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Control of the distribution of framework Al atoms in the

8-ring zeolites and its impact on catalysis

(Tokyo Tech.”, Ruhr-University Bochum®)
P. Xiao*, K. Nakamura®, Y. Lu®, Y. Wang”, H. Gies*® B, oT. Yokoi®

1. Introduction

Distribution of Al atoms in zeolite framework has been
recognized as an important factor for catalytic activity and
selectivity, and its control and evaluation have been
extensively tackled by many research groups. In
aluminosilicate zeolites, to balance the charge, A" atoms in
silica framework, (SiO4)*, are located near cations including
inorganic cations, e.g., Na" and K*, and/or organic ones. We
have reported the control of the Al distribution in the MFI
framework based on the rational choice of inorganic and/or
organic cations [1], and the use of alcohols as pore-filling
agent [2].

8-ring zeolites and zeotype materials have attracted much
attention in expectation of selective catalysis due to their
small pores [3]. In particular, the CHA-type zeolites
including chabazite, SAPO-34, SSZ-13, etc., have been
extensively studied by many groups. Among them, H-form
SSZ-13 has been used as catalyst for the methanol to olefins
(MTO) reaction. Cu- or Fe-exchanged SSZ-13 materials
have been used as catalyst for NOy selective catalytic
reduction (SCR) with ammonia. Recently, catalytic
conversion of methane into value-added chemicals over Cu-
exchanged 8-ring zeolites has attracted much attention [4].

Here we focus on the recent development on the control of
the distribution of framework Al atoms in the 8-ring zeolites
and its impact on catalysis.

2. RTH-type zeolite

RTH-type zeolite has two-dimensional channels with
aperture size of 0.41 x 0.38 nm and 0.56 % 0.25 nm, which
run parallel to the a-axis and the c-axis, respectively. RUB-13
[5] and SSZ-50 [6] have been recognized as the RTH-type
zeolite, while highly elaborated organic-structure-directing
agents (OSDA) are required for these syntheses. We have
established the synthesis method for preparing the RTH-type
aluminosilicate zeolite without using any OSDAs [7, 8].

Organic structure-directing agent route

v Silica source \

v'Al and B sources
v'OSDA (Organic structure-directing agent)

v Silica source
YAl and B sources
v'Seed crystal

I I
742
4 RTH-type zeolite

Organic structure-directing agent FREE route

Fig. 1. Synthesis routes for the RTH zeolites synthesized
with OSDA and without OSDA.

Furthermore, we have found that the RTH-type
aluminosilicate has a high potential for the selective
production of propylene through the MTO reaction.
Interestingly, the RTH zeolite synthesized with OSDA
exhibited a longer catalytic life than that without OSDA
regardless of the same acid amount. After careful
characterization, we have revealed that there is a significant
difference in the Al distribution [7]; the RTH =zeolite
synthesized without OSDA has more Al atoms located at
distorted small 8-R channel, resulting in a low catalytic
performance. Through this work, we have considered the
location of Al atoms in zeolites could be controlled by
rational choice of the cations.

3. CHA-type zeolite

The CHA-type zeolite has one unique nonequivalent
tetrahedral site (T site) in double 6-membered ring (D6R)
building unit that connects to form a three-dimensional pore
system with the large cha cages. Hence, the Al distribution in
the CHA-type zeolite has been discussed in terms of the
distance between Al atoms, so-called “isolated” or “pairing”
Al species. In addition to the Al amount, its distribution in the
CHA framework greatly affects the catalytic activities. Davis
and his coworkers reported that the CHA-type zeolite with a
high proportion of pairing Al spices led to the production of
heavier coke in the MTO reaction compared to that with a
high proportion of isolated Al species [9].

We have developed a method for controlling the Al
distribution in CHA zeolite depending on starting materials
[10, 11]. The CHA-type aluminosilicate zeolites were
synthesized in the presence of NN N-trimethyl-1-
adamantammonium cation from the different starting

CHA-type aluminosilicate zeolite

TMAda*

« FAU-type zeolite Q4(2Al) rich
* Fumed silica
« Al(OH), 4
. Fumedsiica
TMAda* Q4(1Al) rich

Fig. 2. Transcription-induced formation of paired Al sites
in high-silica CHA-type zeolite framework using Al-rich
amorphous aluminosilicate



materials including fumed silica, aluminum hydroxide, and
the FAU-type zeolite with their proportions varied. While,
we can estimate the proportion of “Q*nAl)”, Si(OSi)s
A(OAl),, and “Q*(nAl)”, Si(OSi);.(OH)(OAL),, in the total
framework Si atoms by solid-state Si MAS NMR
technique. Hence, the proportion of “Q*nAl)” has been
applied to an index for Al distribution. When the proportion
of the Al source derived from the FAU-type zeolite was
increased, the proportion of Q*2Al) was increased. Thus, we
found a facile method for controlling the Al distribution in
the CHA-type zeolite by varying the starting materials.

We have found that the difference in the Al distribution
influenced the catalytic performance in the MTO reaction as
described below. There was no significant difference in the
products distributions among the CHA-type zeolites with
different Al distributions. However, a marked difference in
the catalytic life was observed under the similar Si/Al ratio
and the particle morphology; Q*2Al)-rich zeolite showed a
short catalytic life compared to Q%(1Al)-rich one. In this case,
the deactivation was caused by coke formation, which would
be formed via aromatic compounds as coke precursors. It is
considered that they are formed by a successive reaction of
propylene and butenes via dehydrogenation including
hydride transfer, which is enhance by Lewis acid sites and/or
paring Al species. Corma and Moliner et al. [12] prepared
nanosized CHA by only using crystalline high-silica FAU as
silicon and aluminum sources in the presence or absence of
Na*. However, the Al distribution was very different in the
zeolites synthesized with or without Na®. The CHA
synthesized without Na® had completely isolated Al
showing very long lifetime in MTO reaction.

Recently, the CHA-type aluminosilicate zeolite with a
high proportion of paired Al sites has been developed by
transcription-induced approach based on the use of Al-rich
amorphous aluminosilicate as raw material [13]. This Al-
pair-rich CHA exhibited a higher Sr**uptake than the control
CHA zeolite synthesized by the conventional procedure.
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+ ,01' I~ AR L

N 0 _Al . L
'\O-AI o Nond X ,lf"J + Na' ‘\0_ ol S

% & ~/
0-si-0 o Lol
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*ar° é 5 Hydrothermal g
¥y % treatment AL J

Al-rich amorphous "y

aluminosilicate
(containing paired Al sites)

Fig. 3. Transcription-induced formation of paired Al sites in
high-silica CHA-type zeolite framework using Al-rich
amorphous aluminosilicate

4. AEl-type zeolite

AEl-type aluminosilicate zeolite, i.e. SSZ-39, with three-
dimensional 8-ring pore (aperture size of 3.8 x 3.8 A) and
medium size cages that can include spheres up to 7.3 A [14],
has exhibited splendid catalytic competence in the NH3-SCR

[15], MTO [16] and partial oxidation of methane,[17] which
is regarded as an extremely promising small-pore zeolite.

Similar to the strategy for controlling the Al distribution in
the CHA-type zeolite [18], the AFEI-type aluminosilicate
zeolites were synthesized under the guidance of OSDA with
or without Na cations in the premise of the same total
amount of cations. Finally, the AEI zeolite synthesized with
Na cations contained higher Al content and more Al pairs
than that without Na cations [19]. In addition, Cu-exchanged
AEI zeolites (Cu/AEI) displayed different Cu speciation and
acidic properties. Note that the Cuw/AEI zeolite catalyst
synthesized with Na cations a higher catalytic performance
in the catalytic conversion of methane.

5. Conclusion and Outlook

8-ring zeolites have shown unique properties in the field of
catalysis and adsorption/separation involving C1-C4
molecules and inorganic gases. In order to further improve
the functions, the precise control of location and state of
active sites including framework heteroatoms and doped
metal species have been desired. In addition to the control
methodology, accurate characterization techniques for active
sites should greatly be advanced. Last but not the least, to
address the carbon-neutral goal, catalytic technology based
on zeolite will contribute to the effective conversion of
biomass into fuels and chemicals. In order to utilize the
renewable carbon resource, a new class of zeolites driven by
“Atomic-Scale Design and Elaboration” will be urgently
required.
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Preparation of encapsulated Cu nanoparticles in ZSM-5
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1. Introduction

Metal nanoparticles are promising catalysts because of their
high surface-to-volume ratio that enhances the number of
active surface sites compared with the bulk materials.[1]
However, they are thermodynamically unstable due to their
high surface energy; thus, they tend to sinter at high reaction
temperatures and in the presence of water. These structural
changes usually result in a decrease in catalytic activity.

Encapsulation of metal nanoparticles into zeolites allowed
to combine the enhancement in the hydrothermal stability
with the shape selectivity of the zeolites.[2] Direct
incorporation of metal cations during zeolite crystallization is
highly desirable to introduce the metal with a uniform
distribution in the solid. However, the synthesis of zeolites
usually requires high temperatures under alkaline media that
causes the precipitation of metal oxides and hydroxides
resulting in the formation of separated phases of zeolite and
metal agglomeration.

Previously, our group reported the preparation of Pt/Sn
nanoparticles encapsulated within ZSM-5 zeolite by using
standard metal precursors.[3] The key to avoiding the
precipitation of the metal hydroxides was the acceleration of
the zeolite crystallization. The Pt/Sn encapsulated ZSM-5
zeolite was obtained in only 5 min of synthesis which
allowed the concerted formation of nanoclusters of 1 nm.

In this work, Cu encapsulated nanoparticles within ZSM-5
zeolite using the fast hydrothermal synthesis strategy was
applied to prepare active catalysts for the CO, hydrogenation
to methanol.

2, Experimental part

Cu@ZSM-5 zeolites were prepared by hydrothermal
treatment of a synthesis mixture with the following
composition 1.0 SiO,: 0.0035 ALOs : 0.083 Na,O : 0.067
TPAOH : 10 H,O : x CuO, where x varies from 0.01 to 0.03.
In a typical synthesis, 0.020 g of Al(OH);, 0.481 g of an
aqueous solution of NaOH 50 wt% and 1.226 g of
tetrapropylammonium hydroxide 40 wt% (TPAOH) were
mixed and stirred for 15 min. Then, 5.400 g of colloidal silica
(LUDOX AS-40) was added to the mixture and stirred for 30
min at r. t. followed by an aging treatment at 90°C for 15 h.
An aqueous solution of 0.144 g of Cu(COCHj3),'H,O was
added to the aged mixture and stirred at r. t. for 10 min and
ultrasonicated for 30 min. The blue synthesis mixture was
transferred to a sealed stainless-steel tube and heated at
190°C for 2 - 15 min. The solid product was recovered by

centrifugation, washed with distilled water and dried at 80°C
overnight. Selected samples were calcined at 550°C for 2 h.

3. Result and discussion

Pure ZSM-5 zeolite was obtained after 5 min of
hydrothermal treatment with a metal content of 2 wt% of Cu.
The absence of diffraction peaks corresponding to CuO
species suggests the formation of small and well-dispersed
nanoparticles in the zeolite. The incorporation of metal
nanoparticles was confirmed by TEM microscopy. Particles
of 2 - 3 nm can be observed in the TEM image of the
calcined Cu@ZSM-5 zeolite (Figure 1). Metal particle size is
larger than the channels of the ZSM-5 zeolite which indicates
that part of these nanoparticles are fixed in the zeolite crystals.
UV-vis spectra showed absorption bands associated with the
presence of isolated Cu®" cations together with CuO
nanoparticles, confirming the absence of large CuO particles.
Preliminary catalytic tests in the CO, hydrogenation to
methanol at 250°C and 2 MPa using the reduced Cu@ZSM-
5 zeolite show moderate CO, conversion and methanol
selectivity. The conversion of CO; did not change with time
up to 4 hours and there was no deactivation due to thermal
aggregation or hydrothermal degradation which suggests the
potential of these series of solids as catalysts.
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Fig. 1. TEM image and size distribution of a Cu@MFI zeolite after
calcination at 550°C for 5 h containing 2 wt% of Cu.
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3. MREEE
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BRI 2LEZ2 TN,
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BT H RS Ti FEIZHRT 5210 nm fHroe—2
DB, 7 = ) — Vb D ISR % Table 112
R mVRE CORAEHEREZ H > Ti-MCM-68 D
FHNEMER L OV T 8RR 5 < 72 5 72(Runs 1-3).
ZAVTERALBL OIRFEE DS ER BTN TRBY A MR
W, ki r-2REkfb Sz, FETHD
7 x /) —VHHIFLND Ti IEHEAICEEE L7 < 7o
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3(0AD = (HO)Si(OS1): .
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Fig. 1 %Si DDMAS NMR spectra of (a) AI-MCM-68, (b) deAl-
MCM-68 AT(80), and (c) deAI-MCM-68_AT (130).

Table1 Phenol oxidation with H>Oz over titanosilicate catalysts”

Ti content Yield  p-Sel.

Run Catalyst TON
(mmolg) (COSOd
1 Ti-MCM-68 AT(80)_Ti*/H,O cal 0240 136 148 64.1
2 Ti-MCM-68 AT(100) Ti*/H,O cal 0210 191 172 689
3 Ti-MCM-68 AT(130) Ti*/H,O cal 0241 308 351 83.0

a. Reaction conditions: catalyst, 20 mg; phenol, 21.25 mmol; H202,4.25
mmol; temperature, 70°C; time, 60 min.

b. Turnover number = (moles of (HQ+CL+p-BQ) per mol of Ti).

c. After exhaustive acetylation of the products with excess Ac20-K2COs3,
derivatized products were analyzed by GC (FID).

d. p-Selectivity = mol-(HQ+p-BQ)/mol-(HQ+CL+p-BQ).

1) Y. Kubota et al., Chem. Commun., 44, 6224 (2008).
2) S.Inagaki et al., Green Chem., 18, 735 (2016)
3) S.Inagaki et al., RSC Adv., 11,3681 (2021)
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Fig. 1 XRD patterns of synthesized CHA-type zeolites.
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Fig. 2 Time courses of MTO reaction at 350 °C over SSZ-13 and
high-silica CHA-type aluminosilicates. Reaction conditions: 100
mg catalyst, 5 vol% methanol in Ar gas, W/Fmeon = 68 g h mol™.
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Fig. 1 XRD patterns of products obtained by calcination of
the mixture of Nb2Os, K2COs3, and (a) graphite, or (b) MPC
at 1150 °C under N2 flow atmosphere.

Fig. 2 TEM images of products obtained by calcination of
the mixture of Nb2Os, K2COs, and MPC at 1000 °C under N2
flow atmosphere.
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Figure 1 The LSV curves of each sample in 0.1 M KOH
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1) L.-H. Chen et al., Chem. Rev. 2020, 120, 11194; 2) M.
Hartmann et al., Adv. Mater. Interfaces 2021, 8,2001841; 3) H.
Chen et al., J. Am. Chem. Soc. 2011, 133, 12390; 4) &[5 T
D, BREA T4 MER 8 37 BEA T A MRS
THAEE(AL6); 5) F. Jiao et al., Science 2016, 351, 1065.
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1) T. Kimura, Chem. Mater., 2003, 15, 3742.

2) T. Kimura et al., J. Mater. Chem., 2007, 17, 559.

3) T. Kimura, Angew. Chem. Int. Ed., 2017, 56, 13459.
4) T Kimura, Chem. Mater., 2005, 17, 337.

5) T. Kimura, Chem. Mater., 2005, 17, 5521.

6) R. Wakabayashi et al., Chem. Eur. J., 2019, 25, 5971.
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1) X.D. Zhu et al., Inorg. Chem.,2018,57,3.
DR D, 5 35 BB AT A MFFIEFREES,A14(2019).
NEED,H 3TEIE AT A MFZER S, A21 (2021).
4)R. Lin etal., Cryst. Eng. Comm., 2014, 14,6291.
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1) J. H. Cavka et al., J. Am. Chem. Soc., 2008, 130, 42, 13850—
13851

2) W.P.R. Deleu et al., J. Mater: Chem. A., 2016, 4, 9519-9525

3) A. M. Ploskonka et al., Ind. Eng. Chem. Res., 2017, 56, 1478
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By T OBRERIIST % Th o7z, ZOfEIE, Wt
MRS F12[A U < Pluronic P123% VM- A VAR —
T AU 1 (SBA-15) DAERIZINT, MEBEM A
T ETREECHS LT LG5 oBRER (64
91 %) \ZHHT D, VYRR OLRER & MALAREIT
FNEN270 m* g1+0.85 e’ gl THHoT-,

T ) — VIR DoE R L E oA AMED

(BERRBIF) OFF AR KRR « AR RAE"

BEtLi-e A, o7y a5 (DBU)
RT7E=T () O L9 REFEMEORVMEAEY T,
FIRRIC R 2 W8 LTz, MBI Ay T DR EFRIL
DBU T91%. NH;TI0% Tdro7=, CHN JLESHTORE R,
WEMALAPIZHRT S N STOTOH o 7 unb
B ST,

1000
o; adsorption

T «; desorption EtN / EtOH
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3 e ©
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<
. . . . . 0 X . . .
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26 /° (Fe Ka) PIP,
M1, WEZ L A0S EHOCTER LAY AR—TF X
T FTBED () KAEXRD RXZ—2 KDY
(£) EtsN/EtOH Tk O % # W i & % IR #

e (HCl) #&tex % ) —VIRIK CH S EIT-T-
L2 A, HC1 ORENREL 2B 2N TIERAED XRD
NP =2 DE— 7RI L < L, IM HC1/EtOH
TIIHER R L T LE o7, AT L—FTA
(2 & o TR L7234 BT OB A I E BN B sk4 5
HCl FEFLCWD EE B, MO MLEY
ETem X ) — VIR T HCL OIS & £ Wi
HARFETIT, AVR—FATAIFTOT IV FEFRH
DOFFEEANR I 2D Z & T, A Y 27—V OEERA
PR U2 gAY A RETE L E
22T\ 5,

4, BT

Z ORFIE, ENTAFTEBIE AT =R L X — - FEE
Feftria & BRI HRE (NEDO) D ZEFE2E7S  (JPNP18016)
MREONT-LOTY, £72. AWFFEIL JSPS Bl
FEAERFSE (C) 22K05276, 2 OV R 4R BiLiY [
20225 FERFFEBNRR D 4B 252 T TUVVET,

BE R

1) C. Gérardin, et al., Chem. Soc. Rev., 42,4217 (2013).

2) R. Wakabayashi, New J. Chem., 45, 14563 (2021).

3) S. G. de Avila, et al, Microporous Mesoporous Mater.,
234,277 (2016).
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1. #8

Ti ZAEAT A MIEkA 2GR LRSI T3 L TRy
RIS 2 R 972 TEMIZIA LS FIH S0,
Z Of R T A B IR OB E-CHEE  IR T D 23,
KSR 72 HECE R 72 IR Ch 5, Ti A 84T
A MBI BT O TIZUEALRIE TILNZ L TH Y |
fIFIH A b Ti(OSi)s & AEIFIHA R Ti(OSi);OH AMFET
DT ENHESINTCWAE STETIE, MFLAI T G648
A7 A4 FTS-UZEWT TIOMEAEDTES AT L D #
Ti A FREREMETHD Z LAVRB I T b Bl
TRWBL Z D 9 7 [E ARSI AR OV M A O RO
ST Bl & 2 RS 5 O 2 CIEMES 2Rk L 7= k&
MIIARTHY, Ti ZEALTZRY A% 24 L— R
RRGERMEOTIIN DRI Lt 2% F XY (RS
i POSS)BIATEM S T B INLIUBINL Ti A b Otk %
MEELT-ET AT LTRSS, [RIERIC &%
Ti 41 bEHTLHEEROGH bR HILTUVNH 3067
TiOMUEAMNTERIE LIz " TiV A hafFT5vaS
P ALEW E B R L OMWE Z T2, ARAF5E
TiE, REEMEEAL POSS & Ti(OPrs & OIG, S HIC
TEHROT V2% L HEONMKSRIZL D . TIOH ExEHT
% POSS KO Z#% Ti 4 % H 3 5 POSS (Scheme 1)%
AL, ZOfMBEEME AR LT,

2. EE

FIeaHEE POSS (BusSizO«(OH)s) & A I i fi
L. R LA B%E/L0 TIOP)ZH T L, EIR TR
Ji STz, TIOPr FEOMIKGEIZ L VA L5 TIOH D
BiAMEAZZ XY Ti-O-Ti AWK T D &5 %, Mt
BRARO.SHFRITL I T /L OFMUK Z TR L, & O (C4RFREHE
U7, WIEBREORICBIERIEE L B MR E5T, 47
HriEH, BC, ¥Si NMR, 'H DOSY NMR %2 L D 1To77,
R ERER & LT, tea-7 F e Ru~ULt$o R
(TBHP)Z W = 7 et v DR ARG % 5
i U, Sy 1A R ORI O A TEZ 1 0 Sl L7z,

R R R Lo RS
Ry 0-Si=OH R, 050 _ofr R 0-8im0.. OH 5 S \
FEOSTOR | TiOPr),  S0SO)  MUkSEE. T oosoy R RIS
Qo s T QoSPsi we Q oS Osi_ &, oS-, O
Rw/s\\ORJS(/o Ry R‘/SLORJS{’O’ \R‘ LENS) R/SLORJ {’d “r s/./ o\b‘s‘?‘b\o 1
R, R, R, i‘,oRS‘//oos(\
.
fie e "
o G I\ Y
Scheme 1 F5E2AEER POSS & Ti DK
2 ES NN
BHNBHREEIO FLIR 2427 R LIZEBWTI25

em I Si-O-Ti A AT AW 28R L, »Si
NMR A7 ML X0 RoeaiEal POSS @ Si-OH Frh
KD T2 7T NOEKREMR LTIZZ LD Ti-OPr Jk L
Si-OH FDFISOEEITH/RE 7z, UV-Vis AT fL

(FRIGEFL T - BRI OJIARERS -

JERPA A - B 520 PR

(2B T210 nm FHTZPUBMT. Ti fElZ S4B A8
HL7-, 'H,BCNMR A7 kLY Ti-OPr Ziz k4
DT TBR SN, Ti-OH HEICH3k4 % 'H NMR
T IVERBI U2 Z L BRSO TR Sz,
S HIZ, MALDI-TOF MS 7t & V| TIO &2 H3 %1k
AWBwSHORTIO XY Ti-O-Ti #EA AT 21LEW
[BusSizO 1 Til(p-O) (2@ & vl e 7e B/ — 27 28I L 72, Ik
(2 BUSBAAR0.SHERZ I USINT D ik & [RINL IS K
(70, 10%)ZZEF L7 [FREDFEBRIC & 0 70 Gtk 2 &
L7z, "ONMR A7 hL XD TiO-Ti fEEB IV
Ti-OH 228 LTz, F£72. Ti-OH XEDIFEZ MRS 5
7=, Bon-i@ B E L,1L1333-~F A F LT
YORIGNEITo T, ZOfES, Ti-OH HEnv U vk ai
722 &£ Z'H DOSY NMR, °Si NMR, MALDI-TOF MS L ¥
R L7z, LLEDOFREEN S, Scheme 11T —2DE&
WMDIFAEE MR LTz,

B BR DG F(Fig. 1), 7 u~F kDT RF
ALSIGSIZ I T DRI IR TSIN 2 LEEHCIEHI90%,
FKEINS U B CTIIHIT0%TH D . TRF T FERER
HEVMEZ R LTz, &SRB o =R IR EsINZ: L
BT I [BusSiOnTiOPr . Hli /KRN & 0 3Lk Tl
[BusSi;OnTih(u-O) CHH EZEZ LI, ZTIHD Ti A
NDT 7 AR N Z I 1T AR OEZ L ViR
(ERICER N E U L HEII S D,
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1. #E

MtV aF 2 x— boRFEH E LT CST
(sitinakite) 238 5. CSTIEF =/ NAED TuOs2 = b &
SO U E AN BLRINE B L7 iE b 7e b, B4 T
A SRR S R O E D)D) — 72 =Wkt~ A
I fLEAT D, YAFTEE TIIEE - B, BMLAOSIC
BT, CST Ml L CiFtha "4 2 &2 /LT
ETCNDY, Z ZTANFZETIX CST %ﬁﬁb\f_%%ﬁﬂziy‘t
FOGIZIEE L, Knoevenagel i (A1) (2BWT 7 Z
7 v T—T VORI AR LTz, é% CST %7
v R—VEOE (H2) AL, H0 ORINZIE %%
L7

2. RER

Na~CST OE AL : BER> N FES & Brp 2 “FED Jiik
T CST &R L7-. TiJiE LT Ti(OBu), Ti(OPru%
FWTER LT 7L & 24 Na'-CST (TBOT),
Na*CST (TPOT) L M52 & &35, FHBL L 7-3bkHTk
AR XRD, ICP-AES %D FikE% FVVToHT L7z,
Knoevenagel )it : Na™-CST (TBOT) (30 mg), SSHE &
LTRURT AT E R (125 mmol) &7/ FiigeF /L
(1375 mmol), ¥SHNAIE L CTl5<crown-5, PAEHEY)E &
LTEZ ==/l (0625 mmol) ZMHEZITMZT-. Fik
e L=k ) — vz vy 25 mL) 20
Z, 80°C T60 min $57#E L7213 b Ut a e L7z, Sk
%, 7 v/ A THIR LG % GC (FID) THolT
uz

Ph CN
>=O + < Catalyst >_< + HZO )
CO,Et H CO,Et

ka—w&m.%mL+x7?xzm7w?tFw
(1.0 mmol), Na™-CST(TPOT) (50 mg) # &V H Y, 7% k
> (5mL) Zh0%, 30°C TIRIELAN GRS SETZ, )
JEBRAG 5545 min #2102 HO (SmL) 2z, Z0#%1 hi#
FRU7Z, SR EWS| AL, FEEE7 & b Cotg
%, AL TERZ AR,  OEIK & RIERME L <
BoNT AR Z 7 LER L, 'HNMR THHr L
7-.

) o + ] Catalyst OH O /\)OJ\ (2)
Ar)J\H )J\ Ar)\/u\ Ar X
A B

3. BREBER
Na*-CST % fifiii: & |7z Knoevenagel 5K its  GU) 13,

TH ) )VRTIHET LD, Rl TTIIEE A
EEELR o7, ZhUE, =X ) — Tl Natvig
BRNZ X > TARBEL, CST RO FsIER I EILR L
LTETE 20lzxtL, MLxmClidsiifn S
TIEE CE = tE2x b5, 22T, hr=x
YR D SR 15crown-5 2 RIS % &, RIINAFIRE &

Sitinakaite 22 1) 3 F 2 R—

BRREABET®) ORREEME -

~ DR & F DIREMITEE

BN - FEEAED - FRtE T
Pl U TR IR L2, 23U, RA =42 M
HERIZEY Na' D037 T 0 =—T M EES
., CST REOBHERZN LR LTERTE S X
INTlpoizlzbFE 2 bs. Fig 1T, CSTHO Nat
B2 D 15crown-5 DIRIN&E &2 21 S CRn &
1T o T2 fE 8% R9. 15-Crown-5/Na' L 23 1SR £ Ci
IERMMSHER L7228, ZLL ECIRIERNTEF T & 7o
7z

60

50 {1 ——o————- ‘-———'— ———————————————
40 A

30 A

Yield (%)

20 A

10

2 4 6 8 10 12
15-crown-5/Na molar ratio

Fig. 1 Effect of 15-crown-5 on the Knoevenagel condensation
in toluene over Na'-CST catalyst.

&IZ, Na™-CST (TPOT) 27 /L R—/L e (H2) @
fillit & U CHAWZRERZ Table WY, R AT LT
b REHWERIZHAST, ETW5IEE 4= a
NRURT AT REWER T L VINERNEL 2o
2. F77, EBLLDORICEBNTH HO ZHNT 5 L,
A A 25880 TERgIRRIIZ G LD 2 L sbio iz
H,0 28I % & BIRNCEOGDSEST L7 DIE, Nahd
AR KXo THEBE L, CST RO BHEESE I R
CLTIEHTE A Lot o=mdb e EZ NS, F
7=, MO B ~OBRSIERIMZ B TND Z LT
Na"-CST it OF i D—>THDH L EZD.

Table 1 Aldol reaction of aldehydes with acetone catalyzed
by Na*-CST with or without H20 as an additive”

. Yield® (%)
Ar Additive A B
4-Nitorophenyl - 0 0
4-Nitorophenyl H20 91 <3
Phenyl - 0 0
Phenyl H>O 43 0

a. The reaction was carried out as described in the text.
b. Isolated yields.

BE X

1) =B85, HBI128RIMEE TR TR, 3E03 (2021)
2) Y. Liu et al., ACS Sustainable Chem., 7, 4399 (2019)
3) D.G. Medvedev et al., Chem. Mater., 16, 3659 (2004)
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Sitinakite B !) 3F 3 r— FOEMEfmIE L L TOGH

(BREEDRBERE T A « BEERBE L ®) OFR #hhA - A SSHEA - ZBH AHE D - it s B

1. #&S
Sitinakite !V 254 31— hORERIE LT CST 23
%. ZO CST I cubane ££D TisOs == k& SiO4 PUHIA
DSRAIRISERE L-EE S22 0, B4 T A MR
M HSROMIE ) DY)/ =ot~ A 7 aflzbo. £z
BHED Ti D—HHiZ Nb (ZEH#L L7 CST ((Nb]-CST) &
ARE T 5 2. YHFIEETIXZ D CST Z it & L CThix 72
FOGRIZEA L, [ - WAL - Fefbfitdic & U CofEiE4 R
L7z . AHFFETIT sitinakite L) o F % %— R TH D

CST DRI EREZfRET L7z

2. 5Bk

BER 2% 5512, Na™-CST & Na™-[Nb]-CST &4k L7-.
B RROHAATLKERE A No/(Nb+Ti) = X Dk Na™~[Nb](X)-
CST LMESZ & L35 feV T 0.1 mol/L D¥REEZ VT,
Na'-CST Z =i C 1 B2 = & T Hi~of A 25H
L7z, BE# Y% BB EOTIET Iwt% bbb o1z
Au % CST IZHEF L7, Mk EclgE L= %
CST Au(en)y, =mA REMFIGETHEFLZY T L%
CST Au-S EFRESZ 12795, AritikEakY, milkATH
% Au(en),Cl; (en=ethylenediamine) % H,O LA L, €2
(\Z&HE CST 2%, 70°C T 60min #5#E L, Z&R3EREE L7
#300°C T4hBERkd % Z & TCST Au(en), 2157-. £7-,
anA RERMWETIIE e A NKR (ML 88 124
TECST Mz, |IET60 min L, MLolZ2KHEX
W7, 300°C T4hBERd 52 & TCST_Au-S #4572,
INSDOFETHILIZH o 7O THR X #ERT
REOFMEX Y T/ X )BT a BTl

BER Y% 2B, WO, #BtRI L TH> 7 at s 700
(A H-CST Zfilit & U-CHhE L7z,

F£7 Au JHEFEDOT X MR & LT O, ZEEAIE 3
% CO b ZAT -T2 Y. FEBDRISEIZ 150 mg Dbl %
FEW, 22 250 °C T 60 min BIAWER L7-#1Z 1% CO/air
(50 mL/min) & 72 5 K 5 [ ZfERE | 2l S B CRISETT o
7. BREERD 50% & 72 DIRSE (Tspme & 3RT) I A HLINT
WL OO DUGRE CRIGEIFNE L, ERd% GC (TCD)
THAT LTz

3. FEREER

R XRD L ¥, Na*-CST & Na'-[Nb]-CST A3HAHTH5
NS Z &R L=, Nail CST % 0.1 mol/L DiERE
TOMSEAT ST & 25, fldntEaiE7e 5 2 &7 <, HAY
CST MMFH 7.

H-CST & H-[Nb]-CST # T 7 a4t 7 Otk
Z Lz & 2 A, H-CST & H-[NbJ-CST & HIZZ DK
IR LSRR T2 L s o7z, H-CST Tl yield

N 15% T ->7=DIZxt L, H-[Nb](0.1)-CST Tl 11.4%,

H*-[Nb](0.2)-CST Tl 11.3%, H*-[Nb](0.3)-CST T 12.7%
& H=-CST (ZHAT HYNb]-CST [ miEtha R~ Lz, Zh
(2& D, Nb2STi L{EHAL CST OERPICHARA TN Z
& Tl L U COTEID 03D Z L sz,

FHHEL L 72CST_Au(en), & CST Au-SIZOWTAuDFHRL Y
MradT o0 L, TEMIE & 0 85 L2 ki1 %
B U 7R R 2 Table 119 £ 72COMLO#ER % Fig. 1
N L, %Z#%?}‘EJ}H&O 7’:T50%78Table IR, Na'-
CST Au(en), & Na™-CST Au-S# LL#Ed % & Auhi 148 &
GHERIZIZERLCTCHLIOICLBEDL LT, Na-
CST Au(enpSEdEMEA R L=, ZHUZ K-> CTCSTIZ L
TAREHEITHHIEBE TH D EEZ T D, £, Na-
CST Au(en),DTsp,lI—13 °CTH Y, CORALIZETHIEE TR
T2 ENHLIVTODTION Aulen), & RIS LL EOTE
WA RTZ et
Table 1  Physical properties of the supported gold catalysts and their
catalytic activities for CO oxidation”

Catalyst Ausize’(m) Auamount (wi%)  Tipd (°C)
Na'-CST_Au(en) 33£14 1.06 —13
Na*-CST_Au-S 3.1=£12 1.02 38
TiO»_Au(en),” 4111 0.99 21

a. Reaction conditions: catalyst, 150 mg; 1% CO/ air (50 mL/min). . Measured by HAADF-STEM.
¢. Determined by atomic absorption spectrophotometry. d. T, the temperature for 50% CO

conversion.

100.0 _a A o
g o©
g o 2
2 500 1 o o
g Ao
o o O |0 Na'CST Auen),
@} _ O A O Na'CST Au-S
1o m] 8 A TiO, Au(en),”
0.0 M
-100 50 150 200

0 50 100
Temperature (°C)
Fig. 1 Effect of the reaction temperature on CO oxidation over Aw/CST
catalysts. Reaction conditions: catalyst, 150 mg; 1%CO/air (50 mL/min).

4. HEE

ABFFEDERTIL, ARG GROENLR) D3R
ZiFtn. ZZICHEBEEETD.
D) Y. Liu et al., ACS Sustainable Chem., 7, 4399 (2019)
2) BRD, H3TEEATA MISRFRSTRE B21(2021)
3) D.G. Medvedev et al., Chem. Mater:, 16,3659 (2004)
4) ARG, 130 [fibEERS PRRE, 1C16 (2022)
5)M. Haruta et al., ACS Catal., 10,9328 (2020)
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1. #5
12-8—88 IR X 7 vl b 725 ZWRotiflEE & YFI

BHEHT D YNU-SIE, TS V—T DA LTt
R IHILE AT A FTHDY., ZOFKN AL % Ti

\CEPERS S Z kY, YRR )2 ) r— o
TR U, WA EROSOfiit s L THZITH D 2
EHHELY. LavL, RER Z o424 TS
K& S & HOEOSIETITHFLNA~FEE 2 g Uiz <
<, FHORIENE LN TR -T2, ZF 2 CANIZET
%, TV BN K B EER T &2 2 ) r— BT
YNU-5D#F5%5879), hierarchical 72 Al FLAE LA
DI OO AR L. £, KRV
a7V DERF AR L O = ) — VO LG

(1) 3T DI LAREEERRI DU TR L 72,

OH OH OH 0
1,0,
Catalyst ( 1 )
Yt Ho OH O
HQ CL p-BQ

2. EER

[Al]-YNU-5%BERNO FIENCFESNTHEE L, AHE
ERERZ R H72DI12550°C TOhBERR L=, D
%, ZOREHIR L T NaOH KIFHEZ FAVCT v )
W% fif U 7=, RICAS DAL Si R A& &S T
FHERER A 200 L, Bl ALIAZ 1572, IRIZ Ar fitiE T,
600°C CEAH TICLAUEEZfi L, T4 %2E8AL. =
L% S 5H12650°C T6 h ZVLE | C i 4 FFO[ Til-
YNU-5_h Z457-. Bk, FEEEIE 2772 72V [Ti-YNU-
S5EBEHIOFETTD. Higoofitt & U-C TS-1, [Til-
MCM-68% FH\ -

TARFIACKIGIE, 30wt% HyOx(aq), flil, VA
(MeCN), > 7 a~FH o HHW0NET 7 ad s 7 o it
JFEZRZRH60°C T120 min #7252 &2k ViTo72. WK
ISR E fEIE GC (FID) TTo72. REUSD H0403 Ce
HRMEIC LV ERLE.

7 = ) =NV ORRACSUGE, 30wt% HyOx(aq), filift, ¥R
M, 7 = 7 — )V EERZRH70°C T60 min i#Ed 5
ZEIZE VT ROSKET R, ROSIRIZRE L T3
T F AR A i L, GC (FID) CTiT-7=. REJGHD
HO0 33 UVHEREICL Y EE L.

PhOH

3. HRLBE

ik XRD 12XV, FAR L3 _TOH 7ML YFI
BRAEEEREFL QD Z EboTz. TV U AL
L7= YNU-5 & DR A NLEE 2 8¢ Colsd L 72 [Ti]-
YNU-5 h ORISR T, FHRTE0.5-090%:
FHCE AT U S Z—T08BRICE, A Y FLOHED
TR R, HERILERIZ LD SUAL> 400 720, EETR
i Al 27K C& 7=, [Ti]-YNU-5_h ® DR/UV-vis A7
RVTCIE, PUBINL T closed site @ Ti fl (Ti(OSi)s) ()i

JBEA5210 nm FHEDOE—27 OLBEHIS L, RA R
WEIZ L > TEAFZA4 MEIZ Ti DEAINTZZ &N
oz,
vranttrBIOv I aAt s T ORI ALD
FEFA Table 1129, [Ti-YNU-5 h Zfillit 45 &,
P T F LS 5 2 7= 72V [T YNU-5RBEF DT & ) 2 )
r— hOYE XV b HIVERI T D =R AR
NREL\ELE 72/ = R{bofER % Table 212
AT YFIEIT % ) U r— N CIERIFI 2 in+25 2
ETCANTEHRZEMN M E LT, RFIZ MeCN ZIRIIL7-%
A, [Ti]-YNU-5 h Zfillt & 92 &8 7= SO &2 7R
Lz, ZHUZ, 7AB VBRI L > TAETTZA VLT K
0 BE NS X 7 a LN Ti 5P E Tk

LT 257 B BND.
Table 1 Epoxidation of cycloalkenes with H,O, over titanosilicates
Cyclohexene Cyclooctene

Ti-content” Yield Yield
Catalyst TON? ‘ TON? ‘
(mmol/g-cat.) (%) (%)
[Ti]-YNU-5 h 0.317 93 11.8 93 11.8
[Ti]-YNU-5 0.293 104 13.9 104 139
[Ti]-MCM-68 0.293 46 6.3 46 6.3
TS-1 0.290 83 12.2 83 12.2

Reaction conditions: catalysts, 25 mg; cycloalkene, 5.0 mmol; H;O,, 5.0 mmol;
MeCN, 5.0 mL; temperature, 60°C; time, 120 min.

a. Determined by ICP-AES.

b. Turnover number = (moles of products per mole of Ti-site).

¢. Yield of epoxide.

Table 2 Effect of additive on the oxidation of phenol over titanosilicates

Ti-content’ . Yield p-selectivity
Catalyst Additve ~ TON? ,

(mmol/g-cat.) (%) (%)!
[Ti]-YNU-5_h 0.317 None 93 11.8 46.3
MeCN 340 56.0 68.8

e APOH 109 156 621
[Ti]-YNU-5 0.293 None 104 13.9 422
MeCN 97 106 742

e POH 46 63 691
TS-1 0.290 None 83 12.2 524

Reaction conditions: catalyst, 20 mg; PhOH, 21.25 mmol; H,O», 4.25 mmol; H;O,
18.78 mmol; additive, 42.50 mmol; temperature, 70°C; time, 60 min.

a. Determined by ICP-AES.

b. Turnover number = (HQ+CL+p-BQ)-mol/Ti-mol.

¢. Yield = (HQ+CL+p-BQ)-mol/H,O,-mol.

d. p-Selectivity = (HQ+p-BQ)-mol/(HQ+CL+p-BQ)-mol.
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