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Small-crystal titanium silicalite-1 (TS-1) with a crystal size of about 600 nm x 400 nm x 250 nm, was
treated with different organic bases, including ethylamine, diethylamine, tetramethyl ammonium
hydroxide, tetrapropyl ammonium hydroxide and tetrabutyl ammonium hydroxide. The treated TS-
1 was characterized by X-ray powder diffraction (XRD), Fourier-transform infrared spectrum (FTIR),
ultraviolet-visible diffuse reflectance spectrum (UV-vis), X-ray photoelectron spectrum (XPS), n-hexane
and cyclohexane physical adsorption, nitrogen physisorption, inductive coupled plasma emission (ICP),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Modification with dif-
ferent bases led to different molar ratios of Si/Ti on the external surface, according to the XPS data. The
TEM images showed that many irregular hollows were generated during modification, due to the random
dissolution of framework silicon and titanium. The dissolved amorphous silica and titania recrystallize on
the external surface of the TS-1 crystals in the presence of template, and different axis-oriented recrys-
tallization occurred for different templates. Tetrapropyl ammonium favored a-orientation and tetrabutyl
ammonium favored b-orientation. Especially the modification with tetrapropyl ammonium hydroxide
improved the catalytic properties of small-crystal TS-1 for the hydroxylation of phenol. The conver-
sion of phenol reached 32.6% over small-crystal TS-1 modified with 0.06 mol/L tetrapropyl ammonium
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hydroxide for 72 h.
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1. Introduction

Since TS-1 was invented by Taramasso et al. [1], it has attracted
much attention, because of its unique catalytic oxidation properties
with hydrogen peroxide, such as the oxidation of alkanes [2], the
epoxidation of alkenes [3], the hydroxylation of aromatics [4] and
the ammoxidation of ketones [5]. The catalytic properties of TS-1
for reactions of smaller molecules (such as epoxidation of propene)
are excellent, but for reactions of larger molecules (such as the
hydroxylation of phenol) they were inadequate, due to the diffu-
sion limitation by the size of the channels (0.56 nm x 0.53 nm) [6].
Therefore, many studies focused on the improvement of the pore
structure of TS-1 [7] and the exploration of titanium-containing
mesoporous molecular sieves [8].

Benzenediols (catechol and hydroquinone) are important inter-
mediates used in spices, dyes, medicines and pesticides [9]. The
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traditional Rhone-Poulenc and Brichima routes for benzenediol
manufacture, using strong acid or base as the catalyst, pro-
duced much pollution and corroded the equipment seriously [10].
Hydroxylation of phenol with hydrogen peroxide over TS-1, which
was first commercialized by Enichem in 1986 [11], was an alterna-
tive environmental friendly route, using methanol and acetone as
the solvents at 353 K. The conversion of phenol could reach 25% in
the Enichem route, which was much higher than the conversions
reached in the Rhone-Poulenc route (5%) and Brichima route (10%).
However, many problems still exist, such as the short lifetime and
low output of the catalyst.

Tetrahedrally coordinated Ti (usually called framework Ti) is
considered as the active center for the hydroxylation of phenol
[12], while anatase TiO, would cause the decomposition of H,0,
[13]. Thus, researchers tried to increase the content of titanium
in the framework. However, titanium cannot be inserted into the
framework unlimitedly, due to the expansion of the lattice [14].
The maximum amount of titanium that can be introduced in the
framework by hydrothermal synthesis was reported to be 2.5 wt%
[15]. If the amount of titanium exceeds 2.5 wt%, it must exist as
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extra-framework Ti. Fan et al. obtained TS-1 free of extra-
framework Ti by adding ammonium salts such as (NH4 ), CO3 in the
hydrothermal synthesis [16], but the amount of framework Ti was
still less than the maximum. The gas-solid synthesis of Ti-ZSM-5,
using the precursor of dealuminated ZSM-5 [17] or deboronated
B-ZSM-5 [18], allowed to obtain a titanium content higher than
2.5wt%, but the catalytic activity of the resulting Ti-ZSM-5 was
lower than that of hydrothermally synthesized TS-1[19]. Therefore,
many studies were performed on the improvement of the catalytic
property of titanium silicalite [20] and the design of the reactor
[21]. It was reported that modification by TPAOH could generate
some mesopores, so that the diffusion limitation of substrates was
reduced and the catalytic activity increased [22].

Small-crystal TS-1 with a crystal size of about 600nm x
400 nm x 250 nm exhibits a high catalytic activity in the hydrox-
ylation of phenol [23], giving a phenol conversion of 22%. The
high activity is attributed to the following factors: (a) small crys-
tal size and large average pore diameter decrease the internal
diffusion limitation and (b) large surface area and rough surface
provide more active centers. In this contribution, we describe the
treatment of small-crystal TS-1 with dilute organic base solutions
of ethylamine (EA), diethylamine (DEA), tetramethyl ammonium
hydroxide (TMAOH), tetrapropyl ammonium hydroxide (TPAOH)
and tetrabutyl ammonium hydroxide (TBAOH) to further improve
the catalytic activity of small-crystal TS-1, and to study the effect
of bases on TS-1 and the reason for the improvement of activity.

2. Experimental
2.1. Synthesis and modification of TS-1

Small-crystal TS-1 was prepared in a hydrothermal system men-
tioned in Refs. [23,24], using colloidal silica (30 wt%) and titanium
tetrachloride as silicon and titanium sources, respectively. TPABr
was adopted as template and aqueous EA (65 wt%) as base. The
mother liquor of nano-sized TS-1, which was used as crystallization
seed, was prepared according to Ref. [25]. The molar composition
of the gel was:

n(SiO;) :n(TiO,) : n(TPABr) :n(EA) :n(H,0)=1:0.02:0.15:1.5:25

TiCl4 was added to isopropyl alcohol, and the obtained solution was
mixed with colloidal silica. Finally, TPABr, EA, seed and water were
gradually added to the colloidal silica. The resulting mixture was
stirred for half an hour, then transferred to a Teflon lined autoclave
and crystallized for 48 h at 170 °C. The obtained solid was purified
three times by precipitation method [24], followed by calcination
at 540°C for 6 h.

The modification with base was carried out in a Teflon lined
autoclave by keeping the as-synthesized small-crystal TS-1 and
dilute organic base solution isothermal at 170 °C, then washing and
calcining the obtained powder at 540 °C for 6 h. The modified sam-
ples were denoted as TS-1-X-C-T, while the X standed for the bases
(EA, DEA, TMAOH, TPAOH and TBAOH), the C for the concentra-
tions of bases (4, 6, 8 and 10 for 0.04, 0.06, 0.08 and 0.10 mol/L,
respectively) and the T for the modification time (24, 36, 48, 60,
72 and 120h). For example, the sample modified with 0.06 mol/L
TPAOH solution for 48 h was denoted as TS-1-TPAOH-6-48. The
unmodified sample was given TS-1-Null. For the sake of compari-
son, nano-sized TS-1 using the improved conventional method [26]
was synthesized and given TS-1-Nano.

2.2. Characterization of TS-1

X-ray powder diffraction (XRD) patterns were measured on
a Rigaku D/MAX-2400 using Cu Ka radiation. Fourier-transform

infrared (FTIR) spectra were recorded from 4000 to 400cm~! on a
Bruker EQUINOX55 spectrometer, and the KBr pellet technique was
adopted. Ultraviolet-visible diffuse reflectance (UV-vis) spectra
from 190 to 800 nm were obtained on a Jasco UV-550 spectrometer,
and pure BaSO4 was used as reference. X-ray photoelectron spec-
tra (XPS) were acquired with a Thermo VG ESCALAB250 instrument
using Al Ka radiation and operating at a constant power of 260 W.
The obtained spectra were analyzed by a curve-fitting program
XPSPEAK, which was helpful for finding the best fitting results. A
Perkin Elmer OPTIMA 2000DV Optical Emission Spectrometer pro-
vided the bulk element composition. Nitrogen physisorption was
carried out on a Quantachrome AUTOSORB iQ2 physical sorption
apparatus at 77 K. The surface area and pore volume were cal-
culated according to the BET and DFT methods, respectively. The
appearance of crystals was studied with a Hitachi S-4800 scan-
ning electron microscope and a Tecnai G220 S-Twin transmission
electron microscope. n-Hexane and cyclohexane adsorption were
carried out on a home-made physical sorption apparatus at room
temperature.

2.3. Hydroxylation of phenol

The hydroxylation of phenol was carried out in a glass batch
reactor. A total of 0.4g modified small-crystal TS-1, 8.4 mL of
acetone, 4.0 g of phenol and 30 wt% H,0, were added to the reac-
tor. The molar ratio of phenol/H,0, was 3/1. The reaction was
operated at 80°C for 6h, and the residual H,O0, was checked by
iodometric titration. The products were analyzed on a Tianmei
7890F gas chromatograph with a FID and a SE-30 capillary col-
umn (30 m x 0.25 mm x 0.5 pwm). The products were catechol (CAT),
hydroquinone (HQ) and para-benzoquinone (PBQ). The conversion
of H, 05 (X(H205)), conversion of phenol (X(PHE)), selectivity of CAT
(S(CAT)), selectivity of HQ (S(HQ)), selectivity of PBQ (S(PBQ)) and
utilization of H,0, (U(H;0,)) were calculated as follows:

X(H202) = (no(H202) — n(H205))/no(H207)

X(PHE) = 1—n(PHE)/(n(PHE) + n(CAT) + n(HQ) + n(PBQ))
S(CAT) =n(CAT)/(n(CAT)+n(HQ) + n(PBQ))

S(HQ) =n(HQ)/(n(CAT) +n(HQ) + n(PBQ))

S(PBQ) =n(PBQ)/(n(CAT)+n(HQ)+ n(PBQ))

U(H0,) = 3X(PHE)/X(H,03)

The ng(H,0,) and n(H,0,) stand for the initial and final mole
contents of H,0,, respectively. The n(PHE), n(CAT), n(HQ) and
n(PBQ) represent the mole content of phenol, CAT, HQ and PBQ,
respectively.

3. Results and discussion
3.1. Different organic bases

The XRD patterns of the small-crystal TS-1 modified with differ-
ent bases are shown in Fig. 1. The five characteristic peaks of MFI
topology at 7.8°, 8.8°, 23.0°, 23.9° and 24.4° [27] changed slightly
to higher 26 after modification with TBAOH, which was consid-
ered to be due to recrystallization from a different crystal plane.
The relative crystallinity (RC), which was calculated by comparing
the total intensity of the five characteristic peaks with that of each
sample and chose the highest total intensity as 100%, showed dif-
ferences. Treated with base can cause the dissolution of silica [28],
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Fig. 1. XRD patterns of small-crystal TS-1 modified with different bases. RC stands
for relative crystallinity.

and the dissolved silica might recrystallize in the presence of tem-
plate, such as TPAOH [29]. There is a balance between dissolution
and recrystallization. If the rate of dissolution is faster than that
of recrystallization, the crystallinity will decrease, and vice versa.
Therefore, the crystallinity usually decreases slightly after treat-
ing with dilute TPAOH solution [22]. If no template was present in
the treating system or if the template was the structure-directing
agent for another topology, the dissolved amorphous silica had
difficulty to recrystallize or form another topology, leading to a
lower crystallinity. The highest relative crystallinity was obtained
for TS-1-TBAOH-6-48 and it was even a little higher than for TS-1-
Null. TBAOH can be used as the template for MEL topology [30],
the characteristic peaks of which are almost the same as those
of MFI topology except that there is no diffraction peak at 24.4°.
The strong structure-directing effect and basicity led to a faster
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crystallization rate than dissolution rate of silica, and, as a conse-
quence, the crystallinity of TS-1-TBAOH-6-48 was slightly higher
than that of TS-1-Null. The increasing crystal size might be another
factor responsible for the high crystallinity (cf. TEM images). EA
and TPAOH are the templates for MFI topology, but the basicity
and structure-directing effect of EA are both weaker than those of
TPAOH, thus, the crystallinity of TS-1-EA-6-48 and TS-1-TPAOH-6-
48 decreased slightly, and the former was lower than the latter. DEA
can be used as the template for chabazite topology (such as SAPO-
34)[31], while TMAOH is the template for sodalite topology (such
as SAPO-20) [32], and they cannot structure-direct the synthesis
of the MFI topology [33]. Therefore, the relative crystallinity, calcu-
lated according to the characteristic peaks of MFI, of TS-1-DEA-6-48
and TS-1-TMAOH-6-48 decreased.

The FTIR spectra of the samples are shown in Fig. 2(a). The
weak band at 870cm~! in TS-1-Null, which was assigned to the
Si—OH group [34], disappeared in the modified samples. This may
be the reason for the improvement of propene oxide selectivity in
the epoxidation of propene [35]. A very weak band at 870 cm™!
was present in the spectrum of TS-1-TMAOH-6-48, which may be
due to the fact that the rate of recrystallization for TS-1-TMAOH-
6-48 was so slow that more Si—OH became exposed. The band at
960 cm! is due to the stretching vibration of [SiO4] units, strongly
influenced by titanium ions in neighboring coordination sites [36].
The intensity of this band is related to the strength of the Si—O—Ti
bond and the content of titanium in the framework. It is obvious
that the intensity increased after modification, due to the increas-
ing strength of the Si—O—Ti bond and the clearance of channels
exposing more framework Ti.

The UV-vis spectra of the six samples are shown in Fig. 2(b). The
three major bands in the spectra, which are situated at 200-210 nm,
240-260 nm and 300-310 nm, are assigned to tetrahedrally coor-
dinated Ti, a charge transfer process in isolated [TiO4] or [HOTiOs]
units (usually called extra-framework Ti) and anatase TiO,, respec-
tively [37,38]. Obviously, the amount of anatase TiO, increased to
different extent after modification with different bases. The dis-
solution of silica in the treatment caused the loss of neighboring
titanium, and the removed Ti can generate TiO, or be reinserted
into the framework, so that the amount of TiO, increased. However,
the TiO, did not mainly originate from framework Ti, but also from
extra-framework Ti, because the band at ~210 nm hardly changed
while the band at ~240 nm clearly decreased. Extra-framework Ti
and anatase TiO, are considered to be inert in the oxidation reac-
tions, thus, the transformation between them might not influence
the catalytic activity.

The elemental analysis of the modified small-crystal TS-1 by
ICP-AES for the bulk and by XPS for the surface is shown in Table 1.
In the bulk, the molar Si/Ti ratio (ng(Si/Ti)) of the modified samples
were all lower than that on the unmodified sample, indicating that
treating with bases led to a loss of silicon. Moreover, the ng(Si/Ti)
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Fig. 2. FT-IR (a) and UV-vis (b) spectra of small-crystal TS-1 modified with different bases.
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Table 1
Elemental composition of modified small-crystal TS-1.
Samples Sig (Wt%)? Tig (Wt%) Alg (Wt%) Sis (Wt%) Tis (Wt%) Als (Wt%) np(Si/Ti)P ns(Si/Ti) Ce (%)° Ce (%) Ca (%)
TS-1-EA-6-48 44.97 2.04 0.12 44.92 1.02 0.69 37.79 75.61 64.0 14.5 21.5
TS-1-DEA-6-48 44.94 2.09 0.12 44.67 0.97 1.24 36.86 79.32 40.5 15.2 443
TS-1-TMAOH-6-48 44.96 2.04 0.14 44.79 0.99 0.91 37.78 77.56 85.0 7.8 7.2
TS-1-TPAOH-6-48 44.86 2.21 0.11 45.55 0.68 <0.01 34.80 114.18 58.1 19.9 22,0
TS-1-TBAOH-6-48 44.97 2.03 0.13 45.31 0.37 0.32 37.98 212.21 78.0 8.5 135
TS-1-Null 45.13 1.58 0.13 45.71 0.97 <0.01 48.97 80.57 76.8 12.4 10.8

2 Sig, Tig and Alg stand for the content of Si, Ti and Al in the bulk; Sis, Tis and Als stand for the content of Si, Ti and Al on the surface.
b np(Si/Ti) and ns(Si/Ti) represent the molar ratio of Si/Ti in the bulk and on the surface, respectively.
¢ Cr, Ce and C, stand for the contents of framework Ti, extra-framework Ti and anatase TiO;, respectively.

of the modified samples were almost the same except for that of
TS-1-TPAOH-6-48, due to the most loss of silicon. The content of
aluminum stayed nearly constant in the treatment, because the
insertion of aluminum into the framework is easy. The elemental
surface composition was quite different from the bulk composition.
The surface molar ratio of Si/Ti (ns(Si/Ti)) was higher than ng(Si/Ti)
for the same sample, accounting for the fact that the surface of
small-crystal TS-1 was rich of silicon. Furthermore, the ng(Si/Ti) for
the samples treated with different bases were different. The values
of TS-1-TPAOH-6-48 and TS-1-TBAOH-6-48 were much higher than
the others, indicating that more recrystallization occurred on these
two samples, and that TPA* and TBA* showed a protection effect on
the Ti in the crystals (mainly framework Ti), so that the framework
Ti remained in the crystals. The higher ng(Si/Ti) of TS-1-TBAOH-
6-48 than of TS-1-TPAOH-6-48 may be due to the fact that more
silica recrystallized on the surface, which was confirmed by XRD,
so that more Ti on the surface was covered. However, the other
bases did not have this ability, in other words, the framework Ti
and Si dissolved together, and then recrystallized on the surface.
Therefore, the ng(Si/Ti) of TS-1-EA-6-48, TS-1-DEA-6-48 and TS-1-
TMAOH-6-48 were similar to that of TS-1-Null.

The Ti 2p photoelectron peaks for the samples are shown in
Fig. 3. The Ti 2p3), peaks were deconvoluted into three peaks.
The two peaks at 460.3 eV and 458.7 eV are due to framework Ti
and anatase TiO,, respectively [39-41]. The peak at 461.9eV is
assigned to isolated [TiO4] or [HOTiO3], corresponding to the band
at ~240 nm in the UV-vis spectra. When the base could not protect
the framework Ti, isolated [TiO4] would generate and cover the sur-
face of the crystals, thus, the content of the peak at 461.9 eV would
increase (see Cg in Table 1), and the peak at 460.3 eV would shift
to higher binding energy. If the isolated [TiO4] cannot recrystallize
in time, it will generate anatase TiO,. When the base was strong,
anatase TiO, was also easy to form, and the peak at 460.3 eV shifted
to a lower binding energy.

Figs. 4 and 5 show the adsorption curves of respectively n-
hexane and cyclohexane of the samples modified with different
bases. n-Hexane can adsorb in the 8, 10 and 12-member ring
channels of zeolites, while cyclohexane is too large to enter an 8-
member ring channel, but may enter a channel with a 10-member
or larger ring [42]. The diffusion of cyclohexane in 10-member ring
channels is limited, but it can adsorb on the orifices. Therefore, the
two adsorbates characterize different parts of TS-1 (10-member

ring). When the base can act as a template, a new framework will
form, and n-hexane can be adsorbed in the new channels. Thus, the
saturation adsorption amounts of n-hexane for different samples
are almost the same, except for TS-1-DEA-6-48. The slightly lower
adsorption amount of TS-1-DEA-6-48 is due to a lower crystallinity.
The saturation adsorption amount of cyclohexane for TS-1-DEA-6-
48 was the largest of all the samples, due to the generation of the
largest amount of amorphous silica by treating with DEA, increas-
ing the external surface area, on which cyclohexane could adsorb.
The values of the other modified samples are smaller than that of
the unmodified sample, because the recrystallization on the exter-
nal surface and the generation of twin crystals enlarge the crystal
size, which will decrease the external surface area relatively.

Fig. 6 shows the nitrogen physisorption isotherms of small-
crystal TS-1. A hysteresis loop appears in each isotherm of modified
sample, due to the generation of mesopores in the crystals. The
BET surface areas of modified samples decrease after modifica-
tion, except for TS-1-TPAOH-6-48 (see Table 2), due to the rapid
recrystallization of silica and the generation of micropores for TS-
1-TPAOH-6-48. The microporous surface area of TS-1-TPAOH-6-48
is much larger than those of the unmodified and other modified
samples. The mesoporous volumes increase to different extent
after modification with various bases. High catalytic activities are
expected to be obtained over TS-1-TPAOH-6-48 and TS-1-TBAOH-
6-48, due to the largest mesoporous volumes.

The TEM images of the modified samples are shown in Fig. 7.
Irregular hollows appears in all the samples, which confirms the
formation of hysteresis loops in N, physisorption isotherms. There
is more amorphous silica and there are fewer hollows in the crystals
of TS-1-EA-6-48 and TS-1-DEA-6-48 than in those of TS-1-TMAOH-
6-48 and TS-1-TBAOH-6-48, due to the relative weaker basicity
and structure-directing effect. The content of amorphous silica
in TS-1-TBAOH-6-48 was very small, and the crystal size of TS-
1-TBAOH-6-48 became larger, accompanied by the generation of
twin crystals. Actually, silica was dissolved from the inside of the
crystals, and then recrystallized from the external surface, form-
ing twin crystals. Wang et al. reported that growth of a crystal
ended of Si-OH groups, which were very active and ready to react
with the other Si—OH groups to form Si—O—Si bond [43]. Therefore,
the silica preferred to recrystallize along the Si—OH on the exter-
nal surface. Different crystal planes have different energies. When
the energy of a crystal plane matches that of the template, growth

Table 2

Surface area and pore volume of modified small-crystal TS-1.2
Samples AT (mz/g) AMicro (mz/g) Vr (CmB/g) VMicro (sz/g) VMeso (cmB/g)
TS-1-EA-6-48 440 337 0.36 0.15 0.21
TS-1-DEA-6-48 445 338 0.36 0.15 0.21
TS-1-TMAOH-6-48 432 312 0.35 0.15 0.20
TS-1-TPAOH-6-48 502 373 0.42 0.17 0.25
TS-1-TBAOH-6-48 445 306 0.41 0.16 0.25
TS-1-Null 453 334 0.32 0.15 0.17

2 At and Ayicro Stand for the total and microporous surface area, respectively. Vr, Vyicro and Viveso represent the total, microporous and mesoporous volumes, respectively.
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Fig. 7. TEM images of small-crystal TS-1 modified with different bases.

will occur. The characteristic peaks at 20-7.8°, 8.8°, 23.0° and 23.9°
reflectthe(011),(020),(501)and(303) planes, respectively [44].
The (02 0) plane of MFI topology is perpendicular to b-axis, which
is the straight channel direction. The MEL topology only contains
straight channels, so the energy of the (02 0) plane matches that of
TBA*, thus, the recrystallization in TS-1-TBAOH-6-48 preferred to
occur on the (02 0) plane. It was reported that a highly b-oriented
TS-1 membrane showed a single peak at 8.8°, 17.8°, 26.8° and
36.0°, corresponding to the planes (020),(040),(060) and (08 0),
respectively [45]. However, the XRD pattern of TS-1-TBAOH-6-48
showed a multiple-peak at 17.8°, due to the zigzag channel still
existing in the TS-1. Face B in Chart 1 was considered to be rich
in the (02 0) plane, thus, the recrystallization in TS-1-TBAOH-6-48
tended to occur on this face and generated a thicker crystal. When
TPAOH was used to modify the small-crystal TS-1, recrystallization
tended to occur along the a-axis, because the (1 00) plane, perpen-
dicular to the a-axis, was the zigzag channel direction. Face A was
richin the (1 00) plane, so the crystal size of TS-1-TPAOH-6-48 was
longer than those of the others.

The catalytic properties for hydroxylation of phenol over small-
crystal TS-1 modified with different organic bases showed that the
conversion of phenol increased after modification (Table 3), due to
the elimination of diffusion limitation. The highest conversion of
phenol was obtained over TS-1-TPAOH-6-48 and showed that the
recrystallized structure had excellent catalytic activity. TS-2 (MEL
topology), structure directed by TBAOH, also showed an activity for
phenol hydroxylation, and the straight channels are beneficial for
the diffusion of phenol and benzenediol, but the activity was lower
than that of TS-1 [46]. Therefore, the selectivity of PBQ (the further
oxidation product of HQ) for TS-1-TBAOH-6-48 was the lowest, but
the conversion of phenol was lower than that of TS-1-TPAOH-6-48.
Most of the framework Ti existed in the crystals, according to the
XPS data. The generation of the hollows in the crystals made it easier
for reactants to get in touch with the active centers. Although the
ns(Si/Ti) in TS-1-TPAOH-6-48 and TS-1-TBAOH-6-48 were much
higher than those in the other samples, the catalytic activity was
not lower for these two samples, demonstrating that most reactions
occurred in the channels of TS-1.

3.2. Different concentrations of TPAOH

The XRD patterns and relative crystallinity of small-crystal TS-
1 modified with different concentrations of TPAOH solution are
shown in Fig. 1. When the concentration was low (0.04 mol/L),
the dissolved amorphous silica could not recrystallize rapidly, due
to the insufficient availability of TPA* template. Thus, the relative
crystallinity was very low. Along with the increase of the concen-
tration, the amount of template increases, leading to an increase in
relative crystallinity. When the concentration was 0.08 mol/L, the
crystallinity reached a maximum, because the rate of recrystalliza-
tion was faster than that of dissolution. At higher concentrations,
the content of OH™ in the modification system increased, acceler-
ating the dissolution of silica, thus, the crystallinity decreased.

The n-hexane adsorption curves did not show a clear influence
ofthe concentration of TPAOH on the saturation adsorption amount
of n-hexane (Fig. 4). The saturation adsorption amount of cyclohex-
ane was always lower after modification with any concentration of
TPAOH solution than before (Fig. 5), similar to the relative crys-
tallinity. The increase of crystal size caused a decrease of external
surface area, which was considered as the main factor for the low
adsorption amount. The particle size decreased, and then increased
with the increase of TPAOH concentration (cf. the SEM and TEM
images). Thus, the saturation adsorption amount increased, and
then decreased.

The appearance of small-crystal TS-1 modified with different
concentration of TPAOH is shown in Fig. 8. Much amorphous sil-
ica can be seen in the SEM image of TS-1-TPAOH-4-48, while it
is not obvious in the other samples, leading to the lowest rela-
tive crystallinity for TS-1-TPAOH-4-48. Moreover, the a-oriented
recrystallization grew to different length after modification, which
was 730, 650, 700 and 730 nm for TS-1-TPAOH-4-48, TS-1-TPAOH-
6-48, TS-1-TPAOH-8-48 and TS-1-TPAOH-10-48, respectively.
When the concentration of TPAOH was low (0.04 mol/L), recrys-
tallization needed to occur on the external surface of TS-1 crystals
by using the surface as seeds [47,48], enlarging the crystal size.
Increasing the concentration, TPA* could structure-direct the
synthesis of new crystals, thus, the size decreased. When the



278 Y. Zuo et al. / Applied Catalysis A: General 453 (2013) 272-279

Table 3

Catalytic properties of phenol hydroxylation over modified small-crystal TS-1.2
Samples X(H202) (%) X(PHE) (%) S(CAT) (%) S(HQ) (%) S(PBQ) (%) U(H202) (%)
TS-1-EA-6-48 99.4 274 433 54.7 2.0 88.0
TS-1-DEA-6-48 99.9 26.7 445 52.7 2.8 80.2
TS-1-TMAOH-6-48 99.5 274 473 50.2 2.5 82.6
TS-1-TPAOH-6-48 97.4 299 54.7 38.8 6.5 92.1
TS-1-TBAOH-6-48 99.7 28.0 54.2 439 1.9 84.3
TS-1-Null 97.0 22.1 53.4 434 4.2 68.4
TS-1-TPAOH-4-48 97.0 27.7 55.3 336 11.1 85.7
TS-1-TPAOH-8-48 97.5 28.6 54.3 344 11.2 88.0
TS-1-TPAOH-10-48 97.5 28.1 54.0 353 10.7 86.5
TS-1-TPAOH-6-24 97.3 24.7 53.4 373 9.3 76.2
TS-1-TPAOH-6-36 97.5 275 51.8 374 10.8 84.6
TS-1-TPAOH-6-60 97.5 314 543 389 6.8 96.6
TS-1-TPAOH-6-72 98.3 326 54.1 39.2 6.7 99.5
TS-1-TPAOH-6-120 98.3 326 56.1 393 4.6 99.5
TS-1-Nano 98.8 23.0 471 441 8.8 69.8

3 Reaction conditions: catalyst 0.4 g, acetone 8.4 mL, n(PHE)/n(H,0,)=3, phenol 4.0g, 80°C, 6 h.

b
TPA*
C
a a-oriented __-~
i
Face B e o
f
- 1
Face A TBA+ L
b-oriented !
[}

Chart 1. Recrystallization in the presence of TPA* and TBA*.

concentration was further increased, the basicity increased, leach-
ing more silica and leading to a shortage of dissociative template
in the solution. As a consequence, the recrystallization needed to
occur on the external surface again, so that the size of crystal
increased. Unlike the samples modified with other bases, few twin

- !"-11.P L (

crystals were observed in the samples treated with TPAOH, because
the energy of the (1 00) plane was preferable with TPA*-structure-
directed growth.

The catalytic properties of phenol hydroxylation over small-
crystal TS-1 were improved after modification (Table 3). The

781 -TPAOH' TS

-

Fig. 8. SEM and TEM images of the modified small-crystal TS-1 with different concentrations of TPAOH solution.
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highest conversion of phenol was obtained over TS-1-TPAOH-6-48,
due to the smallest crystal size, the higher crystallinity and larger
surface area. The smallest crystal size of TS-1-TPAOH-6-48 also led
to the lowest selectivity of PBQ, due to the shortest channels.

3.3. Different modification time of TPAOH

The cyclohexane adsorption curves of the six samples are almost
the same, except TS-1-TPAOH-6-24 (Fig. 5), and the saturation
adsorption amount of each sample is less than that of TS-1-Null,
due to the increasing crystal size.

The catalytic properties of phenol hydroxylation over small-
crystal TS-1 modified with different times are shown in Table 3.
With the increase of modification time, the conversion of phe-
nol increased, until modified for 72 h, and then it stayed constant.
When the modification time increased, the amount of dissolution of
silica increased, so that more hollows were generated in the crys-
tals, thus, the diffusion limitation of the reactants decreased and
the conversion of phenol increased. However, the dissolution could
not last endlessly, due to the protection effect of the TPA* template
[49], in other words, the dissolution caused by TPAOH could not
occur beside the framework Ti. When the TS-1 was modified for
72 h, the dissolution was considered to cease, leading to a stop in
the recrystallization. Therefore, the properties for samples which
were modified for more than 72 h were almost the same.

4. Conclusions

Modification of small-crystal TS-1 with different organic bases
is a process of partly dissolution and partly recrystallization. Using
TPAOH to modify the TS-1, the recrystallization preferred to occur
a-oriented, while using TBAOH, it was b-oriented. TPA* and TBA*
showed a protection effect on the framework Ti in the crystal.

The modification can improve the catalytic activity for the
hydroxylation of phenol, due to the generation of hollows in the TS-
1 crystals, decreasing the diffusion limitation of substrates. Most of
the reactions occurred in the crystals, but not on the external sur-
face. When 0.06 mol/L TPAOH was used to modify the TS-1 for 72 h,
the conversion of phenol reached 32.6%, close to the theoretical
conversion (33.3%).
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