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1. Introduction

Titanium silicalite-1 (TS-1), a MFI structure zeolite, is exclusively used as the catalyst in
cyclohexanone ammoximation for its extremely high catalytic activity and selectivity.12 It
has been proved that the active sites inside the microporous channels of TS-1 are easily
accessible to reactants when the particle size is controlled in a range of 200-300 nm.
However, the separation of the nanosized TS-1 from liquid reaction systems by filtration is
very difficult in industrial applications.? To deal with this problem, efforts have been made
to immobilize TS-1 crystallites on supports with relatively large dimensions so as to
facilitate the filtration.#7 Nevertheless, the dissolution of oxide supports such as A1,O3 and
SiO; during TS-1 synthesis can result in a structural change of TS-1 crystallites and
consequently a low utilization efficiency of H>O; in reaction.#¢ Carbon materials such as
active carbon and graphite can be excellent candidates for support because of their chemical
inertness to the reaction. But the separation performance of the TS-1/carbon composites has
rarely been reported yet.”

Carbon nanofibers (CNFs)3-11 have been attracting extensive interests owing to their large
external surface and few micropores, chemical inertness and hybrid electronic structure. In
particular, their high mechanical strength and long filamentary modality are beneficial for
them to tolerating vigorous agitation in slurry systems. Furthermore, they can be facilely
filtrated from the slurry.8 Therefore, CNFs was deliberately selected as the support for TS-1
immobilizing.12

In this paper, TS-1/CNFs composite catalysts were synthesized by in situ crystallization and
simple mechanical blending methods, respectively. The catalytic behaviors and filtration
performance of TS-1/CNFs were examined in cyclohexanone ammoximation. The structure
of catalyst is characterized using techniques including SEM, XRD, FT-IR, UV-Vis, Raman
and XRF spectroscopy. The aim of the study is to develop a composite TS-1/CNFs catalyst
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436 Nanofibers — Production, Properties and Functional Applications

which can be easily separated from the slurry system without compromising the catalytic
activity and the selectivity.

2. Experimental

2.1 Synthesis

2.1.1 Synthesis of CNFs

CNFs were grown on a Fe catalyst at 600 °C by a chemical vapor deposition (CVD) method
using CO as carbon source.l? The CNFs as grown were then immersed in a 4 M HCl
solution at 60 °C under stirring for 2 h so as to dissolve Fe particles. Subsequently, the
CNFs suspending was filtered and the CNFs on the filter medium were washed with
copious deionized water. After triply filtering and washing, the purified CNFs were
finally dried at 120 °C overnight. The final CNFs contained less than 0.1 wt % Fe as
detected by means of inductively coupled plasma spectroscopy (ICP, Optima 2100 DV,
PerkinElmer Instruments).

2.1.2 Synthesis of TS-1

Firstly, tetraethyl orthosilicate (TEOS) was added to tetrapropyl ammonium hydroxide
(TPAOH) with vigorously stirring. Then, a tetrabutyl orthotitanate (TBOT) solution (in
isopropanol) was brought dropwise into the above mixture. The resulting solution was aged
at 80 °C for 5 h. A typical molar composition of the final gel was set to SiO,: TiO,: TPAOH:
H>0=1:0.025:0.3:20, corresponding to a Si/Ti molar ratio of 40. Next, the gel was transferred
into an autoclave for crystallization at 175 °C for 72 h. After that, the cooled product was
filtered and the solid product on the filter medium was washed with deionized water.
Finally, the solid product was dried at 120 °C for 12 h, followed by calcining in air or Ar
atmosphere at 550 °C for 6 h to eliminate TPAOH.

2.1.3 Preparation of blended TS-1/CNFs composite

TS-1 crystallites and the CNFs powder were mechanically mixed with deionized water at
room temperature. After 24 h agitation, the mixture was then filtered and the solid TS-
1/CNFs was dried at 120 °C for 12 h. The weight ratio of TS-1 to CNFs in the TS-1/CNFs
composite was kept at 2.

2.1.4 Preparation of in situ crystallized TS-1/CNFs composite

The procedure for the preparation of in situ crystallized TS-1/CNFs composite is almost the
same as that for the synthesis of TS-1, with the exception of the addition of CNFs into the
colloid before hydrothermal treatment at 175 °C. TS-1/CNFs were calcined in Ar at 550 °C
for 6 h. The weight ratio of TS-1 to CNFs was also regulated to 2. For the synthesis of
composites with different Si/Ti ratios, the amount of TiO; in the gel was adjusted on the
basis of SiO».

2.2 Characterization

Material morphology observations were executed on a JEOL JSM-6360LV scanning electron
microscope (SEM). X-ray diffraction (XRD) patterns of material solid phase composition
were recorded in a 20 range 5° ~ 80° using a Rigaku D/Max 2550VB/PC diffractometer

equipped with a Cu/K, radiation source ( A=0.154056 nm) and operated at a voltage of 40
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kV and a current of 100 mA. Infrared (IR) spectra of material were acquired on a Bruker
Equinox-55 FT-IR spectrometer (KBr plate). Diffuse reflectance ultraviolet-visible
spectrometry (UV-Vis, Varian Cary-500 spectrometer) was performed in a range 200~800
nm using Si-1 zeolite as the reference. Laser Raman spectra (Renishaw inVia-Reflex
spectrometer) were taken with an Ar* laser beam tuned at 514 nm radiation wavelength.
Material composition was detected on an X-ray fluorescence spectrometer (XRF-1800,
Shimadzu Corporation).

2.3 Evaluation of catalytic performance of catalyst

Batch-wise cyclohexanone ammoximation was performed to evaluate the catalytic activity
and selectivity. The reaction was carried out in a three-neck flask fitted with a stirrer, a
condenser and a feed pump. The catalyst of 1.125 g TS-1/CNFs composite (TS-1: CNFs = 2
in weight) or 0.750 g TS-1 or 0.375 g CNFs was dispersed into a mixture of 5 g
cyclohexanone, 12.5 ml t-butanol and 12.5 ml H>O; and the flask was warmed in a water
bath at 80 °C. With turbulently agitating the mixture, NH; (28 wt %) was injected into the
flask with a dose every 30 min and H>O» (30 wt %) was injected dropwise through the feed
pump within 1.5 h. The total molar ratio of cyclohexanone: H>O,: NHs was 1: 1.4: 2. After 2 h
reaction, the cooled reaction slurry was then filtered and the filtrate was extracted with
toluene. Both cyclohexanone oxime and the unreacted cyclohexanone in the extractive were
analyzed by a gas chromatography (GC, HP-6890) equipped with a HP-5 capillary column.
1,3,5-trimethylbenzene was used as an internal standard substance.

The catalytic activity is defined as the conversion of cyclohexanone after reaction based on
the weight of cyclohexanone in the feed, and the selectivity is the weight of cyclohexanone
oxime produced on the basis of cyclohexanone converted.

2.4 Evaluation of filtration performance of catalyst

The filtration of the reaction slurry was managed with a constant velocity using an injecting
pump while the particles in the slurry were passing through a composite fiber membrane
with uniform pores of 1.2 um. The filtration resistance was measured with a pressure gauge.
The turbidity of filtrate, an indication of the amount of filterable particles, was tested by a
nephelometer (turbidity unit: NTU, number of transfer unit).

3. Results and discussion

3.1 Catalytic behaviors and filtration performance of CNFs, TS-1 and TS-1/CNFs

As listed in Table 1, 47.3% of cyclohexanone was converted but no cyclohexanone oxime
was detected while using pure CNFs as the catalyst after 2 h reaction. In contrast, over the
TS-1 crystallites, cyclohexanone was almost completely converted and the selectivity to
oxime reached to ca. 95%. A slight decline in oxime selectivity was observed on the TS-1
calcined in Ar than in air, probably due to the template residues emerging in inactive
atmosphere which partly block the channels of TS-1.1314 By comparing separately the
blended TS-1/CNFs composite and the in situ crystallized one with pure TS-1 in the
catalytic performance, we can see that the former exhibited a higher activity and selectivity
while the latter partly deactivated. The reasons will be anatomized hereinafter.

The filtration result of the slurry containing CNFs after reaction (Table 1) indicates almost
no CNFs appearing in the filtrate. This is probably attributed to the unique morphology of
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CNFs (Fig. 1a). CNFs have a long filamentous appearance with ten um in length and 250 nm
in diameter. The curly and entangled CNF filaments agglomerated into granules with
macroporous pores (Fig. 1a), and the granule size was distributed up to 100 um (Fig. 1b).
The morphology of CNF granules remained in the reaction slurry having undergone 2 h
vigorous stirring (Fig. 1c). The particle size distributions of the CNFs as grown and after
ultrasonic treating for 2.5 h were measured by means of laser granularity analysis (Fig. 2).
The result shows that the dominant particle size around 10 um was retained after treating. It
is evident that the compact agglomeration of CNFs to large dimensions renders CNFs to be
facilely intercepted by filter membrane and thus to be separated from the slurry after
reaction.

Catalytic material Catalytic activity and selectivity ~ Filtration result after reaction
Description Si/Ti Cyclohexanone Cyclohexanone Turbidity State of filtrate
in gel conversion/% oxime of filtrate
selectivity/%  /NTU
CNFs - 47.3 0 1 Clear
TS-1 40 99.8 94.7 107 Plenty of white
calcined in air particles suspending
TS-1 40 99.8 89.5 115 Plenty of white
calcined in Ar particles suspending
Blended 40 99.7 92.4 48 Few white particles
TS-1/CNFs suspending
Blended 40 98.9 94.9 112 Plenty of white
TS-1/CNFs after particles suspending
CNFs removal
In-situ crystallized 40 49.7 7.7 15 Clear
TS-1/CNFs
In-situ crystallized 40 49.0 8.0 124 Plenty of white
TS-1/CNFs after particles suspending
CNFs removal
In-situ crystallized 10 96.6 83.2 11 Clear
TS-1/CNFs
In-situ crystallized 5 921 78.4 4 Clear
TS-1/CNFs

Table 1. Catalytic and filtration performance of CNFs, TS-1 and different TS-1/CNFs
composites.

The filtration results of the TS-1 samples calcined in air and Ar were also listed in Table 1.
The turbidity of the filtrate was relatively high for both samples because of many white
particles suspending in the filtrate. The TS-1 crystallites with tiny dimension and isolated
sphere morphology (Fig. 1d) undoubtedly cause the penetration of white TS-1 particles into
the filtrate.

Both TS-1/CNFs composites showed better filtration performance than pure TS-1 (Table 1).
The low filtrate turbidity of the composites especially the in situ crystallized one indicates
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the rarity of TS-1 or CNFs particles in the filtrate. Clearly, the TS-1 crystallites were scarcely
detached from the composite during reaction, implying strong interactions between TS-1
and CNFs.

SEM images of both composites (Fig. le-f) illustrate large granules in congeries modality.
Nevertheless, isolated TS-1 crystallites are difficult to be found, consistent with the
observation of filtration performance. In the high magnification SEM images (Fig. 1g-h), the
filamentous CNFs can be easily distinguished from the small TS-1 particles by length.
Spherical TS-1 crystallites are uniformly distributed among the network of intertwining
CNFs in both composites. The TS-1 particles formed through in situ crystallized manner are
of 200~300 nm in diameter, which is comparable to that of pure TS-1 assembled in the
blended composite. As pointed out in our previous study,!> a surface electrostatic effect may
exist between TS-1 and CNFs, playing an important role in cohesion of two materials.
Furthermore, intensified molecular forces resulting from nano-size effect of two materials
may also contribute to the enhanced adhesion of individual TS-1 particles on the surface of
CNF filaments. For the in situ crystallized TS-1/CNFs composite, the surface oxygenous
functional groups on CNFs!¢ may favor the chemical interaction between CNFs and in situ
generated TS-1 crystallites via oxygen bridges. Thus, the intra-action among the in situ
crystallized composite may be stronger than that of the blended one.

5 1OEmm &

Fig. 1. Continued
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Fig. 1. SEM images of CNFs, TS-1 and TS-1/CNFs composites.

(a) CNFs; (b) CNF agglomerates; (c) CNF agglomerates after reaction; (d) TS-1; (e) Blended
TS-1/CNFs composite agglomerates; (f) In situ crystallized TS-1/CNFs composite
agglomerates; (g) Blended TS-1/CNFs composite (high magnification); (h) In situ
crystallized TS-1/CNFs composite (high magnification).

The change in the resistance with time during slurry filtration under a constant velocity is
demonstrated in Fig. 3. Extremely low resistance was undergone while filtrating the slurry
containing CNFs. This manifests that the CNFs forming agglomerates with large size and
macroporous pores can prevent them from blocking the filter membrane and the cake
formed afterwards.1718 From the curve of TS-1, we can see that the filtration resistance
increases rapidly right from the beginning owing to the blockage of the filter membrane by
the tiny TS-1 crystallites. In comparison with the case involving pure TS-1, a significant
decrease in the resistance was found during the filtration of slurry containing TS-1/CNFs
composite, especially the in situ crystallized one. It is obvious that the filtration behavior of
the composites is more similar to that of CNFs rather than TS-1. As having been known, a
filter aid can render the cake configured highly porous, thereby facilitating the filtration
process.17 In view of this, the role of CNFs playing in the composites is a kind of filter aid in
addition to the support of TS-1. Taking into consideration the network structure of the
composites and the substantial affinity between two components, the excellent filtration
performance of both TS-1/CNFs composites can be understandable.
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Fig. 2. Particle size distribution of CNFs as grown and after ultrasonic treatment.
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Fig. 3. Change in filtration resistance of different materials with filtration time.
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3.2 TS-1 structures of the blended and the in situ crystallized TS-1/CNFs composites
As described above, the catalytic behaviors of pure TS-1 are basically preserved in the TS-
1/CNFs composite prepared by simple mechanical blending. Only a slight decrease in
selectivity was detected, being ascribed to the unselective decomposition of H>O, induced
by CNFs. Hence, we deduce that the interference of CNFs in the reaction is very weak. On
the other hand, it is known that the catalytic behaviors of TS-1 depend on the content of
lattice Ti in tetrahedral coordination, and the incorporation of Ti into the framework of
zeolite generally occurs in the crystallization process.1920 However, the non-framework Ti
species, such as octahedral Ti species and Ti oxides, are inactive for this type of selective
oxidation reaction.202¢ Therefore, with respect to the in situ crystallized TS-1/CNFs
composite, its inferior catalytic performance is perhaps due to the change in Ti coordination
states.

The structure of TS-1 for both composite samples was studied using XRD, FT-IR, UV-Vis,
and Raman spectroscopy. However, owing to the strong optical adsorption and disturbance
of the coexisting CNFs, the characteristics of TS-1 in the composite were difficult to
identify.12 In our measurements, in order to improve the quality of spectroscopy, the CNFs
in the composite were removed by burning off carefully in air with a ramp rate of 2 °C/min
to 550 oC for 6 h. In fact, oxidative calcination at high temperatures was generally adopted in
TS-1 synthesis for template elimination,19252¢ in spite of the fact that the decrease in defect
sites of titanium silicate material and the ejection of Ti framework species occur with the rise
of temperature.1327

XRD patterns show (Fig. 4) the diffraction peaks appearing at 20 = 7.8°, 8.8°, 23.1°, 23.9°,
24.4° and 29.2°. These peaks are the characteristics of the typical MFI structure of zeolite,
and two single reflection peaks at 24.4° and 29.2°, respectively, are an indicative of the
presence of Ti in the framework.28 TiO, (anatase) may not exist because the corresponding
peaks (20 = 25.4°, 37.8°, and 48.0°) weren’t detected. Moreover, almost no difference between
two XRD patterns of both samples implies a considerable homology of the TS-1 crystalline
structure in two composites.

The FT-IR spectra (Fig. 5) show a strong band at 1100 cm! assigned to asymmetric Si-O-Si
stretching vibration, a symmetric vibration at 800 cm! and a bending vibration at 450 cm-1.
The second strong band at 550 cm? is related to the lattice vibration of zeolite MFI
structure.’> The band at 960 cm is a diagnostic character of Ti incorporation to zeolite
framework and quantitatively associated with Ti content in tetrahedral coordination.%2° The
infrared spectra of two TS-1 samples derived from different composites are nearly identical
with the exception of the intensity of 960 cm band. The in situ crystallized TS-1 sample has
lower intensity of 960 cm band than the blended one.

In UV-Vis spectrum, a band around 210 nm is generally assigned to the isolated tetrahedral
Ti species in the framework.3031 Anatase TiO, can be identified by a band around 330
nm.2132 In addition, the band at 280 nm is assigned to the partially condensed hexa-
coordinated Ti species (extra-framework Ti).2433 After removing CNFs, the UV-Vis spectra
of TS-1/CNFs were recorded with referring Si-1 (Fig. 6). The TS-1 of the blended composite
exhibits a main band at 220 nm with a weak band at 280 nm. No specific band around 330
nm can be perceived. In contrast, the bands at 220, 280 and 330 nm in the spectrum recorded
for the in situ crystallized TS-1 indicates the formation of extra-framework Ti and anatase-
like species.
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Fig. 4. XRD patterns of TS-1/CNFs composites after removing CNFs.
(a) Blended TS-1/CNFs (Si/ Ti=40); (b) In-situ crystallized TS-1/CNFs (Si/ Ti=40).
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Fig. 5. FT-IR spectra of TS-1/CNFs composites after removing CNFs.
(a) Blended TS-1/CNFs (Si/ Ti=40); (b) In-situ crystallized TS-1/CNFs (Si/ Ti=40).
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Fig. 6. UV-Vis spectra of TS-1/CNF composites after removing CNFs.
(a) Blended TS-1/CNFs (Si/ Ti=40); (b) In-situ crystallized TS-1/CNFs (Si/ Ti=40);
(c) In-situ crystallized TS-1/CNFs (Si/ Ti=10); (d) In-situ crystallized TS-1/CNFs (Si/ Ti=5).

The Raman spectrum (Fig. 7) of TS-1 in the blended TS-1/CNFs shows bands at 290, 375,
467, 800-830, 960, 1090 and 1128 cm-, respectively, corresponding to the typical structure of
TS-1.3¢ The bands at 960 and 1128 cm-, assigned to the asymmetric and symmetric
stretching vibrations of TiO, tetrahedron, may be resulted from Ti incorporation to zeolite
framework.293435 In the Raman spectrum of the in situ crystallized TS-1/CNFs, besides the
typical bands of TS-1 described above, distinct bands are present at 397, 515 and 638 cm-,
which are characteristics of anatase particles.

It has been reported that there are numerous simultaneous and independent equilibria of
nucleation and crystal growth during TS-1 crystallization. Meanwhile, there is a competition
of Ti ions bonding to the framework with those aggregating to metal oxides. The presence of
structure-breaking agents in the synthesis gel can impair the sufficiency of Ti
incorporation.?1.24 In the present work, the CNFs with positive-charged surface might induce
the sequential adsorption and condensation of negative Ti-OH groups onto them,” hence
disturbing the oriental isomorphous substitution of Ti for Si. As a result, the non-framework
Ti species formed and the lattice Ti content decreased, leading to inferior catalytic
performance of the in situ crystallized TS-1/CNFs composite.

3.3 Catalytic and filtration performance of in situ crystallized TS-1/CNFs composites
with different Si/Ti ratios

As listed in Table 1, both cyclohexanone conversion and oxime selectivity were increased
with a decrease in the molar ratio of Si/Ti in gel from 40 to 10. However, the catalytic
activity and selectivity were decreased with a continuous decrease in Si/Ti. Excellent
filtration performance of the in situ crystallized TS-1/CNFs composite was still maintained
with varying the Si/Ti ratio.
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Fig. 7. Raman spectra of TS-1/CNF composites after removing CNFs.
(a) Blended TS-1/CNFs (Si/ Ti=40); (b) In-situ crystallized TS-1/CNFs (Si/ Ti=40);
(c) In-situ crystallized TS-1/CNFs (Si/ Ti=10); (d) In-situ crystallized TS-1/CNFs (Si/ Ti=5).

From the results of UV-Vis (Fig. 6) and Raman (Fig. 7) spectroscopy, it can be convinced that
the MFI structure of TS-1 and the inclusion of Ti species in lattice are existent indeed in the
TS-1/CNFs composites crystallized under different Si/Ti ratios. Meanwhile, the bands at
280 nm and 330 nm on the UV-Vis spectra in Fig. 6¢c-d are evident especially for the sample
of Si/Ti=5, suggesting the generation of non-framework Ti species. The Raman bands of
anatase particles are also observable at 397, 515 and 638 cm in Fig. 7c-d.

In order to ascertain the lattice Ti content in each TS-1 samples with different Si/Ti ratios,
the intensity of 960 cm! band on FT-IR spectra was normalized on the basis of the 455 cm-!
band, which is assigned to structure-insensitive Si-O bending mode of tetrahedral SiO,4

units.1® The results of Isso/ls55 were given in Table 2, where the value of Si/Ti ratio in solid
TS-1 particles has been derived from XRF results.

Sample Si/Tiin gel Si/Ti in solid Toeo/ Lass
r]ls"lSe-rlljlécll\IFs after CNFs removal 40 up 038
'IFnS—-Sllt/uCcliﬂT}I;Sstilfltllee dCN Fs removal 40 61.7 030
’IFnS-Sllt/uccliT}I;ztzlfltllee dCN Fs removal 10 428 049
}l"nS——sllt/uCcli‘I}lgsstilfltler gNFs removal > 21.3 0-36

Table 2. Intensity ratio of loso/ 455 in TS-1/ CNFs composites with different Si/Ti ratios.

As listed in Table 2, the Si/Ti ratios in solid are higher than those in gel, in accordance with
the general rule followed in TS-1 synthesis.3¢ The value of Si/Ti in solid for the in situ
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crystallized sample is larger than that for the blended one with the same Si/Ti ratio in gel at
40. Clearly, the addition of CNFs into the gel has hindered the inclusion of Ti ions into the
solid TS-1 particles. With respect to the ratio of logo/lsss, lower value for the in situ
crystallized TS-1 was found than that of the blended one, indicating less content of Ti in the
lattice of the in situ crystallized TS-1.19 With increasing the Si/Ti ratio in gel to 10 for the
synthesis of in situ crystallized TS-1, a higher ratio of lss/lss5 was attained, even exceeding
the corresponding value of the blended TS-1 whose Si/Ti in gel is equal to 40. The Ioso/ Lss5
decreased at the Si/Ti ratio of 5.

Obviously, the incorporation of Ti into the lattice of TS-1 is affected by CNFs that is the
primary reason for the decrease of the catalytic activity and selectivity. Furthermore, the
formation of non-framework Ti species can also render the catalytic property worse.
However, it should be pointed out that although the presence of CNFs in the synthesis gel
can alter to some extent the proper circumstance for gestating perfect TS-1 crystallites, there
still would be measures capable of modifying the synthesis system. For example, it has been
reported that a kind of Ti-rich TS-1 catalysts free of extra-framework Ti species was
developed by using different ammonium salts as crystallization-mediating agent and a great
increase in the catalytic activities in some cases was achieved as expected.l® In view of the
underlying principle proposed in the example, an attempt at counteracting the undesirable
effect of CNFs while synthesizing TS-1 is undertaking in our laboratory.

4. Conclusions

TS-1/CNFs composites synthesized by in situ crystallization and mechanical blending
methods show excellent filtrating performance. The large dimensions and macroporous
structure of the composites constructed by firmly integrating TS-1 crystallites with CNFs can
significantly improve the filtration efficiency. However, the introduction of CNFs into the
synthesis gel before the crystallization of TS-1 can inhibit the incorporation of Ti ions into
the lattice of TS-1, resulting in low catalytic activity and selectivity of the TS-1/CNFs
composite catalysts in cyclohexanone ammoximation. Furthermore, the presence of CNFs
during TS-1 crystallization especially in the case of high Si/Ti ratio in the gel can give rise to
the generation of TiO, (anatase) particles and hexa-coordinated titanium species, which can
deteriorate the catalytic performance of TS-1. In contrast, the catalytic behavior of pure TS-1
is basically preserved in the blended TS-1/CNFs composite catalyst. Therefore, the blended
composite catalyst seems to be more promising than the in situ crystallized one towards
industrial applications.
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