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Removal of the sugar moieties covalently linked with aglycones in natural
bioactive compounds by hydrolysis are gaining popularity for nutraceutical and pharmaceutical
applications. In our KAKENHI root research project, we addressed the drawbacks of the conventional
method by employing the synergy of subcritical H20 and supercritical CO2 for the simultaneous
reaction and separation processes. In this international joint research project, we were able to
monitor the in-situ reaction taking place in scCO2-subH20 system, showing the interfacial layer
between the scC02 and subH20 phases to be highly acidic. This likely caused the selective cleavage
of the glycosidic bond between the rutinose and hesperetin aglycone. Further analysis was extended
to elucidate reaction kinetics and mechanism, and by performing density functional theory (DFT)
calculations on the cleavage of glycosidc bonds. The analysis was extended to many important model
reactions related to biomass valorization.
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Natural bioactive compounds contain sugars covalently linked with other compounds such as aglycones.

Removal of the sugar moieties by hydrolysis into more bioactive and bioavailable materials are gaining

popularity recently, especially for nutraceutical and \i h . I, é/
. - - 1 # s ‘

pharmaceutical applications. For example, hesperidin \,\J o ol o he

(HPD), a citrus bioflavonoid, can be converted into rnose [T tamose N “7 gueose N
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hesperetin (HPT) by removal of the rutinose via hes(md)in
scheme shown in Fig. 1. However, this approach o e

employs: . . i .
Fig. 1 Conventional hydrolysis of hesperidin
) ) o to hesperetin (Grohmann et al, 2000)
eharmful catalysts such as sulfuric acid, also obtaining
low yield due to formation of intermediates, and

eseparation of the target compounds from the reaction products requires tedious approaches.

The current root research project addresses the abovementioned drawbacks of the conventional method

by: scCO, D ———
i scCO, ."

ecmploying the synergy of subcritical H>O and €0,
Hesperetin
supercritical CO: for the (see Fig. 2) (HPT)
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esimultaneous reaction and separation processes (HPD)
* H,0 ®)
As a result, we have successfully converted HPD to — T wco ®
\\ 2
HPT at the temperature of about 140 °C, and pressures ! i v Ef He?:;ﬁ"‘“
H,0% CO,

up to 20 MPa obtaining higher yield close to 40% in
Fig. 2 Schematic diagram of reactive

batch mode. Simultaneously, selective separation of  separation process utilizing the synergy of

. . sub/supercritical H20-CO
HPT was achieved by simply passing scCO: through the P z ?

reaction products, getting better yield of 73% and separation efficiency of above 75%.

Other than the simultaneous removal of the target compound from the reaction zone, thereby shifting
the equilibrium forward, another likely reason for the significant increase in the yield of HPT using our
novel green approach, was the direct cleavage of the glycosidic bond linking the rutinose and the HPT,
thus bypassing the formation of the intermediate products, hesperitin beta-glucoside (HBG) [shown in Fig
1]. We are also currently trying to elucidate the mechanism by several approaches such as comparing the
bond energy levels by molecular simulation and time-dependent analyses of sugars in the products.

Furthermore, a much better approach is to investigate the reaction by in-situ Raman spectroscopy analyses.

2. WHEDOHK
To further advance the study of the previous KAKENHI root research project, in this proposed

international joint research project, the applicant collaborated mainly with Prof. Maria José Cocero,

Director of High Pressure Research Technology Group, University of Valladolid (Valladolid, Spain). on the
use of phase equilibrium reactor (Pmax=30MPa, Tmax=500°C) equipped with sapphire window cell and a
magnetic lift to inject solids.

In addition, the scCO2-subH:0 system offers a metal- and additive-free reaction solvent that can be used
for many organic synthesis. The enhanced formation of carbonic acid and ionization of water under elevated

pressure and temperature promote the production of hydronium and hydroxyl ions that can catalyze the



conversion of number of organic compounds. Furthermore, the biphasic nature of the system allows for the
simultaneous extraction of less polar products from the aqueous solution by a flowing scCO2 stream.
Application of the scCO2-H20 system to other reactions such as glucose conversion, amino acid

degradation and deamination and hydrothermal CO, conversion were also elucidated.

3. WDk
1. In-situ monitoring of the reaction using Raman spectroscopy through a Sapphire view cell
A novel approach for monitoring reaction

under scCO.-sub H,O conditions were

Raman spectroscopy

developed in Valladolid University (Spain) as Instrumest
shown in Fig. 3. The Raman spectra were taken

online while collecting samples for HPLC

Magnetic
lift

analyses in Kumamoto University. With the

magnetic lift, the sample could be loaded into

pre-heated and pre-pressurized reactor. In this  Fig, 3 Apparatus for in-situ monitoring of reaction

manner, the effects of transient period can be  nSide a sub/supercitical H20-COz system

avoided, thus providing more accurate
determination of reaction kinetics and thermodynamic properties of the system under high temperature and

high pressure. The mechanism of reaction can also be elucidated from the results.

2. Determination of reaction Kinetic parameters
The reaction kinetics and some thermodynamic properties of the reaction were evaluated and investigated

including calculation of glycosidic bond strength by density functional theory (DFT).

3. Conversion of the obtained sugar into bioenergy platform chemicals m
Using the same approach, the obtained sugars (glucose) were converted into

bioenergy platform chemicals such as 5-hydroxymethyl furfural (5-HMF), also by ]l e

collaborating with Prof. MJ Cocero. The work complemented her two Spanish @

Government-funded projects on “(@ development of a sustainable biorefinery by Fructose

dehydration

Ho’\mo
transformation of biomass into sugars and high value chemicals by rapid ultra 5-HME

hydrolysis/dissolution of biopolymers in sub/supercritical water and (@ selective

sub/supercritical water reactors”.
4. Development of a novel hydrothermal CO:2 reduction process using carbon-based catalysis

The application was extended to catalytic hydrothermal
conversion of CO, into useful chemicals or fuels. In this project,
catalytic reduction of CO; under hydrothermal conditions into
useful compounds such as formic acid and methanol were

investigated in collaboration with Prof. Anke Krueger of

Wuerzburg University, working on Horizon 2020 DIACAT

Project, on the use of nanodiamonds as catalyst. This work also

Fig. 4 The highly acidic interphase

complemented the Spanish Government-funded project on  between scCO2 and  subH20,
) observed by in-situ Raman
“AQUA-CO2NV Technology,” on the same topic by the  spectroscopv.

Spanish team.



1. In-situ monitoring of the reaction using Raman spectroscopy through a Sapphire view cell

Results of the in-situ Raman spectroscopy indicated a highly acidic condition on the interphase between

.. .. HPD glycosidic bonds 1 HPG Rhamnose
the supercritical CO» and subcritical H,O ass g™ , B= 167851912 B =-535.85409
A e 5
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shown in Fig. 4. This could likely be the 2% e L > -
e % e ER Ay » 1,
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reason for the selective cleavage of glycosidic a 39eg3s &
. . . : ': ‘_,_"‘ E(bond energy1) = E(HPD) - E(HPG) - E(Rhamnose)
bond linking the rutinose and HPT. Based on __ 2" = -2214.96617 - (-535.85409) - (-1678.91912)
E =-2214.96617 = -0.19296 [hartree]

these results, the phenomenon happening on  Fig. 5 Density functional theory (DFT) calculation of the
this interphase is currently being investigated bond strength between the rhamnose and HBG.
further as part of our on-going bilateral research project with University of Valladolid (Spain).
2. Determination of reaction kinetic mechanism and reaction parameters

Gaussian09 software and density functional theory (DFT) was used for structure optimization and
calculation of vibrational frequencies, with the conditions DFT(M06-2X)/6-31G(d,p), without considering
solvent effects. First, we examined the bond strength of the heperetin-f-glucoside (HBG) and rhamnose
(HPD glycosidic bonds 1) bonds in the hesperidin molecule. As shown in Fig. 5, the binding strength of
HPD glycosidic bonds 1 was found to be -0.19296. Under similar conditions, the binding strength of
hesperidin (HPT) to rutinose (HPD glycosidic bonds (2) in the hesperidin molecule was also investigated,
and found to be almost similar to that of glycosidic bond (1) at -0.20096. This indicates that the energies

required for the decomposition of the two bonds are almost the same.

From these results, it is thought that the reaction -~ SR G k, .
o ) ) wey ey N+
of conversion to hesperetin via the intermediate L1

HPD HBG Rhamnose HPT Glucose
product hesperetin-p-glucoside (HBG) and the
direct degradation of hesperidin to hesperetin are ks e ‘ o, )
thought to occur in parallel as shown in Fig. 6. - Rutinose
To confirm what kind of reaction was actually U0 — (hy + kg)Cupp * * vt o)
taking place, we performed a reaction rate 9 e Cpy — eaCrpg + * + + @
analysis and an analysis of the sugars remaining BT ey Copp + Ky Cpp  + * + ¢ @
in the reaction residue and estimated the values Fig. 6 Speculated reaction pathway and kinetics of
the degradation of hesperidin under scCO2-subH20
of the reaction kinetic parameters - k1, k2, and conditions.

k3, to be 0.4439, 0 and 0.0844 h-!, respectively.
3. Conversion of the obtained sugar into bioenergy platform chemicals

We also investigated the use of scCO,-subH,0 as a
70

reactive separation medium for the conversion of the 5 ]

sugar (glucose) derived from hesperidin to 5- o

hydroxymethylfurfural. The highest HMF vyield .%‘;Z B
achieved was 32.6% with a selectivity of 52.7%. These § 20

values corresponded to a 20.25% and 41.9% increase * 10 H

in the yield and selectivity that were achieved in the ’ Glucose HMF yield HMF selectivity
experiments performed under batch operations. The conversion Sl L

improvement was primarily attributed to the extraction Fig. 7 Results of glucose conversion to 5-HMF

of some of the HMF from the solution. The highest  USing our novel scCO2-subH20 system.

separation efficiency so far was 12.7%. We also



performed semi-empirical quantum calculations to determine a possible mechanism of the production of
HMF from glucose. The two-step process, which involved the isomerization of glucose to fructose and the
dehydration of fructose to HMF, was shown to proceed with only the OH— and H30O+ that are inherent in
the solvent system as catalysts. Insights from both kinetic data and quantum calculations revealed that the
reaction is highly favored in the acidic environment of the scCO2z-subH20 system.

4. Further application to degradation and deamination of amino acids

The synergy of scCO2-subH:0 for deamination

amino acids taking aspartic acid was also
1,80 Aspartic acid
performed, showing unique properties of the 2 )
. . o o' -250°C
mixture around 250 °C. The highest deamination T -+ 225%C
. '% 60
percentage of 52.05% was achieved at 250 °C and E 275
. . L. 1.50 ' °c
20 MPa. The results in Fig. 8 shows the positive
effect of our proposed system on deamination. oos 0 015 0z 0zs 03
Atomic N/C ratio

Based on the GC-MS analysis, three major
. Fig. 8 Modified Van Krevelen diagram showing
categories of products were present: (1) saturated positive effect on deamination of model amino

hydrocarbons, (2) cyclic N-containing compounds, acids using our novel scCOz-subH0 system.

and (3) oxygen-rich esters. Aside from
deamination, the following reactions are proposed to occur either in series or parallel: (a) decarboxylation
to produce category 1 compounds; (b) cyclization to produce pyrrolidine and its derivatives (category 2);
and esterification for category 3. Future studies will focus on optimizing the reaction conditions specifically
to suppress the production of cyclic N-containing compounds, which prove to be more difficult to
deaminate.
5. Development of a novel hydrothermal CO: reduction process using carbon-based catalysis

With increasing environmental concerns related to global warming and climate change, the sequestration
of carbon dioxide (CO>) and its reduction to useful chemicals has become an important industrial research
topic. This research addresses this issue by looking at how our scCO2-subH20 system and the use of carbon
catalysis like nanodiamond could play a role in CO; reduction. At first, we investigated the physical
properties including the structure and surface functionalities. Its catalytic activity was then investigated on
the reduction of CO2 under hydrothermal conditions. The effects of various parameters such as time,
temperature and pressure on the yield of useful compounds such as methanol and ethanol were then
investigated, including the synergy with microwave irradiation. Results indicated the presence of useful
chemicals such as methanol or ethanol in the products. These preliminary results merit further investigation
in our succeeding future studies.
6. Researcher and Student Mobility

A total of 8 graduate students from Kumamoto University were also dispatched to University of

Valladolid (Spain) and University of Wuerzburg (Germany) for internship to work on experiments related
to this project. One of these students was awarded a Marie-Sklodowska-Curie Post-doctoral Fellowship to
work with Prof. Maria Jose Cocero at University of Valladolid (Spain) on biomass valorization using high-
pressure fluid technologies. During the pandemic, exchanges and collaboration continued through online

seminars and lectures.
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ISFAChE 2022: The 4th International Seminar on Fundamental and Application of Chemical Engineering 2022

2022

Armando T. Quitain

Perspectives on Nanocarbon-Based Green Engineering (Plenary Talk)

Philippine Institute of Chemical Engineers (PIChE Annual Convention)

2022

Armando T. Quitain

Green Technologies for Biomass Utilization to Support BCG Economy (Invited/Panelist)

APEC Emerging Researchers Workshop 2022

2022




Armando T. Quitain, et al.

Development of Algal Bioenergy Systems

e-ASIA JRP (Alternative Energy Workshop)

2022

Armando T. Quitain

Turning CO2 from a Liability to an Asset with H20

UNIMAS EnCon2022 (Keynote Speech)

2022

Armando T Quitain

Biomass Valorization for Sustainable Carbon Neutral Society

31st Thai Institute of Chemical Engineering and Applied Chemistry Conference (TIChE2022) (Plenary Talk)

2022

Sumire Ichimaru, Jonas Karl Christopher N. Agutaya, Armando T. Quitain, Yusuke Inomata, and Tetsuya Kida

"Graphene-based catalysis for conversion of land and marine-based feedstocks under microwave irradiation

The International Chemical Congress of Pacific Basin Societies 2021 (Pacifichem 2021) (online)

2021




Shunsuke Kimura, Armando T. Quitain, Mitsuru Sasaki, Tetsuya Kida

Graphene-based catalyzed deamination under supercritical carbon dioxide conditions

The International Chemical Congress of Pacific Basin Societies 2021 (Pacifichem 2021) (online)

2021

Ogasawara Yuri, Inomata Yusuke, Armando Quitain, Kida Tetsuya

Graphene-Based Catalyzed GTBE Synthesis Under Microwave Irradiation

The International Chemical Congress of Pacific Basin Societies 2021 (Pacifichem 2021) (online)

2021

Shunsuke Kimura et al.

Deamination of aspartic acid using supercritical carbon dioxide and graphene oxide

Workshop on ASEAN Biomass Conversion Technologies, Kumamoto, Japan, 2021 January 28 (online)

2021

Yik Lam Kam et al.

Biodiesel Production from Microalgal Biomass via In-situ Transesterification using Carbon-Based Catalyst under Microwave
Irradiation

Workshop on ASEAN Biomass Conversion Technologies, Kumamoto, Japan, 2021 January 28 (online)

2021




Armando T. Quitain, Jonas Karl Christopher Agutaya, Juvyneil Cartel, Yiin Chung Loong, Suzana Yusup, Mitsuru Sasaki, Tetsuya
Kida

Supercritical carbon dioxide-intensified hydrothermal conversion of biomass to fuels and chemicals

The International Chemical Congress of Pacific Basin Societies 2021 (Pacifichem 2021) (online)

2021

Shunsuke Kimura et al.

Production of microalgae-derived bio-oil with low nitrogen content using supercritical carbon dioxide and carbon-based
catalysts

Workshop on ASEAN Biomass Conversion Technologies, Kumamoto, Japan (online)

2021

Miyu Nakamura et al.

Dehydration of fructose by synergy of microwave heating and carbon-based catalyst,

Workshop on ASEAN Biomass Conversion Technologies, Kumamoto, Japan (online)

2021

Jonas Karl Christopher N. Agutaya et al.

Supercritical CO2-subcritical H20 system as a green reaction medium in biomass utilization

Workshop on ASEAN Biomass Conversion Technologies, Kumamoto, Japan (online)

2021




Armando T. Quitain

Globalizing Kumamoto University’ s Advanced Green Technologies for Biomass Utilization

International Conference on Engineering and Industrial Technology

2020

Jonas Karl Christopher N. Agutaya et al.

Mechanistic insights into the acid-catalyzed depolymerization of cellulose and fucoidan over graphene oxide under microwave
irradiation

Workshop on ASEAN Biomass Conversion Technologies

2021

Yik Lam Kam et al.

Biodiesel Production from Microalgal Biomass via In-situ Transesterification using Carbon-Based Catalyst under Microwave
Irradiation

Workshop on ASEAN Biomass Conversion Technologies

2021

Miyu Nakamura et al.

Conversion of fructose into 5-HVWF, FA and LA by Graphite Oxide Activated by Microwave

International Symposium on Green Chemistry and Engineering : Multidisciplinary and Multicultural Exchanges towards the
Attainment of the UN Sustainable Development Goals

2021




Shunsuke Kimura et al.

Deamination of aspartic acid using supercritical carbon dioxide and graphene oxide

International Symposium on Green Chemistry and Engineering : Multidisciplinary and Multicultural Exchanges towards the
Attainment of the UN Sustainable Development Goals

2021

Armando T. Quitain, Suttichai Assubumrungrat, Siti Zullaikah, Raymond Tan, Joseph Auresenia, Tetsuya Kida

Development of algal bioenergy systems for green and sustainable ASEAN region

Japan Petroleum Institute Annual Conference

2020

Armando T Quitain, Ryuto Inoue, Samantha Siew, Yeo Jhin Xern, Yik Lam Kam, Jonas Karl N Agutaya, Mitsuru Sasaki, Maria Jose
Cocero, Tetsuya Kida

Synergism of Subcritical H20 and Supercritical CO2 for Glucose Conversion to 5-Hydroxymethylfufural

AIChE Annual Meeting 2019

2019

Armando T Quitain, Suttichai Assabumrungrat, Joseph Auresenia, et al.,

Development of Algal Bioenergy Systems for Green and Sustainable ASEAN Regio

1st Japan-ASEAN Multi-Stakeholder Strategic Consultancy Forum

2019




Armando T. Quitain

Development of Algal Bioenergy Systems for Green and Sustainable ASEAN Region

JST-UKRI-DOST Workshop: Working Together for Sustainable Coastal Communities: A Multi-Funder Approach to Maximise
Development Impact

2019

Armando T Quitain, Elaine G Mission, Tomomi Hasunuma, Jonas Karl N Agutaya, Mitsuru Sasaki, Tetsuya Kida,

Microwave Carbocatalysis for Bioenergy and Biochemical Conversion

AIChE Annual Meeting 2019

2019

Jonas Karl Christopher N. Agutaya et al.

Mechanistic insights into the acid-catalyzed depolymerization of cellulose and fucoidan

18th Asian Pacific Conferederation of Chemical Engineering Congress (APCChE 2019)

2019

Jonas Karl Christopher N. Agutaya et al.

Understanding the role of isopropanol in the production of HMF from glucose

30

2019




Jonas Karl Christopher N. Agutaya et al.

Mechanistic study of the acid-catalyzed hydrolysis of fucoidan

56

2019

Jonas Karl Christopher N. Agutaya et al.

Mechanism of the production of fucose from fucoidan

8th International Forum on Industrial Bioprocessing (IBA-I1FIBiop 2019)

2019

Ryuto Inoue et al.,

Reactive Separation for Conversion of Glucose to 5-Hydroxymethylfurfural by Synergistic Effect of H20 and CO2

8th International Forum on Industrial Bioprocessing (IBA-IFIBiop 2019)

2019

Daiki Fukushima, Mitsuru Sasaki, Armando T. Quitain, Tetsuya Kida

Non-Catalytic Synthesis of Ethyl Glucoside from Glucose in Supercritical Carbon Dioxide

8th International Forum on Industrial Bioprocessing (IBA-IFIBiop 2019)

2019




Tomomi Hasunuma et al.

Carbocatalysts in Synergy with Microwave Irradiation for Glucose Conversion to 5-HWF

8th International Forum on Industrial Bioprocessing (IBA-IFIBiop 2019)

2019

Kisara Tsuruta, Mitsuru Sasaki, Armando T. Quitain, Tetsuya Kida;

Microwave-Carbocatalysis Method for Conversion of Cellobiose to Glucose

8th International Forum on Industrial Bioprocessing (IBA-I1FIBiop 2019)

2019

A. Quitain*, J. K. Agutaya, R. Inoue, M. Sasaki, M. J. Cocero and T. Kida

Analyses of the Synergy of Sub/Supercritical H20-C02 System for Synthesis of Green Platform Chemicals

Regional Symposium on Chemical Engineering (RSCE) 2018

2018

5

Ngaosuwan Kanokwan Eiad- ua Apiluck Srifa Atthapon Kiatkittipong Worapon Appamana 2022
Weerinda Wongsawaeng Doonyapong Quitain Armando T. Assabumrungrat Suttichai

John Wiley & Sons, Ltd 19

Application of Catalysts Derived from Renewable Resources in Production of Biodiesel




Armando T. Quitain, Elaine G. Mission, Jonas Karl Christopher N. Agutaya, Mitsuru Sasaki, and 2021
Tetsuya Kida

Elsevier 26
A-Z of Biorefinery: A Comprehensive Review

Siaw Weii Hii, Bridgid Lai Fui Chin, Fanthagiro Rossi Stuard Anak Majing, Huei Yeong Lim, 2021
Adrian Chun Minh Loy, Chung Loong Yiin, Suzana Yusup, Armando T Quitain, Menandro N Acda,

Pornkamol Unrean, Elisabeth Rianawati

Elsevier 24
Value-Chain of Biofuels: Fundamentals, Technology, and Standardization

Jonas Karl Christopher N. Agutaya, Armando T. Quitain, Yik Kam Lam, Siti Zullaikah, Joseph 2021
Auresenia, Raymond Tan, Suttichai Assabumrungrat, and Tetsuya Kida

Elsevier 21
Value-Chain of Biofuels: Fundamentals, Technology, and Standardization

See Cheng Yim, Yi Herng Chan, Suzana Yusup, Khairiraihanna Johari, Armando T Quitain, Daniel 2019

Joe Dailin

Woodhead Publishing

18

Advances in Feedstock Conversion Technologies for Alternative Fuels and Bioproducts




This international joint research project also encouraged mobility of a total of 8 graduate students thereby cultivating global mindset to future
leaders in Japanese society, and strengthening Japan-European linkage and cooperation.

BioEcoUva Research
Director/Professor

(COCERO Maria Jose)

Institute
of Organic Chemistry Professor

(KRUEGER Anke)

Department of Chemical
Engineering Professor

(ASSABUMRUNGRAT Suttichai)




(YUSUP Suzana)

Department of Chemical
Engineering Professor

(ZULLAIKAH Siti)

Department of Chemical Engineering
Associate Professor

(AURESENIA Joseph)

Department of Chemical Engineering
Professor

Spain

Valladolid University

Germany

Wuerzburg University

Universiti Teknologi PETRONAS

De La Salle University

Chulalongkorn University

Sepuluh Nopember Institut
Teknologi




