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Abstract ; Fluorinated TS-1 (F-TS-1-M) were prepared by treating TS-1 in dimethyl sulfoxide solution of sodium fluoride un-

der the assistance of microwave in this work. The characterization results showed that F-TS-1-M presented increased amount

of tetrahedral framework Ti thanks to the selective effect of microwave irradiation on activating M-O bonds with different di-

pole moments which could lead to the transformation of non-framework Ti*' to framework Ti*". In addition, F-TS-1-M exhibi-

ted stronger Lewis acidity and hydrophobicity due to the reduced skeleton defects and surface hydroxyls. As a result, F-TS-1-

M showed enhanced catalytic activity in the ammoximation of cyclohexanone.
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Since invented in 1983'" titanium silicalite-1
('TS-1) has become one of the most attractive catalytic
materials in the past few decades thanks to its excellent
catalytic performance in the selective oxidation of orga-
nic compounds with dilute hydrogen peroxide as an oxi-
dant under mild liquid-phase reaction conditions >, Tt
has been reported that the essential of this catalytic oxi-
dation by titanosilicate zeolite is the activation of H,0,,
where tetrahedral framework Ti*" sites are considered as
the active sites. This implies that the catalytic activity of
TS-1 could be improved by changing the electropositivity
around the tetrahedral Ti*"*7'

It has been reported that the electropositivity of
the Ti* species could be strengthened by implanting
fluorine, the most electronegative element, into a tit-
anosilicate zeolite framework >™""". The fluorine species
have been incorporated into the zeolite skeleton by di-
rect synthesis in fluoride media or by post-treatment
with fluoride salts'*'?. Fluorinated Ti-MWW ( F-Ti-
MWW ) was synthesized through acid treatment of Ti-

[9,11-12]

MWW in the presence of ammonium fluoride .

The incorporated fluorine species significantly improved

Received date; 2018-12-09; Revised date; 2019-01-07.

the catalytic performance of Ti-MWW in the epoxida-
tion of alkenes, which could be attributed to the en-
hanced Lewis acid strength and the hydrophobicity of

the zeolite' !~/

. Fluorine implanted Ti-MOR catalysts
have been successfully synthesized by treating Ti-MOR
with fluoride salts in water or methanol, and exhibited

R

enhanced catalytic activity in ammoximation
contrast to these, there are few works on dealing with
fluorinated TS-1""". Furthermore, these works just in-
vestigated the influence of fluorination on the catalytic
activity of TS-1 while its impacts on the structure were
scarcely involved. Owning to its importance in many se-

[2-7] , the research on fluori-

lective oxidation reactions
nation of TS-1 will provide new strategies to regulate its
physical and chemical properties.

High-speed synthesis under microwave irradiation
has attracted considerable attention in recent years, be-
cause microwave heating technique frequently leads to
shorter reaction time, higher yield, and cleaner reaction
profile owing to its dielectric heating and selective hea-

[14-15]

ting nature Microwave irradiation heating is

uniquely capable of generating extremely high tempera-
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tures in specific regions of the sample while maintaining
lower temperatures in others''®’. This principle is widely
used in the specific heating of active sites in supported

16-17]

metal catalysts' . There are several reports on the

application of microwave irradiation during the synthesis
18-19]

of various zeolites' . For the microwave assistant
synthesis of heteroatom zeolites, Cundy et al. did pio-
neering works including TS-1 and TS-2 synthesis'"’.
There were reports on applications of the microwave
method for the fabrication of MFI-type zeolite crystals
incorporating Ti and other metal species ™.

In view of the specific advantages of microwave ir-
radiation in zeolites preparation'"* " | fluorination of
TS-1 (F-TS-1-M) was carried out under the microwave
irradiation in this work. The catalytic performance of F-
TS-1-M was investigated in cyclohexanone ammoxima-
tion, a green process for the production of cyclohe-
xanone oxime ', For comparison, TS-1-M (TS-1 trea-

ted under microwave irradiation without the presence of

fluoride salts) and F-TS-1-T (fluorinated TS-1 synthe-

)12 were also synthe-

sized by traditional methods
sized and used as catalysts for cyclohexanone ammo-
ximation. All the synthesized catalysts were characte-
rized by various techniques, e.g. X-ray diffraction, DR
UV-Visible spectrophotometer, X-ray photoelectron
spectroscopy, pyridine FT-IR spectrometer, N, adsorp-
tion, thermal gravity analysis, “F MAS NMR spectros-
copy and *Si MAS NMR spectroscopy etc. Finally, the

structure-activity correlations were studied.

1 Experimental

1.1 Catalyst preparation
1.1.1 Fluorination of TS-1 under microwave irradiation
The TS-1 powder ( Si/Ti = 25-30, Nanjing
XFNANO Materials Tech Co. Ltd) was treated in dim-
ethylsulfoxide (DMSO)/NaF solution at the 373 K for
1 h with Si/F=48 molar ratio and a solid-to-liquid ratio
of 1.0 g to 20.0 g in a microwave reactor. The product
was filtered, washed, and dried at 353 K for 12 h. The
products were designated as F-TS-1-M.
For comparison, a bared sample was prepared ac-
cording to the aforementioned procedures except the

inexistence of NaF. The obtained product was designated

as TS-1-M.
1.1.2 Fluorination of TS-1 via traditional method For
comparison, fluorination of TS-1 was carried out accord-
ing to the procedure reported in the literature''™'>*/
The TS-1 powder was treated in methanol containing
NaF (Si/F molar ratio of 48) with a solid-to-liquid ratio
of 1.0 to 20.0 g at 373 K for 6 h in a Teflon-lined auto-
clave under magnetic stirring. The product was filtered ,
washed, and dried at 353 K for 12 h. The sample ob-
tained was denoted as F-TS-1-T.
1.2 Characterization methods

XRD data were collected on aBruker D8 Ad-
vanced instrument using Cu Ka radiation at a beam
voltage of 40 kV and a 40 mA beam current. The a-
mount of framework Ti (x) was evaluated by measuring
the cell volume and using the following empirical equa-
tion'? . ¥V =2093x + 5335.8 A’. The cell volume of
the samples dehydrated at 120 “C was extracted by full-
profile analysis of XRD collected on a laboratory Bru-
ker D8 instrument. Diffuse-reflectance UV-Vis spectra
were collected using an Agilent Cary Win UV-300 UV-
Vis spectrophotometer in 200 ~800 nm range. For each
test with double beam mode and a BaSO, plate as the
reference. The nitrogen adsorption and desorption iso-
therms were measured on a Micromeritics ASAP 2020
instrument. Prior to the adsorption measurements, the
samples were outgassed at 423 K for 6 h under vacuum
in order to remove absorbed water and other adsorbed
species. ~Si MAS NMR and experiments were per-
formed on a Bruker AVANCE III 600 spectrometer at a
resonance frequency of 119.2 MHz. *Si MAS NMR
spectra with high power proton decoupling were recor-
ded on a 4 mm probe with a spinning rate of 10 kHz, a
/4 pulse length of 2.6 s, and a recycle delay of 80 s.
The chemical shift of *Si was referenced to TMS. "F
MAS NMR experiments were carried out on a Bruker
AVANCE IIT 600 spectrometer at a resonance frequen-
cy of 564.5 MHz using a 4 mm HX double-resonance
MAS probe at a sample spinning rate of 14 kHz. “F
MAS NMR spectra were recorded on a 4 mm probe with
a m/2 plus length of 3.5 ws and a 5 s recycle delay.
The chemical shifts of “F was referenced to PTFE. X-

ray photoelectron spectroscopic ( XPS) were performed
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on a Thermo Fisher Scientific spectrometer equipped
with a conventional Al-Ka nonmonochromatized source.
For pyridine spectra measurement, a self-supported
wafer (1.2 cm in diameter) was set in a quartz IR cell
sealed with CaF, windows connected with a vacuum
system. After the sample was evacuated at 723 K for
1.5 h, pyridine adsorption was carried out by exposing
the wafer to pyridine vapor at 323 K for 0.5 h. The ab-
sorbed and chemisorbed pyridine was then removed by
evacuation at different temperatures (323 ~523 K) for
0.5 h. All the spectra were collected at room tempera-
ture. The spectra of hydroxyl stretching were measured
on self-supported wafers. The wafer was set in a quartz
cell which was sealed with CaF, windows and connect-
ed to a vacuum system. After the sample was evacuated
at 723 K for 1 h, the spectra were recorded in absor-
bance mode at room temperature. Thermo gravimetrical
analysis (TG) was performed on a Shimadzu TGA-50
instrument with an air flow rate of 30 mL/min. The
samples were heated from ambient temperature to 523
K with a heating rate of 10 K/ min. The amounts of ti-
tanium of all samples were analyzed on a Rigaku ZSX-
100e X-ray fluorescence spectrometer (XRF, Japan).
1.3 Catalytic tests

1.3.1 The decomposition of free H,0, The decom-

position reaction of free H,0, was carried out to deter-
mine the apparent activation energy of formed Ti-OOH
active species over catalysts““. In a typical process,
5.0 g of catalyst and 40 mL solvent (CH,OH) were
well mixed in the reactor. When the temperature of
slurry reached the desired value (318, 328 and 333
K), the reaction was initiated by introducing 10 mmol
H,0,(30% ( weight percentage ) ). Then the reaction
proceeded for another 5 min, and the residual free
H,0, concentration was determined by indirect iodome-
try. The relevant activation energy was calculated using
Arrhenius equation (k = Aexp (-E,/RT) ).
1.3.2 Ammoximation of cyclohexanone/benzaldehyde
The catalytic activity of zeolite materials obtained
above was evaluated in cyclohexanone/benzaldehyde
ammoximation. The reaction was carried out in a 25 mL
three-neck glass flask equipped with the magnetic stir-

rer and a condenser. Typically, 0.5 g catalysts and

1.0 g cyclohexanone/benzaldehyde were added into a
flask with 1.7 ¢ distilled water and 1.7 g tert-butanol.
Then, the mixture was heated to 353 K. The reaction
was started immediately by the addition of 3.7 g aque-
ous NH,-solution (30% ( weight percentage ) ) and 3.9
g of H,0, (30% (weight percentage )) into the flask
dropwise, respectively. After complete addition of
H,0, and NH,-solution within 1 h, the mixture contin-
ued to react for another hour. The reaction products
were analyzed by a gas chromatograph ( Agilent
7890B) equipped with an FID detector.

Catalytic recycles were carried out to investigate
the catalytic stability of the catalysts. After the reac-
tion, the catalysts were filtered, washed with methanol
5 times, and dried at 353 K under vacuum. For the
next run, all of them were weighed and reused under

the same conditions.

2 Results and discussion

2.1 Characterization

To investigate the effects of fluorination on the
skeleton structure, the crystalline phase of parent and
fluorine modified TS-1 zeolites are characterized by

powder XRD and the results are shown in Fig.1. It can

Intensity/(a.u.)

TS-1-M

0
200° )
Fig.1 XRD patterns of TS-1, TS-1-M, F-TS-1-T
and F-TS-1-M

be seen that all samples show typical MFI diffraction
peaks as reported in the literature' ™. In comparison to

TS-1, the cell volume and framework Ti content

of F-TS-1-T ( Table 1 ) decreased , indicating some
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Table 1 The relativecrystallinity, cell volumes, and deduced framework Ti contents [22] for TS-1,
TS-1-M, F-TS-1-T and F-TS-1-M

Relative Cellvol Ti content Ti amounts
Catalysts s )
crystallinity * (A% * (atoms/cell) /%
TS-1 1.00 5379.9 2.11 2.02
TS-1-M 1.25 5385.3 2.36 2.02
F-TS-1-T 1.22 5379.2 2.07 2.03
F-TS-1-M 1.29 5393.2 2.73 2.05

a. calculated according to the peak intensity of TS-1-M, F-TS-1-T and F-TS-1-M to the intensity of the TS-1;

b. calculated according to the samples dehydrated at 120 °C was extracted by full-profile analysis of XRD collected on a laboratory

Bruker D8 instrument

c. calculated according to the following empirical equation [22]; V =2093x + 5335.8 A*;

d. determined by XRF method.

framework Ti transferred to non-framework ones which
may be caused by Si—O—Ti bond cleavage in metha-
nol due to bond polarization'*’. In contrast to this, all
diffraction peaks of F-TS-1-M and TS-1-M shift to
small angles, which demonstrates large atoms ( Ti)
have entered into the zeolite framework'”’. Namely,
some non-framework Ti species of F-TS-1-M and TS-1-
M have been transformed to framework ones during
modification process, which is confirmed by the fact
that the cell volume and framework Ti content ( Table
1) of these two samples increased compared to TS-1.
This phenomenon is ascribed to the selective effects of

[19,28]

microwave . Due to their higher dipole moment

(D,=2.18) than Si-O (D, =1.76), Ti-O bonds on the

F-TS-1-T
] ;

&

z TS-1-M
B

=

=

TS-1
1 1

200 250 300 350 400

Wavelength/nm

TS-1 surfaces can be strongly activated by microwave
irradiation and undergo condensation reactions to form
Ti—O—Ti and/or Ti—0—Si bonds'"**'. It can be
seen from Table 1 that all the modified samples show
higher relative crystallinity''***) than TS-1, indicating

30
301 We can also see from

less defects in their skeletons
Table 1 that these samples possess almost same titani-
um amounts. Combined with XRD results, it can be
concluded that titanium species were not recrystallized
under microwave irradiation conditions.

The coordination state of titanium is determined by
ultraviolet diffuse reflectance spectroscopy ( DR UV-
Vis) *'). Fig.2A shows the DR UV-Vis spectra of mo-

dified and unmodified TS-1 samples. Multibands are

F-TS-1-M B

F-TS-1-T
s

=

B

2 |TS-1-M
2

=

Ll

1 I - T

472 468 464 460 456 452

Binding enerngy /eV

Fig.2 DR UV-Vis (A) and XPS (B) spectra of TS-1, TS-1-M, F-TS-1-T and F-TS-1-M
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deconvoluted by the Peak Fit program using the Gaus-
sian fitting method**'. All samples exhibit three major
bands sited at 210 ~ 230, 240 ~ 260, and 300 ~ 310
nm. The band at 210~230 nm is usually ascribed to a
charge transfer between tetrahedral-coordinated Ti*
and O of the TS-1 zeolite framework and thus is
assigned to framework Ti''"* ). The band at about
240~260 nm is considered as a charge transfer process
in non-framework Ti species (isolated [ TiO, ] or [ HO-
TiO, ] units), while the band at 300 ~310 nm is as-
cribed to anatase TiO, ¥’ _ Tt is worth noting that the
F-TS-1-M sample has a stronger band at 210 ~230 nm
than other examined samples, indicative of the highest
framework Ti content in F-TS-1-M. In contrast, the
band at 240~260 nm from of F-TS-1-M is less obvious
than those of TS-1, TS-1-M and F-TS-1-T, indicating
low non-framework Ti amount in F-TS-1-M. The relative
content of different types of Ti are calculated according
to C. Xia et al., and the results are listed in Fig.3".
Obviously, the framework Ti content of TS-1-M are
higher than those of TS-1 and F-TS-1-T. The DR UV-
Vis results indicate that microwave irradiation can pro-
mote the transformation of non-framework Ti to frame-
work Ti and consolidate in further the XRD findings.
The samples were analysed by XPS to determine
the surface elemental composition and electronic state

of Ti. After deconvolution**>"

, the spectra (Fig.2B)

of all catalysts demonstrate two Ti 2p,,, peaks at about

o | HTs
Bl 1s-1-Mm

B r-1s-1-1
I F-1s-1-M

40

30

20

Area percentage/ %

10

Anatase Ti

Framework Ti Non-framework Ti

Fig.3 The corresponding distributions of framework Ti
species (at 210~230 nm) , non-framework Ti species
(at 240~260 nm) , and anatase TiO,(at 300~310 nm)
in TS-1, TS-1-M, F-TS-1-T and F-TS-1-M

459.7 and 458.4 €V, which are assigned to titanium in
tetrahedral and octahedral coordination respective-
ly**) . The ratios of the tetrahedral Ti** to octahedral
Ti*" (Ti** (t)/Ti* (o)) are summarized in Table 2.
Compared with TS-1, Ti* (t)/Ti* (o) of F-TS-1-M
increased and that of F-TS-1-T decreased, demonstra-
ting that fluorination by microwave irradiation has
transformed some octahedral Ti to tetrahedral Ti while
some tetrahedral Ti were transferred to octahedral Ti
during NaF post-treatment in methanol. The XPS re-
sults (Table 2) also show that F-TS-1-M and F-TS-1-T

have similar surface fluorine contents.

Table 2 The Ti**(t)/ Ti**(0) (tetrahedral to octa-hedral Ti*"), surface atomic concentration,

and relative amounts of Q° and Q** Si of different catalysts

Catalysts TS-1 TS-1-M F-TS-1-T F-TS-1-M
Ti*(1)/ Ti*(0)" 0.26 0.28 0.19 0.29
Surface atomic ~ Si 41.3% 41.1% 41.0% 40.8%
concentration’  F - - 1.4% 1.6%
The amounts of Q°Si° 11.4% 2.8% 3.0% 2.6%
The amounts of Q** Si’ 36.8% 36.9% 36.2% 38.2%

. calculated according to deconvolution results of Ti 2p XPS;

a
b. calculated according to the XPS results;

[«

[oW

calculated by Q*/(Q*+Q*+Q** ) according to the deconvolution results of *Si MAS NMR;
. Si of Si-O-Ti bonds, calculated by Q**/(Q’+Q*+Q** ) according to the deconvolution results of *Si MAS NMR.
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“F MAS NMR spectroscopy (Fig.4) was em-

Intensity/(a.u.)
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Fig.4 ""F MAS NMR spectra of F-TS-1-M and F-TS-1-T
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ployed to identify the Si-F species generated in F-TS-1-
M and F-TS-1-T. Both samples exhibit resonances at
=72, =122, and -147 ppm. The resonance at —72
ppm is attributed to the fluoride occurring as ion pairs
and the —147 ppm was ascribed to Si-F bond"*""’. The
—122 ppm resonance is attributed to SiF,”" spe-
cies''""?! The "F MAS NMR spectrum verified that
the F species are incorporated into F-TS-1-M and F-
TS-1-T successfully via forming Si—F bonds and the
F~ presented as SiF,”” species.

*Si MAS NMR spectroscopy was used to investi-
gate the effects of fluorination on the amounts of Si-OH

groups and structure defects. As depicted in Fig.5, all

B
s
S
z
iz
=
3
=
=
Q3
1 1 1 1
-125 -120 -115 -110 -105 -100
Chemical shift ppm
D
)
s
=
z
=
2
=
=
Q3
1 1 1 1 1 1

-125 -120 -115 -110 -105 -100
Chemical shift/ppm

Fig.5 *Si MAS NMR spectra of TS-1 (A), TS-1-M (B), F-TS-1-T (C) and F-TS-1-M (D)

samples show a strong peak at —113 ppm and a weak
peak at —103 ppm, which are assigned to Si(0Si),
(Q*) featured with a perfect symmetry with Si—O—Si
bands and Si (0Si), OH (Q’) species, respective-

ly'*3 %) A calculation of deconvoluted spectra show

that the Q° percentages are 11.4%, 2.8%, 3.0%, and
2.6% for TS-1, TS-1-M, FTS-1-T and F-TS-1-M, re-

spectively ( Table 2). The decreased Q° percentages

indicate that fluorination partially removed the hydroxyl

0912 Gia forming Si-F bonds and reduced

[30,40]

groups of TS-1
the structure defects which has been verified by
the relative crystallinity of samples. In addition, a

shoulder peak (Q*") of Q*appeared at about —117
ppm, which result from the distortion of Si-O-Ti via the
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insertion of Ti leading to a less symmetry in Q*'*"*/,

The percentages of Q** are 36.8%, 36.9%, 36.2%
and 38.2% for TS-1, TS-1-M, F-TS-1-T and F-TS-1-
M, respectively, suggesting that fluorination via micro-
wave irradiation promoted the Si—O—Ti bonds forma-
tion while fluorination by post-treatment of NaF in
methanol broke the Si—O—Ti bonds which is consist-
ent with DR UV-Vis results.

N, adsorption was carried out to investigate effects
of fluorination on the texture properties of these cata-

lysts. Fig.6 shows the N, sorption isotherms of TS-1,

+300

TS-1-M

Quantity adsorbed/(cm?®- g ')

1 | | 1 |

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure/(P/P,)

Fig.6 N, adsorption-desorption isotherms of TS-1,
TS-1-M, F-TS-1-T and F-TS-1-M

TS-1-M, F-TS-1-T and F-TS-1-M. It can be seen that
all samples present a hysteresis loop resembling H2-

type, indicating  nonuniform  cylindrical  pore

10,34,42]

shapes' . In comparison to TS-1, the micropore

volumes, pore diameters and specific surface areas

(Table 3) of F-TS-1-T and F-TS-1-M decreased . The

Table 3 Physicochemical properties of TS-1,
TS-1-M, F-TS-1-T and F-TS-1-M

Sger V iero Pore diameter
Catalysts
/(m* - g") /(em® - g") /nm
TS-1 346 0.131 0.845
TS-1-M 355 0.124 0.858
F-TS-1-T 333 0.126 0.840
F-TS-1-M 343 0.129 0.843

somewhat larger decreased porosity of F-TS-1-T can be
ascribed to the pore blocking caused by formation of
non-framework Ti species during the fluorination
process which has been evidenced by XRD, UV-Vis,
and XPS. As to F-TS-1-M, the slightly decreased po-
rosity may result from the reduced structure defects
caused by condensation of Ti-OH and Si-OH during
microwave irradiation which had been verified by NMR
and FT-IR etc. Unlike F-TS-1-M and F-TS-1-T, the
pore diameter and specific surface area of TS-1-M in-
creased while the micropore volume decreased in com-
parison to TS-1.

It has been reported that an oxidation process that
requires the simultaneous presence of nonpolar and po-
lar (H,0, aq) reactants within the zeolite pores, the
hydrophobicity /hydrophilicity of the catalyst will play
an important role*™"*. Thus, the hydrophobicity/ hy-
drophilicity of the catalysts was characterized by FT-IR
and TG. Fig.7 presents the IR spectra in the hydroxyl

1

3640 ¢

3720 cm™

3520 cm™

Intensity/(a.u.)

1 1

1 1
4000 3800 3600 3400 3200 3000
Wavenumber/cm™!

Fig.7 IR spectra of TS-1, TS-1-M, F-TS-1-T and F-TS-1-M

stretching vibration region (3000~4000 cm™) for TS-
1, TS-1-M, F-TS-1-T, and F-TS-1-M. The spectra are
measured after removal of water by evacuation at 573
K. The parent TS-1 exhibits an intense adsorption band
at 3720 cm™" and a broad band centered at 3520 ¢cm™',
ascribed to terminal silanol groups and hydroxyl nests,
respectively ¥ ™! Besides the 3720 and 3520 cm™
bands, F-TS-1-T exhibits a new band at 3640 ¢cm™',
which is assigned to the Gemini-type silanol groups and

resulted from the transformation of framework Ti to non-
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framework Ti by cleavage of Ti—O-—Si bonds as evi-
denced by DR UV-Vis and Si MAS NMR spectra. In
addition, TS-1-M exhibits similar spectrum to TS-1,
indicating microwave irradiation had little slight influ-
ence on the amounts of surface hydroxyls. In the case
of F-TS-1-M, the intensity of 3720 and 3520 c¢m™
bands decrease to some extent, implying the decreased
structure defects and surface hydroxyls, which had
been confirmed by NMR spectra'® . Thus F-TS-1-M is

100.0 |- A
1-0.015
99.8 -10.03
< 99.6 | 1-0.030
§ -10.02 )
< e
= =
99.4 | P
N
oop] 0045
99.2 | :
99.0 | o.001 ~0-060
1 1 1 1 1 1 1

300 320 340 360 380 400 420 440

Temperature/K
100.2 F P
40.00
99.6 |
- 0.06
4-0.05
& 99.0 |
S 1 +4-0.10
= .
98.4 = <
/| a
+4-0.15
97.8 | H0.04
9072 L +4-0.20
1 1 1 1 1 1 1

300 320 340 360 380 400 420 440
Temperature/K

more hydrophobic than TS-1, TS-1-M and F-TS-1-T.
The hydrophobicity/hydrophilicity of TS-1, TS-1-

M, F-TS-1-T and F-TS-1-M is further qualitatively de-

termined by TG method according to the procedure re-

[45-461 A7) samples were pretreated

ported in reference
at 393 K to remove any adsorbed water, then equilibra-
ted at room temperature with the water vapor supplied
by the saturated solution of MgCl, for two days. As can

be seen from Fig.8, TS-1 and F-TS-1-T exhibit a main

9-06— 0.08
L B
100.0)
0.04- 0.04
99.9 0.02 0.00
$ =g
E 0 ()Q() E
99.8 04 -0.04
092 _0.08
99.71
--0.04
-=0.12
1 1 1 1 1 1 1
300 320 340 360 380 400 420 440
Temperature/K
lO0.0L b ~ 0.0307
40.00
99.8 — 0.015
® « |
o) =
a [=]
= 1-0.04
99.61 0.000
994} -0.015) —0.08
1 1 1 1 1 1 1
300 320 340 360 380 400 420 440

Temperature/K

Fig.8 The TG, DTG, DTA of TS-1 (A), TS-1-M (B), F-TS-1-T (C) and F-TS-1-M (D)

weight loss in the range of 323 ~420 K corresponding to
physical adsorbed water and amount to 1.2% and
2.5%, respectively. In addition, F-TS-1-M presents a
weight loss about 0.5% in the range of 323 ~420 K cor-
responding to adsorbed water. The TG results demon-
strate that F-TS-1-M is more hydrophobic and F-TS-1-T
is less hydrophobic than TS-1.

Lewis acidity is another key factor influencing the
selectivity of the oxime in ammoximation''>***) Tt has
been reported that higher Lewis acidic strength of Ti

can activate promote the formation of Ti-OOH species

T4 Pyridine

by reducing their activation energy
can be used as a probe molecule to provide more de-
tails on acid site’ s types, strength, and amount. Fig.9
shows the FT-IR spectra of adsorbed pyridine in the
range of pyridine ring-stretching modes after desorption
at various temperatures. All samples exhibit two distinct
bands at 1604 and 1490 ecm™', which are assigned to
Lewis acid sites with a relatively high strength in TS-
11%%] Their intensity were calculated according to
Z. Zhuo et al.'* | and the results were listed in Fig.

10. It can be seen that the acid strength of these cataly-
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Fig.9 FT-IR spectra in the pyridine regions of TS-1 (A), TS-1-M (B), F-TS-1-T (C) and F-TS-1-M (D)

at different evacuation temperatures
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Fig.10 Correlation between the Lewis acidic strength of
TS-1, TS-1-M, F-TS-1-T and F-TS-1-M

sis decreased in the order of F-TS-1-M > TS-1 > TS-1-
M > F-TS-1-T, indicating F-TS-1-M has the highest
Lewis acid strength. The spectra also show a shoulder
band at 1580 ¢cm™" which is attributed to the vibrations

of stretching modes of hydrogen-bonded and physically

adsorbed pyridine and disappeared after desorption at
423 K'"** %] Furthermore, the 1446 ¢cm™' band of all
spectra, ascribed to hydrogen-bonded pyridines, re-
mained after desorption at 523 K, demonstrating these
samples had hydroxyl groups with moderate aci-
dity!**) These results verify that fluorination via
microwave irradiation can strengthen the Lewis acidity
of TS-1 due to the formation of Si-F species and the
transformation of non-framework Ti to tetrahedral
framework Ti species as proved by previous characte-
rization methods'®'?'. On the contrary, F-TS-1-T ex-
hibits reduced weak Lewis acidity compared with par-
ent TS-1, which could be attributed to the transforma-
tion of tetrahedral framework Ti to non-framework Ti
species via Ti-O-Si breakage. The apparent activation
energies (E,) of Ti-OOH active species formed on
these zeolites are calculated by fitting the Arrhenius
equation and were 31.6, 32.8, 50.6 and 19.8 kJ/mol
for TS-1, TS-1-M, F-TS-1-T and F-TS-1-M, respec-
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Fig.11Apparent activation energy (E,) of formed active intermediates of Ti-OOH species
over TS-1, TS-1-M, F-TS-1-T and F-TS-1-M.

tively (Fig.11)"*' It can be concluded that F-TS-1-M

with strongest Lewis acidity showed highest ability for

activating H, 0, , which would lead to high selectivity

in ketone ammoximation'**’ .

2.2 Catalytic Ammoximation of Cyclohexanone
The catalytic activity these zeolites was investiga-

ted in the ammoximation of cyclohexanone and the re-

sults are listed in Table 4. It is obvious that F-TS-1-M

exhibits the highest catalytic activity, which could be
attributed to its high surface hydrophobicity, strong
Lewis acidity as well as increased amount of framework
tetrahedral Ti species. The high surface hydrophobicity
favors the adsorption of reactants and desorption of
product molecules from active sites. Additionally, the
strong Lewis acidity can lower the activation barrier of

free H,0, and thus promote participation of free H,O0,
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Table 4 Ammoximation of cyclohexanone/ benzaldehyde

Ammoximation of cyclohexanone

Ammoximation of benzaldehyde

Catalysts
X Gyetohesanane” % osime /%S yctohexytimine” % X pewsataehyae /%0 oxime /% benvoic acid 7 70
TS-1 94.9 87.7 12.3 96.8 85.7 14.3
TS-1-M 95.0 87.9 12.1 97.0 86.0 14.0
F-TS-1-T 86.5 80.1 19.9 100 78.3 21.7
F-TS-1-M 100 95.6 100 92.0 8.0

Reaction conditions ;0.5 g catalysts, 1.0 g cyclohexanone/benzaldehyde, 3.7 g aqueous NH;-solution( 30% ( weight percentage) ) ,

3.9 ¢ H,0, aqueous solution(30% ( weight percentage) ), 1.7 g H,O, 1.7 g ers-butanol, reaction temperature 353 K, reaction

time 2 h.

molecules in the formation of NH, OH intermediates
and inhibit side reactions caused by free H,0,. Fur-
thermore, the increased framework tetrahedral Ti a-
mount provide more active centers for ammoxiamtion
reactions. Thus, F-TS-1-M shows enhanced cyclohex-
anone conversion and oxime selectivity. Additionally,
TS-1-M shows similar cyclohexanone conversion and
oxime selective to TS-1 demonstrating that microwave
irradiation alone could not improve the catalytic activity
of TS-1. In another word, the improved catalytic activi-
ty of F-TS-1-M stems from the combination effects of
microwave irradiation and fluorination.

Catalytic recycles were carried out to investigate
the catalytic stability of F-TS-1-M and the results were

listed in Table 5. We can see that after 8 catalytic

Table 5 Catalytic recycles of cyclohexanone

ammoximation over F-TS-1-M

Catalytci runs Cyeloheanone 7 70 S oxime” Y0
1 100 95.6
2 100 95.0
3 100 94.2
4 100 96.0
5 100 95.2
6 100 93.8
7 100 94.0
8 100 94.2

Reaction conditions: 0.5 g catalysts, 1.0 g cyclohexanone/
benzaldehyde, 3.7 g aqueous NH;-solution (30% ( weight
percentage ) ), 3.9 g H, 0, aqueous solution (30% ( weight
percentage ) ), 1.7 ¢ H,0, 1.7 g tert-butanol, reaction tem-

perature 353 K, reaction time 2 h.

recycles, the cyclohexanone conversion and cyclohex-
noane oxime are as high as those of the first run, dem-
onstrating F-TS-1-M has high stability.

On the contrary, F-TS-1-T exhibits the poorest ac-
tivity incyclohexanone ammoximation, which is in ac-
cordance with the results of previous reports'®'. The
aforementioned characterization results demonstrate that
F-TS-1-T presents reduced active tetrahedral framework
Ti centers, weakened surface hydrophobicity and
highest apparent activation energy (50.6 kJ/mol) of
Ti-OOH active species, which leads to the decreased
cyclohexanone conversion and oxime selectivity on
F-TS-1-T.

The kinetics of ammoximation of cyclohexanone
was studied over TS-1, TS-1-M, F-TS-1-T and F-TS-1-
M in a temperature range of 323~353 K (Fig.12).

-9.2
= TS-1
o v TS-1-M
9.4 F A F-TS-1-T
e ® F-TS-1-M
¥
—9.6 - s _~~16.80kJ/mol S..
< AN ®.__15.70 kJ/mol
E RV RN
B AN R R
-9.8 \‘A\\‘\ ~o "9
-10.0 IENL SR
19.02 kJ/mol AL
\\\ \\\\ \v
AN |
102 - ~<17.79 kJ/mol
TA
1 1 1 1 1 1

0.00282 0.00288 0.00294 0.00300 0.00306 0.00312
1/T (K™)
Fig.12 Plots of apparent activation energy in the

ammoximation of cyclohexanone
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The ammoximation of cyclohexanone is a first order

[50]

reaction . The apparent activation energies (E,)

[24,47]

, are
17.79, 16.80, 19.02 and 15.70 kJ/mol for TS-1, TS-
I-M, F-TS-1-T and F-TS-1-M, respectively (Fig.12).

Hence, it could be concluded that the fluorination with

calculated by fitting the Arrhenius equation

microwave irradiation lowered the apparent activation
energy for the ammoximation of cyclohexanone through
modifying the local chemical environment of the frame-
work Ti sites, which resulted in increased oxidation re-
activity[m .

The catalytic activity of these catalysts was also
investigated in the ammoximation of benzaldehyde and
the results were presented in Table 4. We can see that
the catalytic activity of these catalysts showed the same
trends as that in cyclohexanone ammoximation which

consolidates in further that, fluorination under micro-

wave irradiation can improve the catalytic activity of

TS-1.
3 Conclusions

Fluorinated TS-1 has been successfully prepared
via treating TS-1 with DMSO solution containing NaF
under microwave irradiation. The XRD, DR UV-Vis,
*Si NMR results showed that microwave irradiation
could promote the transformation of non-framework Ti
species to tetrahedral framework Ti due to the selective
effect of microwave irradiation. The "F NMR showed
that fluorine had been implanted into TS-1 framework
by forming Si-F species which in turn led to the in-
crease of hydrophobicity and Lewis acidity strength. As
a result, the fluorinated TS-1 showed enhanced cataly-

tic activity in the ammoximation of cyclohexanone and

benzaldehyde.
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