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Strategic International Collaborative Research Program (SICORP)
EIG CONCERT-Japan Joint Research Program
Executive Summary of Final Report

1. Project title : [Scientific Upgrading of Novel Multi-dimensional Microporous Catalysts for
Green Chemical Reactions (MicroGreen) |

2. Research period : April/l2019 ~ March/2023

3. Main participants :

Japan-side
Name Title Affiliation Role in the
research project
Pl Yoshihiro Kubota | Professor | Yokohama National | Zeolite
University synthesis
Co-PI Satoshi Inagaki Associate | Yokohama National | Characterization
Professor | University
Collaborator | Qiao Han Student Yokohama National | Catalytic
University reactions
Collaborator | Qing Liu Student Yokohama National | Catalyst
University preparation
Collaborator | Shengxiang Student Yokohama National | Synthesis and
Zhang University reactions

Total number of participants throughout the research period: 28

Partner-side

Name Title Affiliation Role in the
research
project
Pl Valentin Valtchev | Research | CNRS (LCS UMR Spectroscopic
Director 6506) / ENSICAEN study
Pl Petko Petkov Associate | University of Sofia Computational
Professor study
Collaborator | Ana Palci¢ Senior Ruder Boskovi¢ Spectroscopic
Research | Institute study
Associate
Collaborator | Jean-Pierre Professor | CNRS (LCS, UMR | Catalytic
Gilson 6506) / ENSICAEN | study
Collaborator | Svetlana Research | CNRS (LCS, UMR | Zeolite
Mintova Director 6506) / ENSICAEN | synthesis
Collaborator | Iskra Zareva Assistant | University of Sofia | Computational
Koleva Professor study

Total number of participants throughout the research period: 8

4. Summary of the international joint research

Among new large-pore zeolites, YNU-2 (MSE framework) and YNU-5 (YFI framework)
originating from Japan have been studied to convert them into solid catalysts for highly
selective acid-base and oxidation reactions. The Japanese team has prepared a
titanosilicate catalyst for phenol oxidation by making use of the multidimensional large pore
structure of the MSE-type framework, and has found that it exhibits excellent activity and
selectivity. However, the reasons for the high performance have not been completely
clarified. In this project, we investigated the factors involved in catalytic performance from
various viewpoints. Utilizing the knowledge obtained, we improved the catalytic properties
by controlling the distribution of Ti active sites in multidimensional large-pore titanosilicate.
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In addition, we investigated the distribution of Ti active sites in detail using spectroscopic
techniques and electron microscopy, and evaluated the stability of Ti active sites in the
titanosilicate framework based on computational chemistry. Furthermore, by evaluating the
stability of Ti active sites in the titanosilicate framework based on computational science, we
realized the design and creation of high-performance Ti-YNU-2, and YNU-5 with a unique
solid acidity was successfully analyzed. French and Bulgarian teams contributed to
spectroscopic methods and computational science, respectively. Complementary to these,
the Japanese team made full use of its own zeolite synthesis technology and domestic and
international networks to obtain the knowledge necessary for the creation of
high-performance catalysts. Complementary joint research by the three teams initially
planned was effective. In addition, we were able to expand the joint system both
domestically and internationally without being bound by the original plan, and we were able
to obtain unexpected findings. The results of this research are progressing toward practical
application.

5. Outcomes of the international joint research
5-1 Scientific outputs and implemented activities of the joint research

A. MSE-type zeolite

We found that a pure silica MSE analogue, YNU-2P, was produced via the formation of
Beta by the steam-assisted crystallization (SAC) method. When YNU-2P was calcined at
temperatures above 400 °C, its framework structure collapsed and became amorphous. The
migration of Si species in the zeolite framework occurred during the post-synthesis
treatment of YNU-2P. After the treatment of YNU-2P under acidic conditions, the migration
of Si species proceeded remarkably due to the formation of mesopores inside the zeolite
particles. In contrast, almost no prominent mesopores were observed in YNU-2 after
steaming, and the crystallinity gradually decreased after being left in the air for a long time,
suggesting the incomplete Si-migration. Repeated hydrolysis and dehydration condensation
of siloxane bonds in the presence of strong acid catalysts such as hydrochloric acid and
nitric acid promoted the migration of Si species, which stabilized the YNU-2 framework.

For the Ti-incorporation to prepare [Ti]-YNU-2, enough but incomplete Si-migration by
steaming was necessary rather than thorough acid-treatment to fill all the site defects.
[Ti]-YNU-2 exhibited a catalytic performance superior to that of [Ti]-MCM-68, even though
the performance of the latter was enhanced by appropriate hydrophobization while the
former was found to have a local hydrophilic field in the micropores that gives a type-V water
adsorption isotherm. These results suggest that Si-migration that occurs during the
steaming generates relatively hydrophilic supermicropores, and that the simple
hydrophobicity is not always the reason for the high catalytic performance in the current
reaction system.

The enhancement factors for catalytic performance can be summarized as follows. (1)
suitable balance of hydrophobicity and hydrophilicity from a macroscopic viewpoint, (2)
prefixed active form of Ti site in the MSE framework, (3) enough space around the active
site for reactants to access, and (4) assistance as binding sites by remaining silanols to
realize “entropy trap” common in enzyme catalysis. These multiple factors could make the
[Ti]-YNU-2 exhibit better performance than conventional [Ti]-MCM-68.

It was suggested in this project that the final location of Ti could be T1/T2 sites facing
12-ring, which can be explained by the Si-migration hypothesis that site defects may migrate
from T7/T8 to T1/T2 via their adjacent T3/T5 sites during the structure rearrangement under
steaming process. The calculation by Petkov (Bulgarian partner) well supported these
results.

B. YFI-type zeolite

A new zeolite YNU-5 (YFI topology) with Si/Al=9 just after crystallization was successfully
dealuminated with nitric acid treatment in a range of 30 to >300. A highly dealuminated
sample (Si/Al=304) also had very high thermal stability. The dealuminated and stable
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samples were analyzed by French group using in situ IR technique. Japanese group
speculated that the 12-ring aluminum atoms could be removed faster while the 8-ring
aluminum should be insistently remaining, based on the product distribution after the
catalytic reaction. In this project, we found the remaining 8-ring acid site protons could be
accessible by bulky substrates from 12-ring.

Regarding the introduction of heteroelements into the framework, we succeeded in the
preparation of [Ti]-YNU-5 for the first time, and the catalytic performance for some oxidation
reactions greatly enhanced by further introducing hierarchical structure.

5-2 Synergistic effects of the joint research

In this project, we got to know each other better through collaborative work to prepare the
content of the manuscript of our co-authored paper. As a result, 2 papers have been
published in Q1 journals. Several other papers related to this project have been published
independently. It looks like the coronavirus pandemic is finally coming to an end, so from
now on, we will be able to go beyond the framework of this project and conduct further joint
research through personnel exchanges. Online tools can also be used better than before.
Thanks to this project, we are sure that the collaboration will continue longer than the period
of this project.

5-3 Scientific, industrial or societal impacts/effects of the outputs

Although the following results were not expected when starting the project, they give
insights that will be very helpful to the success of this project. The work is related to the
development of AI-MCM-68 materials towards titanosilicates as effective oxidation catalysts.
It should be noted that the direct synthesis of Ti-MCM-68 has not been successful to date,
and one of alternative option for the preparation of the Ti-MCM-68 is transformation from the
original AI-MCM-68 to Ti-MCM-68 via isomorphous substitution. The introduction of Ti into
the framework using vapor-phase TiCls at 500—600 °C successfully yielded Ti-MCM-68 that
exhibited a catalytic performance superior to industrially useful TS-1 for phenol oxidation
reaction, which we previously reported (e.g., Chem. Commun. 2008, 6224—6226). Oxidation
with hydrogen peroxide fundamentally fits the concept of green & sustainable chemistry
(GSC). The introduction of Ti using vapor-phase TiCls affording Ti-MCM-68 with excellent
catalytic performance has also been verified by industrial researchers. However, the
conditions employed, which includes vapor-phase TiCls at temperatures higher than 500°C
do not fit the concept of GSC with respect to the input energy and exhaust gas. A facile
preparation procedure is also required for industrialization; therefore, an effective
liquid-phase Ti-source is required over the high-temperature vapor-phase TiCls. In this
project, the use of the hydrolyzate of TiCl, under mild conditions was successful and gave
excellent catalytic results, especially in the presence of an alcoholic additive. This
liquid-phase Ti introduction technique is expected to be applied to Ti-YNU-2, for which great
progress has been made in this project, and is a key technology for industrializing these
high-performance catalysts. Technology Licensing Organization of the university is making
efforts to encourage the technology transfer, informing potential users/beneficiaries of the
research of outcomes that, we are sure, will help industrial development.
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