS-1A 0.92 0.68 1.29
TS-1AH 1.4 0.93 1.01
TS-1B 1.55 0.97 1.15
TS-1BH 1.65 1 0.71

[a] Initial velocity; [b] Productivity at 30 minutes reaction.
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and 0.71, respectively. This indicates that the longer diffusion
path length in the TS-1A sample favors the secondary reaction
towards the sulfone, whilst for materials presenting shorter
diffusion path length (TS-1BH) higher conversion into the
mono-oxidized product is achieved, which rapidly diffuses out
of micropores. This fosters the observation reported by
Martausova et al.[38] who reported a lower MPSO2 selectivity for
TS-1 based materials presenting a higher mesopore volume.

Conclusion

TS-1 materials with different crystal sizes could be achieved
through adjusting the SiO2/TPAOH ratio during synthesis. A
higher ratio favors the synthesis of smaller crystals with
otherwise similar properties as the larger crystals. The impact of
a post-synthetic NH4F treatment on the parent materials was
investigated as far as textural and catalytic properties were
concerned. The etching process allowed to increase mesopore
volume through the generation of larger mesopores. For
smaller zeolite crystals the development of more defined
mesopores within the crystals was observed. The etching
process allowed to maintain Si/Ti ratios, indicating similar
chemical properties of parent and etched samples. Both crystal
size and hierarchization have shown to importantly impact the
catalytic properties in the sulfoxidation of MPS. Initial velocity
increased linearly with decreasing CCS until reaching a plateau
at 100 nm. Indicating that for TS-1 based materials with CCS
smaller than 100 nm the reaction is no longer diffusion limited.
The textural properties furthermore play an important role on
the catalyst selectivity. For TS-1 with larger CCS higher
selectivity towards the di-oxidized product was observed, which
indicates the higher degree of secondary reactions for materials
featuring longer diffusion path lengths.

Experimental section

Materials

Tetraethylorthosilicate (TEOS, Acro organics, 98%), Titanium but-
oxide (TBOT Sigma–Aldrich, 97%), tetrapropylammonium hydroxide
(TPAOH Sigma–Aldrich, 40%), ammonium fluoride (Sigma–Aldrich,
>98%), acetonitrile (Sigma–Aldrich, >99.9%), toluene (Fisher
Chemical, >99%), methyl-phenyl sulfide (MPS, Sigma–Aldrich,
>99%) and H2O2 (Sigma–Aldrich, 30% in water) were used as
received.

Synthesis of parent TS-1 materials

TS-1 materials with two different particle size were synthesized
using an adapted procedure from van der Pol et al.[29] In a typical
procedure, TEOS and TBOT were stirred at 308 K for 2 h in a 250 ml
flat-bottomed flask. The mixture was thereafter placed in an ice
bath for 15 min and TPAOH was added dropwise under vigorous
stirring and kept at this temperature for 90 minutes. The mixture
was then heated at 353 K for 4 h until complete evaporation of
ethanol. Finally, the pH of the gel was adjusted to 12.2 by adding
deionized water. The molar ratio of the synthesis gel was
1TEOS :0.01TBOT : xTPAOH:H2O, with x=0.40 and 0.26 for TS-1A
and TS-1B, respectively. The gel was then transferred into a Teflon
stainless steel autoclave and crystallized at 443 K for 48 h under
rotation (120 rpm). The synthesized materials were recovered by
centrifugation, washed to neutral pH, dried at 80 °C overnight, and
finally calcined at 550 °C for 6 hours under air using a heating rate
(1 °C min� 1).

NH4F treatment

0.5 g of TS-1A or TS-1B were added to 10 g of a 40 wt% aqueous
NH4F solution at 50 °C under stirring during 90 minutes in a closed
vessel. After filtration and washing with deionized water (four
times), the recovered solids were dried at 80 °C overnight, and then
calcined at 550 °C for 4 h under air (1 °C min� 1). The resulting
samples were named TS-1AH and TS-1BH.

Figure 6. (a) Conversion of MPS (black squares) into MPSO (green empty circles) and MPSO2 (blue full circles) as a function of time for TS-1AH. (b) Initial
velocity (vInt) as a function of the Coherent Crystal Size (CCS).
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Characterization

X-ray powder diffraction patterns were recorded on a PANalytical
EMPYREAN X-ray diffractometer (operating at 45 Kv–40 mA), using
CuKα radiation (1.54059 Å), with a scanning rate 0.008° min� 1.
Coherent crystal size (CCS) was calculated using Williamson-Hall
analysis by using equation 1.[30]

cos q bT ¼
Kl

CCS
þ 4 e sin q (1)

DRUV-Vis spectra were collected from 200 to 800 nm using a UV-
Visible-PIR Cary 5000 Varian – Agilent with BaSO4 as a reference.
Nitrogen physisorption isotherms were measured on a Micrometrics
3Flex instrument at 77 K. Prior to the analysis, all samples were
degassed at 623 K for 10 h. The specific surface areas (SBET) was
calculated using the Brunauer–Emmett–Teller (BET) equation on the
linear zone of the BET plot using Rouquerol criterion.[31] Micro-
porous volume was determined from t-plot using the reference
described by Batonneau-Gener et al.[32] The total pore volume was
taken at P/P0 =0.96, the mesopore volume was estimated from the
difference of the total and micropore volume. Mercury porosimetry
analysis was performed using a Micromeritics AUTOPORE IV 9500.
The elemental composition of materials was determined by the use
of inductively coupled plasma atomic emission spectroscopy (ICP-
OES), using a Perkin Elmer Optima 2000DV instrument. Trans-
mission Electron Microscopy (TEM) images were recorded on a
JEOL 2100 instrument (operating at 200 kV with a LaB6 source and
equipped with a Gatan Ultra scan camera).

Catalytic tests

In a 50 mL three-necked round-bottom flask immersed in an oil
bath under strong stirring (1000 rpm) at 60 °C a solution of
1.5 mmol MPS, 15 mL acetonitrile and 1.5 mmol toluene (used as
internal standard) was prepared. 3 mmol H2O2 (30%) was added
and immediately thereafter 50 mg of activated catalyst was
dispersed in the mixture. The blank test was performed under the
same operating conditions but without the addition of a catalyst.
The reaction was followed through sampling of the reaction and
analyzed using an Agilent 7820 A gas chromatograph equipped
with a DB-5 (30 m×0.25 mm, 0.25 μm) capillary column and FID
detector. The conversion, productivity (P) and initial velocity were
calculated using equations 2, 3 and 4, respectively.

Conv: ðMPSÞ ¼
n0 MPSð Þ � nt MPSð Þ

n0 MPSð Þ
100 (2)

Pt ¼
nt MPSð Þ Conv: MPSð Þ

t m 0:01 (3)

vint ¼ a
n0 MPSð Þ

m 0:01 (4)

Where t, m, and n represent the time (min), used catalyst mass (g)
and moles products or reactants respectively. a represents the
slope of the variation of the MPS conversion as a function of time
taken between 0 and 15 minutes.

Supporting Information

Kinetic profiles of MPS conversion for TS-1A, TS-1B and TS-1BH
are available as supporting information.
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