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１．研究テーマ名 Research theme 

 
 
Carbon-catalyzed hydrolysis of cellulose to cello-oligosaccharides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



２．研究等の進捗状況等 Research progress, etc. 
 

研究の概要、独創性、状況等を含めて具体的に記入のこと。 
※研究成果の発表･公表実績がある場合については学会名、掲載紙等の情報を含め詳細を記

載すること 
In detail, including the outline, originality and so on. 
*Please state the name of academic conferences, journals or transactions if you have 
presented your research or your research was published. 
 Summary 

Cellulose, a polymer composed of repeated anhydro-glucose units linked by β-1,4-
glycosidic bonds, is the most abundant component in lignocellulosic biomass. Cello-
oligosaccharides are short chain linear polymers that can be produced by partial 
depolymerization of cellulose. They exhibit biological activity that can benefit the growth 
and health of plants, animals, and humans, and thus provide multiple benefits to 
healthcare and agriculture industries. Commercial application of cello-oligosaccharides 
is limited due to the high-cost of their synthesis. Therefore, cost-effective production of 
cello-oligosaccharides from cellulose is attractive. During the hydrolysis of cellulose 
cello-oligosaccharides are formed as intermediates. Selective synthesis of cello-
oligosaccharides is difficult because they are water soluble and undergo hydrolysis at a 
faster rate in comparison to cellulose in the presence of a homogeneous acid catalyst, 
resulting in formation of glucose. However, when cellulose is adsorbed on heterogeneous 
carbon catalyst, its hydrolysis is faster than the subsequent hydrolysis of cello-
oligosaccharides. Given this, I chose carbon materials as catalysts to synthesize cello-
oligosaccharides by hydrolysis of cellulose. An innovative semi-flow reactor was 
developed for the reaction in which the products could be rapidly removed from the 
reaction system, preventing their successive hydrolysis. In addition, a kinetic study was 
performed to understand the underlying mechanism of cellulose hydrolysis. 

72 % yield of cello-oligosaccharides was obtained after hydrolysis at 473 K for 40 
min over AC-Air, prepared by oxidation of activated carbon, in the semi-flow reactor with 
limited yield of dimer and monomer. Cello-oligosaccharides with a degree of 
polymerization (DP) up to 13 were observed with cellohexaose and celloheptaose 
obtained as the major products at a space velocity of 70 h-1. Then, a kinetic analysis was 
performed to understand the mechanism for hydrolysis of β-1,4-glycosidic bonds in 
cellulose. Only in the presence of carbon catalyst, the rate of hydrolysis of individual 
cello-oligosaccharides was strongly dependent on their chain length. Larger cello-
oligosaccharides underwent hydrolysis at a much faster rate. A plausible mechanism 
was proposed that larger molecules experience a greater degree of conformational 
distortion during their adsorption within the micropores of carbons. This leads to 
reduction in activation energy required to cleave the glycosidic bond and enhances the 
rate of reaction.  



 
 
 
 
 
 
 
 

 
 Journal publications 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Soluble cello-oligosaccharides 
produced by carbon-catalyzed hydrolysis of cellulose. ChemSusChem, 2019, 12, 2576-
2580. 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Unraveling the hydrolysis of β-1,4-
glycosidic bonds in cello-oligosaccharides over carbon catalysts. Catalysis Science & 
Technology, 2020, 10, 4593-4601. 
 Conference Contributions 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, The 125th Catalysis Society of 
Japan, Tokyo, Japan, March 27, 2020 (Oral) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, The 124th Catalysis Society of 
Japan, Nagasaki, Japan, September 18, 2019 (Oral) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, The 14th European Congress on 
Catalysis, EuropaCat 2019, Aachen, Germany, August 19, 2019. (Oral) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, The 122th Catalysis Society of 
Japan, Hakodate, Japan, September 27, 2018. (Oral) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, ICAT-BIC Students’ workshop, 
Sapporo, Japan, November 21, 2018. (Oral) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, IRCCS the 3rd Joint International 
Symposium, Nagoya, Japan, January 31, 2020. (Poster)  

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, IRCCS The 5th Symposium, 
Sapporo, Japan, November 11, 2019. (Poster) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, IRCCS the 2rd Joint International 
Symposium, Kyoto, Japan, January 25, 2019. (Poster) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, The 14th Hokkaido University-
Nanjing University-NIMS/FMCU Joint Symposium, Sapporo, Japan, December 07, 2018. 
(Poster) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Hokkaido University-National 
Central University Joint Symposium on Materials Chemistry and Physics, Sapporo, 
Japan, November 15, 2018. (Poster) 

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Pre-TOCAT 8, Sapporo, Japan, 
August 03, 2018. (Poster) 



３．今後の研究計画等 Future research plan 
現在までの進捗状況等を踏まえ、今後の研究発表等を含めて具体的に記入のこと。 
In detail, based on current progress, including a future research presentation plan. 
 

This work investigates the transformation of cellulose to versatile cello-
oligosaccharides and elucidates the mechanistic insights β-1,4-glycosidic bond hydrolysis 
over carbon catalyst. Future work should focus on reducing the requirement of 
pretreatment to enhance the contact between cellulose and carbon catalyst. Current 
technology relies on mix milling to improve the contact and adsorb cellulose on carbon 
surface, which requires a substantial amount of energy. Development of a novel catalyst 
that can remove the requirement of mix milling and directly depolymerize crystalline 
cellulose to cello-oligosaccharides is promising approach for the large-scale application in 
industries. In addition, detailed study on the unique behavior of preferential hydrolysis 
of terminal glycosidic bonds over carbon catalyst is necessary to understand the 
similarities between enzymes and heterogeneous carbon catalysts during cellulose 
hydrolysis. 
 
 Journal publications in preparation  

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Carbon catalyst with high density 
of vicinal carboxyl groups for the hydrolysis of β-1,4-glycosidic bonds in cellulose.  

Pengru Chen, Abhijit Shrotri and Atsushi Fukuoka, Catalytic synthesis of 
oligosaccharides from cellulose.  
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１．研究テーマ名 Research theme 
Tidally-modified western boundary current drives interbasin exchange:  
the dynamics of water exchange between the Sea of Okhotsk and the North Pacific 
through Kuril Straits by tidal forcing. 

 
２．研究等の進捗状況等 Research progress, etc. 
研究の概要、独創性、状況等を含めて具体的に記入のこと。 
※研究成果の発表･公表実績がある場合については学会名、掲載紙等の情報を含め詳細を記

載すること 
Outlines, originality of our study:  

    The Sea of Okhotsk, as being the source of North Pacific Intermediate Water and North 
Pacific’s nutrient origination, its interbasin exchange is crucial for bio-productivity prediction and 
overturning circulation in the North Pacific. However, the high-resolution models exhibit unrealistic 
extreme small transport except adding the tidal forcing. We are focusing on the problem of how the 
tidal forcing could improve the representative interbasin exchange in respect with ocean dynamics. 

We found out that a tidally-induced small-scale current system is important to modify the 
western boundary current system, and consequently changes the large-scale flow pattern. The 
interbasin exchange is determined by the pathway of East Kamchatka Current, a western boundary 
current in the subarctic North Pacific. In the model without tidal forcing, the East Kamchatka Current 
overshoots the deep straits where the transport occurred. Once the tidal forcing is included, it deflects 
into the deep strait and eliminates the blocking of the interbasin transport. It is because a 
tidally-induced seamount trapped waves above a submarine bank upstream causes cross-slope 
upwelling, steering the western boundary current’s pathway. This tidal/boundary current interaction 
dynamics can be described as a potential vorticity source for current’s pathway through the 



Joint-effect-of-baroclinicity-and-relief (JEBAR). 
The dynamics of tides is often ignored in large-scale ocean simulations. Our study reveals 

not only the crucial dynamics of tidal forcing in high-resolution model, but also the question that 
what is the source of JEBAR. Conventionally, JEBAR is treated as a term reflecting the changes of 
baroclinicity by flows in potential vorticity equation instead of an external forcing. However, in this 
study, we addressed the source of JEBAR clearly. It is from the small-scale tidally induced feather 
described above, and it suggests that JEBAR can thus be a source for large-scale motion. 
 

Academic presentations: 
In 2017  
1. OMIX (Ocean Mixing Processes summer conference),Source and Routes of Deep Water Masses 
East of Taiwan, Poster. Pebbu, KyuShu, Japan. 2017/09/14  
2. オホーツク海と相互に影響を及ぼしあうグローカル大気海洋諸現象,Water Exchange 

between the Sea of Okhotsk and Pacifc in the point of view of Tides, Oral, Institute of Low 
Temperature Science, Hokkaido University, 2017/12/22  
In 2018  
3. Monbetsu Symposium, Hypothesis of Dynamics of Water Exchange between the Sea of Okhotsk 
and the Pacific from a point of view of Tidal Effects. Oral. Monbetsu, Hokkaido, Japan, 2018/02/20, 
International.  
4. 新学術領域「新海洋混合学」全体会議, Dynamics of Barotropic water exchange between the sea 

of Okhotsk and the Pacific from a point of view of tidal effects,poster, Chiba, Japan, 2018/03/17  
5. JPGU, Hypothesis of Dynamics of Water Exchange between the Sea of Okhotsk and the Pacific 
from a point of view of Tidal Effects, poster, Chiba, Japan, 2018/05/22  
6. 宗谷暖流研究集会, Dynamics of Water Exchange between the Sea of Okhotsk and the Pacific 

from a point of view of Tidal Effects, Oral, Hokkaido, Japan, 2018/07/06  
7. OMIX (Ocean Mixing Processes) summer school, Dynamics of Barotropic Water Exchange 
between the Sea of Okhotsk and the Pacific from a point of view of Tidal Effects, Oral, Chiba, Japan, 
2018/10/05  
8. Japan Ocean society meeting, Dynamics of Water Exchange between the Sea of Okhotsk and the 
Pacific from a point of view of Tidal Effects, Oral, Tokyo, Japan, 2018/09/26  
9. OMIX 国際シンポジウム, Dynamics of Water Exchange between the Sea of Okhotsk and the 

Pacific from a point of view of Tidal Effects, poster, Chiba, Japan, 2018/11/04 
In 2019  
10. 4th International Joint Workshop on Computationally Intensive Modeling of the Climate System 
and 9th OFES International Workshop, Improvement and Dynamics of Water Exchange between the 
Sea of Okhotsk and the Pacific through tidal effects in OGCM, Oral, Kyushu, Japan, 2019/03/01, 
International.  
11. annual Poster Presentation Session, Hokkaido University, 2019/03/06, Poster presentation.  
12. OMIX annual meeting, Impact of Tidal Vertical Mixing to Barotropic Water Exchange between 
the Sea of Okhotsk and Pacific through Diffusive Adjustment with Turbulent Closure Scheme, 
poster, Sapporo, Japan, 2019/03/13  



13. JpGU, Impact of Tidal Vertical Mixing to Barotropic Water Exchange between the Sea of 
Okhotsk and Pacific through Diffusive Adjustment with Turbulent Closure Scheme: Can Vertical 
Diffusivity Vale represent the Tidal Impact in OGCM?, poster, Chiba, Japan, 2019/05/24  
14. OMIX summer school, the Dynamics of the exchange between the Sea of Okhotsk and the Pacific 
through Tidal forcing, Oral, Shizuoka, Japan, 2019/8/26  
15. 海洋システムの統合的理解に向けた新時代の力学理論の構築, the Dynamics of the 

exchange between the Sea of Okhotsk and the Pacific through Tidal forcing, Oral, Sapporo, Japan, 
2019/09/5  
16. 海洋若手会 Summer School, Finding the Upwelling Region of NPIW, poster, Chiba, Japan, 

2019/09/8  
In 2020  
17. Ocean Science Meeting 2020, Reveal of Dynamics of Barotropic Exchange between the Sea of 
Okhotsk and North Pacific through Tidal forcing in High-Resolution Ocean General Circulation 
Model: the Modification of the Western Boundary Current Pathway by Tidal Rectification, Oral, San 
Diego, USA, 21th Feb 2020. International.  
18. Japan Oceanography Society Fall Meeting 2020, Tidally-modified western boundary current 
drives interbasin exchange, Oral, Online, Japan, 27th Nov 2020. Domestic. 

Awards: 
1. Aota Masaaki Award in Physisc, Monbetsu Symposium, 2018/02/21  
2. Research Excellent Award of Environmental College, Hokkaido University, 2019/03/06 

 
３．今後の研究計画等 Future research plan 
現在までの進捗状況等を踏まえ、今後の研究発表等を含めて具体的に記入のこと。 
In detail, based on current progress, including a future research presentation plan. 
Progress: 
The manuscript of present study (Tidally-modified western boundary current drives interbasin 
exchang) is prepared and will submit soon. 

 

Future plan: 
We further want to know that the impacts of difference of interbasin exchange to North Pacific 
circulations numerically. The identical isopycnal layer of North Pacific Intermediate Water is 26.8σ. 
By historical hydrographic data from National Ocean Database Center, the 26.8σ indicates a cold 
water belt through Tenno Seamount Chain from the Sea of Okhotsk. However, the phenomia cannot be 
found in the COCO model without tidal forcing. It implies that the interbasin exchange simulation did 
influence the large scale circulation over whole North Pacific. The understanding of this influence will 
be our next study.  

 

 


