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Sunday (October 16)
Registration: 3:00 - 7:00 PM, Serenoa
9:00 - 2:30 pm: Networking Golf Outing, Queen’s Harbour Yacht & Country Club
Exhibitor Set-Up: 12:00 - 5:00 PM, Solaria Ballroom
5:00 - 7:30 pm: Networking Reception, Verandina Patio

Monday (October 17)
8:20 AM - 5:15 PM: Podium Presentations, Atlantica Ballroom
including
8:30 am: 2019 Augustine Award Lecture sponsored by ORCS
Prof. Nick Brunelli (Ohio State University)
1:30 PM: Murray Raney Award Lecture sponsored by W .R. Grace
Prof. James Spivey (Louisiana State University)

8:30 AM – 7:00 PM: Exhibits, Solaria Ballroom
5:15 – 7:00 PM: Poster Session, Solaria Ballroom

Tuesday (October 18)
8:30 AM - 5:15 PM: Podium Presentations, Atlantica Ballroom
Including
8:30 AM: 2020 Augustine Award Lecture sponsored by ORCS
Prof. Alison Narayan (University of Michigan)
1:30 PM: Keynote Lecture: Dr. Marion Emmert
(Merck & Co., Inc.)
and
Symposium on Pharma Catalysis
8:30 AM – 6:30 PM: Exhibits, Solaria Ballroom
6:30 – 9:00 PM: Hospitality Suite sponsored by Evonik I ndustries ,
Pristina/Verandina

Wednesday (October 19)
8:30 AM - 5:15 PM: Podium Presentations, Atlantica Ballroom
including
8:30 AM: 2020 Paul N. Rylander Award Lecture sponsored by BASF
Prof. Paul Chirik (Princeton University)
1:30 PM: Keynote Lecture: Sourav Sengupta (DuPont)
and
Symposium and Panel Discussion on Biomass and Waste Carbon Conversion
8:30 AM – 3:00 PM: Exhibits, Solaria Ballroom
3:00 - 5:00 PM: Exhibits Dismantled

7:00 PM: Reception, Dinner and Awards Ceremony, Pristina / Verandina

Thursday (October 20)
8:30 AM – 12:00 PM: Podium Presentations, Atlantica Ballroom
Including
8:30 AM: Keynote Lecture Prof. Elizabeth Biddinger
(The City College of New York)
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Podium Presentation Program
9:00-2:30
3:00-7:00
5:00-7:30
12:00 - 5:00

Sunday, October 16

Networking Golf Outing –
Queen’s Harbor Country Club
Registration
Reception
Exhibitor Setup

Girish Srinivas

Serenoa
Solaria & Verandina
Solaria Ballroom

TDA Research, Inc.
ORCS Chair

Monday October 17

Morning Session Chair: Dr. Jiajie Huo, Bristol Myers Squibb
Title
Opening Remarks

Authors
Girish Srinivas

8:30-9:15

2019 Augustine Award
Lecture: Mechanism Informed
Design of Heterogeneous Catalysts

9:15-9:40

Selective Hydrogenation of
Dimethyl Oxalate to Ethylene
Glycol via Heterogeneous AgBased Catalysts
BASF’s super edge-coated
precious metal catalysts

Nicholas A. Brunelli,
Nitish Deshpande,
Aamena Parulkar, Mariah
Whitaker, Pinaki
Ranadive, Ashwin Kane,
Jee-Yee Chen, and Alex
Spanos
Nicolas Gleason-Bouré,
Christopher T. Williams

8:20 - 8:30

9:40-10:05

Radu Crăciun1, Lei
Zhang2, and Hans
Donkervoort2

10:05-10:35

Coffee Break

Sponsored by Parr
Instrument Company

10:35-11:00

Low Temperature Oxidation of
Trace Ethylene over
Pt/Mesoporous Silica: Role of
Hydrophobic Silica Support

Shazia S. Satter1,2,
Kiyotaka Nakajima1,
Atsushi Fukuoka2

11:00-11:25

Synthesis of Adipic acid from
Glucose derived Glucaric acid

Bhanupriya Boruah1, Eric
Hagberg2, Eric
Hagestuen2, Stephen
Howard2, Derek Butler1,2,
Karl Albrecht2

11:25-11:50

Glycerol Valorization into
Epichlorohydrins – From
Elementary Kinetics to Novel GasLiquid Reactors

Pasi Tolvanen, Javier
Ibáñez Abad, Ananias
Medina, Debanga Mondal,
Tapio Salmi

12:00-1:30

Lunch and Networking Break

Lunch on your own

Affiliations
TDA Research, Inc.
ORCS Chair
William G. Lowrie Department of
Chemical and Biomolecular
Engineer, The Ohio State
University,
Columbus,
OH
43210, USA
Department
of
Chemical
Engineering, University of South
Carolina, 301 Main Street,
Columbia, SC 29208, USA
1
BASF Corporation, Iselin,
NJ 08830, USA
2
BASF Nederland B.V.,
Strijkviertel 61, 3454 PK, De
Meern, The Netherlands

Center for Environmentally
Beneficial Catalysis (CEBC),
University of Kansas, 1501
Wakarusa Dr., Lawrence, KS
66047, USA
2
Institute for Catalysis (ICAT),
Hokkaido University Kita 21,
Nishi 10, Sapporo 0010021,
Japan
1
Center for Environmentally
Beneficial Catalysis, University of
Kansas
Lawrence, KS-66047, USA
2
Archer Daniels Midland,
Decatur, IL-662521, USA
Åbo Akademi, Johan Gadolin
PCC, Laboratory of Industrial
Chemistry and Reaction
Engineering, Turku/Åbo, FI
20500, Finland
1

Monday, October 17

Afternoon Session Chair: Dr. Shingo Watanabe, W. R. Grace & Co.
1:30-2:15

2:15-2:40

2:40-3:05

3:05-3:35

Title
Raney Award
Lecture: (Sponsored
by Grace): Methane
conversion: four ways
Catalytic
transacetalization
reactions for the
modification of
oxymethylene ether
(OME) fuels
PH3: A Versatile
Intermediate for Large
Scale Manufacture of
Organophosphine
Ligands and Catalysts
Coffee Break

Authors
James Spivey1, AKM
Kazi Aurnob1, D.
Haynes2, Doug
Kauffman2, Swarom
Katikar2
Marius Drexler, Victor
Francesconi, Ulrich
Arnold, Jörg Sauer

Affiliations
1
Louisiana State University, Baton Rouge,
LA 70803, USA
2
US Dept of Energy, National
Energy Technology Laboratory,
Morgantown, WV and Pittsburg, PA, USA
Institute of Catalysis Research and
Technology (IKFT), Karlsruhe Institute of
Technology
(KIT), Hermann-von-Helmholtz-Platz 1,
76344 Eggenstein-Leopoldshafen, Germany

Eamonn D. Conrad and
Dino Amoroso

Solvay Canada, 9061 Garner Road, Niagara
Falls (Canada)

Sponsored by Parr
Instrument
Company
Matias
Alvear1,2,
Zhuoqun
Zhang2,
Edgard
LebronRodrigez2, Abdullah Al
Abdulghani2,
Michele
1,3
Fortunato ,
MarieLouis Reich1,4, Stefan
Haase4,
Vincenzo
Russo1,3, Kari Eränen1,
Dmitry Murzin1, Ive
Hermans2 and Tapio
Salmi1

3:35-4:00

Transient study of light
olefin epoxidation on
titanium silicates

4:00-4:25

Precious Metal
Catalysis:
Understanding the
Criticality of Catalyst
Development through
Case Studies
Co-processing of
pyrolytic lignin and
yellow grease to
produce sustainable
aviation fuel

Chidambaram Mandan

Platinum Catalysts for
the Lignin Conversion
into Phenolics as Bio
based Resource for
Phenolic Resins
Poster Session

Gisa Meissner1, Hendrik
Spod1, Raphaela Suess2
and Birgit Kamm2

4:25-4:50

4:50 – 5:15

5:15-7:00

Anamaria Paiva
Pinheiro Pires1, Yinglei
Han2, Evan Terrell3,
Mariefel V. Olarte1,2,
Manuel Garcia-Perez2

Solaria / Verandina

Laboratory of Industrial Chemistry and
Reaction Engineering (TKR), Johan Gadolin
Process Chemistry Centre (PCC), Åbo
Akademi University, FI-20500 Turku/Åbo
Finland
2
Department of Chemistry, University of
Wisconsin-Madison, 1101 University Ave,
Madison, WI 53706, United States
3
Department of Chemical Sciences, Università
di Napoli Federico II”, via Cintia IT-80126
Napoli, Italy
4
Technische Universität Dresden, Institute of
Process Engineering and Environmental
Technology, Münchner Platz 3, DE-01062
Dresden, Germany
Chemicals & Catalyst Division, Hindustan
Platinum Pvt. Ltd,
C-122, TTC Industrial Area, Pawane, Navi
Mumbai – 400701(India)
1

Biological Systems Engineering, Washington
State University, Pullman, WA 99163
2
Energy Processes & Materials Division,
Pacific Northwest National Laboratory, 902
Battelle Blvd., Richland, WA 99352
3
USDA, Agricultural Research Service,
Southern Regional Research Center, New
Orleans, LA 70124
1
Heraeus Deutschland GmbH & Co. KG,
Hanau (Germany)
2
Wood K plus, Kompetenzzentrum Holz
GmbH, Linz (Austria)
1

Tuesday, October 18

Title

Morning Session Chair: Dr. Juan Lopez-Ruiz,
Pacific Northwest National Laboratory
Authors

Affiliations

8:30-9:15

2020 Augustine Award Lecture:
Biocatalysis and Complex Molecule
Synthesis

Alison Narayan

Department of Chemistry,
University of Michigan, Ann
Arbor, MI

9:15-9:40

Activated Carbon Monoliths for
Oleochemical Hydrogenation

Applied Catalysts, 2
Technology Pl., Laurens, SC
29607, USA

9:40-10:05

Electrostatically enhanced phase
transfer hydrogenation of
acetophenone in the presence of
an external DC electric field

Ben T. Egelske, Hunter.
Brown1, Robert J.
Gulotty1, Myranda.
Jackson1
Nan Wang1,2, Alan M.
Allgeier1, Laurence R.
Weatherley1

10:05-10:35

Coffee Break

10:35-11:00

A Novel Nickel Foam Fixed-bed
Catalyst for Hydrogenation
Reactions

11:00-11:25

Biobased phenol from guaiacols
using a tandem catalytic approach
with Cu/TiO2 and HZSM-5

Huaizhou Yang, Peter J.
Deuss, Hero J. Heeres

11:25-11:50

Direct Epoxidation of Fatty Acids in
the Presence of Immobilized
Enzymes – Catalysis, Acoustic
Irradiation and Reactor
Technology

Tapio Salmi, Adriana
Freites Aguilera, Pontus
Lindroos, Wilhelm
Wikström, Pasi Tolvanen,
Kari Eränen

12:00-1:30

Lunch and Networking Break

Lunch on your own.

Sponsored by Parr
Instrument Company
Radhika Giri Rao1, René
Poss2, Meike Roos2,
Monika Berweiler2, Markus
Göttlinger2, Andrea
Heinroth2

Dept. of Chemical and
Petroleum Engineering, The
University of Kansas,
Lawrence, KS 66045, USA
2
J-Star Research, Inc., 6
Cedarbrook Dr, Cranbury, NJ
08512, USA
1

Evonik Corporation, 5150
Gilbertsville Hwy, Calvert
City, Kentucky 42029, USA
2
Evonik Operations GmbH,
Rodenbacher Chaussee 4,
Hanau-Wolfgang 63457,
Germany
Department of Chemical
Engineering, ENTEG,
University of Groningen,
Nijenborgh 4, 9747AG,
Groningen, The Netherlands
Åbo Akademi, Johan Gadolin
Process Chemistry Centre
(PCC), Laboratory of
Industrial Chemistry and
Reaction Engineering,
Turku/Åbo, FI 20500,
Finland
1

Tuesday, October 18

Symposium on Pharma Catalysis & Panel Discussion
Afternoon Session Chair and Moderator:
Prof. Alan Allgeier, University of Kansas

1:30-2:15

2:15-2:40

2:40-3:05

3:05-3:35

Title
Keynote Lecture:
High-throughput
experimentation enabled,
mild C-H functionalization
of heterocycles
High-Throughput
Experimentation to
Accelerate Discovery
Chemistry
Development of a
palladium-catalyzed aryl
amidation for API
synthesis
Coffee Break

3:35-4:00

New Homogeneous
Reductant Systems for
Nickel-Catalyzed CrossElectrophile Coupling

4:00-4:25

Atrop-Selective
Organocatalytic
Photocyclization to Access
N-Aryl Quinolones with
Low Rotational Barriers

4:25-4:50

Chemistry in the fast lane:
The application of high
throughput chemistry
technologies for med
chem research

Authors
Marion Emmert

Affiliations
Merck & Co.

Iulia Strambeanu

Janssen R&D

Mark S. Kerr

Eli Lilly and Company, Lilly Corporate Center.
Indianapolis, IN 46285, USA

Sponsored by Parr
Instrument
Company
Susan L. Zultanski1*,
Mycah R. Uehling2*,
Nilay Hazari3*, David
J. Charboneau3,
Haotian Huang3,
Emily L. Barth3,
Cameron C. Germe3,
Brandon Q. Mercado3

Department of Process Research &
Development, Merck & Co., Inc., Kenilworth,
New Jersey, 07065, United States
2
Discovery Chemistry, HTE and Lead Discovery
Capabilities, Merck & Co., Inc., Kenilworth, New
Jersey, 07065, United States
3
Department of Chemistry, Yale University, New
Haven, Connecticut, 06520, United States
1

Adrian Amador1, Athi
Arunachalampillai2,
Alan Cherney3,
Richard Crockett4,
Jaika Doerfler4, Eric
Fang1, James
Murray4, Noah Fine
Nathel5, Adrian Ortiz4,
Talia Steiman1, Jason
Tedrow3, Shane
Wells4, Kumiko
Yamamoto4
Ying Wang

Snapdragon Chemistry Inc., Waltham,
Massachusetts 02451, United States
2
Syngene Amgen Research & Development
Center, Biocon Park, Bangalore 560099, India
3
Sanofi-Genzyme, 153 Second Ave, Waltham,
Massachusetts 02451, United States
4
Amgen, Inc., Thousand Oaks, California 91320,
United States
5
1200 Pharma, 6100 Bristol Parkway, Culver
City, California 90230, United States

Dept. of Chemical and Petroleum Engineering,
The University of Kansas, Lawrence, KS 66045,
USA

4:50-5:15

Panel Discussion
Alan Allgeier

Moderator/Q&A

6:30 –
9:00

Hospitality Suite –
Pristina/Verandina

Sponsored by
Evonik Industries

1

AbbVie

Wednesday, October 19

Morning Session Chair: Dr. Radu Crăciun, BASF Corporation

8:309:15

9:159:40

9:4010:05

10:0510:35
10:3511:00

Title
Rylander Award Lecture
(Sponsored by BASF):
Catalysis with Earth-Abundant
Metals: Opening New Avenues
in Sustainability and Synthesis
Mechanistic Pathways for
Hydrogenation and
Hydrodeoxygenation of
Substituted Phenols

Authors
Paul Chirik

Affiliations
Department of Chemistry, Princeton
University, Princeton, New Jersey
08540, USA

Kathleen Kirkwood and S.
David Jackson

Centre for Catalysis Research, School of
Chemistry, University of Glasgow
G12 8QQ

Novel Spirocyclic Alkyl Amino
Carbene Ruthenium
Complexes – Exceptionally
Efficient Catalysts for
Ethenolysis
Coffee Break

A. Tracz, P. Krajczy, R.
Gawin

Apeiron Synthesis SA, Dunska 9,
Wroclaw, Poland.

Environmentally friendly
catalytic oxidation of
hemicelluloses using H2O2 and
metallophthalocyanides

11:0011:25

Preparation of ketones by
decarboxylative ketonization:
mechanism, rates of
elementary steps, reversibility
and degenerate reactions.

11:2511:50

Regio and Stereoselective
Hydrophosphination of
Unactivated Alkynes

12:001:30

Lunch and Networking
Break

Sponsored by Parr
Instrument Company
Pasi Tolvanen1, Alvaro
Acensio Ricor1,2, Henrik
Grénman1, Kari Eränen1,
Tapio Salmi1, Juan Garcia
Serna2
Alexey V. Ignatchenko,
Morgan E. Springer, Reem
M. Ibrahim, Jordan D.
Walker, Jordan R. Kostera,
Jared J. Jorolemon,
Christian J. Leonardo
Miriam M.I. Basiouny1,
Joseph A.R. Schmidt2

Lunch on your own

Åbo Akademi, Laboratory of Industrial
Chemistry and Reaction Engineering
(TKR), Turku/Åbo, FI 20500, Finland
2
Universidad de Valladolid, Department
of Chemical Engineering and
Environmental Technology, ES 47011
Valladolid, Spain
Department of Chemistry, St. John
Fisher College, 3690 East Avenue,
Rochester, NY 14618, USA
1

Center for Environmentally Beneficial
Catalysis (CEBC), University of Kansas,
1501 Wakarusa Dr, Lawrence, KS
66047, USA
2
Department of Chemistry and
Biochemistry, School of Green
Chemistry and Engineering, College of
Natural Sciences and Mathematics,
The University of Toledo, 2801 W.
Bancroft Street MS 602, Toledo, OH
43606, USA
1

Wednesday, October 19

Symposium on Biomass & Waste Carbon
Conversion & Panel Discussion

Afternoon Session Chair and Moderator: Dr. Karl Albrecht, ADM
Title
Keynote Lecture:
Catalysis – An Indispensable Tool
for Sustainable Development

Authors
Sourav Sengupta

Affiliations
DuPont
Water & Protection
Wilmington, DE

2:15-2:40

Plant-Based C9 Acids for
Sustainable Consumer and
Industrial Products

Kerry Lasswell1, Karl
Albrecht1, Jake Collins1,
Yonghua Yang2, Patrick
Foley2, Erik Hagberg1

1

2:40-3:05

Closing the Anthropogenic Carbon
Cycle – Feedstocks -- Processes -Product Applications

Jörg Sauer

3:05-3:35

Coffee Break

3:35-4:00

Single-Step Conversion of Ethanol
to n-Butene-rich Olefins or
Butadiene over Metal supported on
ZrO2/SiO2 Catalysts with Tailored
Metal and Lewis-Acid Sites

Sponsored by Parr
Instrument Company
Vanessa Lebarbier Dagle1,
Austin Winkelman1,2, Libor
Kovarik1, Mark Engelhard1,
Nicholas Jaegers1,2, Jianzhi
Hu1, Yong Wang1,2, Robert
Dagle1

4:00-4:25

Sustainable Performance Materials
from Carbohydrates

Erik Hagberg

4:25-5:00

Moderator/Q&A & Panel Discussion

Karl Albrecht

7:00-10:00

Reception, Dinner, and Awards
Ceremony

Pristina / Verandina

1:30-2:15

ADM Research, 1001 N.
Brush College Rd, Decatur,
IL 62521, USA
2
P2 Science, 4 Research Dr,
Woodbridge, CT 06525, USA
Institute of Catalysis
Research and Technology
(IKFT), Karlsruhe Institute of
Technology
(KIT), Hermann-vonHelmholtz-Platz 1, 76344
Eggenstein-Leopoldshafen,
Germany
Pacific Northwest National
Laboratory, Richland, WA
99352 (USA), 2The Gene and
Linda Voiland School of
Chemical Engineering and
Bioengineering, Washington
State University, Pullman, WA
99164 (USA)
ADM S&T, 1001 N. Brush
College Ave., Decatur, IL
62521, USA
ADM Research, 1001 N.
Brush College Rd, Decatur,
IL 62521, USA
1

Thursday, October 20

Morning Session Chair: Dr. Radhika Rao, Evonik Corporation
8:30-9:15

9:15-9:40

9:40-10:05

10:05-10:35
10:35-11:00

11:00-11:25

Title
Keynote Lecture
Electrochemical
Hydrogenation and
Hydrogenolysis of
Organics
Microkinetic
Modeling of GlucoseDerived Lactone
Hydrolysis in
Aqueous Solutions
Developing
Electrocatalytic
Processes for the
Conversion of
Biomass-Derived
Molecules into Fuels
and Chemicals at
Normal Temperature
and Pressure
Coffee Break
Application of
microreactor
technology in the
sustainable
production of light
aldehydes on
nanogold
Direct methane
conversion to
ethane and
methanol

Authors
Elizabeth J Biddinger

Affiliations
Department of Chemical Engineering, The
City College of New York, 140th St. and
Convent Ave., New York, NY 10031, USA

Pavlo Kostetskyy1,
Alexander L. Shaw1, Karl
Albrecht2, Joshua M.
Terrian2, Erik Hagberg2,
Linda J. Broadbelt1
Juan A. Lopez-Ruiz,
Yang Qiu, Oliver Y.
Gutierrez-Tinoco, Jamie
D. Holladay

1

Sponsored by Parr
Instrument Company
Luca Mastroianni1,2*,
Zuzana Vajglová 1,
Vincenzo Russo2, Kari
Eränen1, Dmitry Yu.
Murzin1, Tapio Salmi1
Jiajie Huo1, Salai
Ammal2, Geoffrey
McCool3, Barr Zulevi3,
Andreas Heyden2, Will
Medlin1

11:25-11:50

A Synthesis of Single
Atom Catalysts
Without the Need for
Support Binding Sites

A. Shakouri1, C.
Ezeorah2, A. Vannucci2 ,
C.T. Williams1, J.R.
Regalbuto1

11:50-12:00

Closing Remarks

Girish Srinivas

Northwestern University, Department of
Chemical and Biological Engineering, 2145
Sheridan Road, Evanston, IL 60208
2
Archer Daniels Midland Company, 1001 N
Brush College Road, Decatur, IL 62521
Institute for Integrated Catalysis, Pacific
Northwest National Laboratory, Richland, WA
99352

Åbo Akademi, Johan Gadolin Process
Chemistry Centre (PCC), Laboratory of
Industrial Chemistry and Reaction
Engineering, Turku/Åbo, FI 20500, Finland
2
Università di Napoli “Federico II, Department
of Chemical Sciences, IT-80126 Napoli, Italy
1

Department of Chemical and Biological
Engineering, University of Colorado, Boulder,
Colorado 80309, United States
2
Department of Chemical Engineering,
University of South Carolina, 301 South Main
Street,
Columbia, South Carolina 29208, United
States
3
Pajarito Powder, LLC, 3600 Osuna Rd NE,
Albuquerque, New Mexico 87109, United
States
1
Department of Chemical Engineering,
University of South Carolina, Columbia SC
29208
2
Department of Chemistry and Biochemistry,
University South Carolina, Columbia SC
29208
TDA Research, Inc.
ORCS Chair
1
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Mechanism Informed Design of Heterogeneous Catalysts
Nicholas A. Brunelli,1,* Nitish Deshpande, Aamena Parulkar, Mariah
Whitaker, Pinaki Ranadive, Ashwin Kane, Jee-Yee Chen, and Alex Spanos

1 - William G. Lowrie Department of Chemical and Biomolecular Engineer, The Ohio State
University, Columbus, OH 43210, USA
* brunelli.2@osu.edu

Introduction
The sustainable conversion of different feedstocks into fine chemicals requires identifying
efficient and stable catalysts. For heterogeneous catalysts, this remains a considerable challenge
since current synthesis methods produce a distribution of catalytic sites. The non-uniformity in
sites makes it difficult to establish structure-function relationships to enable development of
highly active and selective catalysts. In our work, we seek to identify key mechanistic details
that increase catalyst performance. To gain these mechanistic insights, we use a combination of
spectroscopy and synthesis. Often, our group uses homogeneous synthesis methods to create
well-defined catalytic sites in heterogeneous catalytic materials. The use of homogeneous
synthesis enables us to tune the catalytic site to achieve atomic level precision. These materials
enable us to elucidate structure-function relationships that help us identify key design features
for future design. We apply these methods across a broad range of chemical reactions, including
glucose isomerization, epoxide ring opening, and aldol chemistry.
Materials and Methods
All materials are synthesized using procedures that are similar to previously reports, including
Lewis acidic catalysts (1–3) and aminosilica composites.(4, 5) All materials are characterized
using standard methods, including pXRD, N2 physisorption, and elemental analysis.
Catalytic Testing of Lewis acids. These materials are tested for catalytic activity and selectivity
for the epoxide ring opening reaction of epoxide with methanol (0.4 mol% Sn at a temperature
of 60°C using an epoxide concentration of 0.4 M in methanol).
Catalytic Testing of Aminosilicas. The silica catalysts were tested using 10 mol% N in the
isomerization of glucose to fructose using an initial glucose concentration of 10 wt% and a
reaction temperature of 100°C. The conversion and selectivity were determined through
analyzing with HPLC samples taken at different time points.
Results and Discussion
For the Lewis acid zeolite Sn-Beta, we reported (1) that this material is highly active
and selective for the epoxide ring opening reaction of epichlorohydrin with methanol. DFT
calculations demonstrate that the regioselectivity is controlled by the carbocation stability of the
C2 carbon, consistent with experimental results. These promising results leave several important
mechanistic questions to be answered, including (a) how does the nature of the catalytic sites
and (b) how does the outer sphere solvation affect the catalytic properties. Through synthesizing
Sn-Beta that is either hydrophobic or hydrophilic, it is found that the solvation environment in
Sn-Beta has an important impact on catalytic activity. Hydrophobic materials tend to result in
higher catalytic activity than materials that are more hydrophilic. Catalyst poisoning tests
demonstrate that hydrophobic and hydrophilic materials have similar numbers of catalytic sites,
indicating that the catalytic microenvironment affects the observed catalytic activity. Further
work reveals that the nature of the catalytic site impacts the observed catalytic activity with

materials containing stronger Lewis acid
sites being more active. These results are
guiding future improvements in
synthesis of Lewis acid catalytic
materials.
For aminosilica materials,
our work has elucidated that the
structure of the catalytic site affects the
observed catalytic activity. Initial testing
using a N,N’-diethyl-amino-3-propyl
organosilane (C3-Et) revealed that
catalytic activity increased with surface
loading, as shown in Figure 1. This
suggests that amines interacting with
surface silanols negatively impacts the
catalytic activity. Through systematic
tuning of the organosilane structure,
Figure 1. Comparison of the initial turnover
catalyst design structures that reduce
frequency for tertiary amine organosilanes with
amine-silanol interactions are elucidated
different linker lengths functionalized at different
that reduce amine-silanol interactions
densities on the surface of SBA-15.
and boost catalytic activity. Indeed,
short alkyl linkers and bulky substituents help to mitigate amine-silanol interactions. Indeed,
replacing the ethyl groups with isopropyl groups increased the catalytic activity.6 Molecular
simulations revealed that the bulky isopropyl groups limited the interaction of the amine with
the surface silanols. Overall, this work demonstrates that the base-catalyzed isomerization of
glucose to fructose can be selective.
Significance
The elucidation of structure-function relationships enables the informed design of highly
active and selective catalysts.
References
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Selective Hydrogenation of Dimethyl Oxalate to Ethylene Glycol via
Heterogeneous Ag-Based Catalysts
Nicolas Gleason-Bouré, Christopher T. Williams

Dept. of Chemical Engineering, University of South Carolina, 301 Main Street, Columbia, SC
29208, USA
Introduction
Ethylene glycol (EG) is traditionally synthesized via the hydrolysis of ethylene oxide.
In an alternative process, EG can be synthesized from dimethyl oxalate (DMO) via C-O bond
cleavage to make methanol. Reduction of its two-ester carbon-oxygen double bonds yields EG.
Hydrogenation of DMO is a two-step process that passes through a methyl glycolate (MG)
intermediate on route to EG. Current DMO hydrogenation catalysts are based on copper, and
currently operate at elevated temperatures and pressures with short catalyst lifespan. Thus, there
is a need to develop more active and robust catalysts. In this work, SBA-15 and MG-70 supported
mono- and bimetallic Ag catalysts have been examined for DMO hydrogenation.

The greatest improvement of performance was seen with the bimetallic silver-copper catalyst.
DMO conversion jumped from 55% to 100% and the EG selectivity reached 83%. The other
bimetallic catalysts did not show a significant enhancement to performance. Indium appeared to
poison the silver, rather than enhance its activity. This illustrates that silver and copper likely
have different mechanisms in how they reduce DMO to EG. Ruthenium also showed a poisoning
effect on silver. Platinum turned out to be too active in the reduction of DMO. It was able to
completely reduce DMO to non-condensable products that could not be measured with our
current setup. This high activity was seen on platinum even when the temperature was lowered
by 15 degrees Celsius. The selectivity towards EG and MG are 0% when platinum is present in
the catalyst. This illustrates that MG and EG species are very active on the surface of platinum
and are quickly reduced under reaction conditions when they appear.
Table 1: Reaction data for monometallic and bimetallic catalysts

Materials and Methods
Silver catalysts were prepared by incipient wetness impregnation with SBA-15,
water, and silver nitrate. Bimetallic catalysts were prepared via co-incipient wetness
impregnation. The catalyst was dried overnight at room temperature, then calcined in air at
350℃. The catalyst was loaded into the reactor then reduced in-situ at 350℃ in a 5%H2:95%N2
stream. The reaction conditions were a temperature between 200℃ and 250℃, a pressure of 2.8
MPa and an H2:DMO flow of 80:1. The products were analyzed using a gas chromatograph.
Silver monometallic and bimetallic catalysts were also prepared by incipient wetness
impregnation with MG-70, a magnesia-alumina support. These catalysts were treated under the
same conditions as the catalysts prepared with SBA-15.
Results and Discussion
Monometallic silver catalysts have shown promise as a selective catalyst for the
conversion of DMO to EG.[1] The prepared monometallic silver catalysts have shown high
selectivity towards MG or EG based on temperature. The catalysts show high activity at both
200℃ and 220℃. The DMO conversion was 55% at 200℃ and 100% at 220℃ with an EG
selectivity of 5% and 61%, respectively. Bimetallic silver catalysts showed an increase in
performance for some promoting metals and a sharp decrease with others.
Bimetallic catalysts were tested with the addition of copper, indium, platinum, and
ruthenium. Copper is the industrial standard metal for this reaction. Indium has been shown to
enhance the activity and EG selectivity on copper-based catalysts.[2] Platinum and ruthenium can
readily chemisorb hydrogen, whereas silver does not chemisorb hydrogen extensively. The
catalysts were all compared under the same conditions at 200℃. The results for the monometallic
and bimetallic catalysts can be found in Table 1.

a. .Reaction Conditions: WHLSV=5.6 hr-1, H2:DMO ratio 80:1 b. 5% selectivity towards ethanol
Future studies will include MG-70, a magnesia support that is relatively inexpensive
and that has not been extensively studied for this reaction. Unlike SBA-15 and other silica
supports, MG-70 has a more neutral point of zero charge and acts a Lewis base rather than a
Lewis acid. Preliminary reaction data (not shown here) of MG-70 supported catalysts have
shown promise in the effectiveness of this support for both monometallic and bimetallic silver
catalysts for this reaction.
Significance
EG is a widely used industrial chemical and precursor, largely produced from EO, a
petroleum derivative. As petroleum becomes more difficult to find, new routes to ethylene glycol
must be explored. Silver-based catalysts may provide an alternative to current Cu-based
materials.
References
[1]Yin, Anyuan, et al. Chemical Communications vol. 46, pp. 4348-4350 no. 24 (2010)
[2] Yu, X., Vest, T. A., Gleason-Boure, N., Karakalos, S. G., Tate, G. L., Burkholder, M.,
Monnier, J. R., & Williams, C. T. (2019). Enhanced hydrogenation of dimethyl oxalate to
ethylene glycol over indium promoted Cu/SiO2. Journal of Catalysis, 380, 289–296.
https://doi.org/10.1016/j.jcat.2019.10.001

BASF’s super edge-coated precious metal catalysts
Lei Zhang*, Peter Witte, Hans Donkervoort, Robert Terörde

BASF Nederland B.V., Strijkviertel 61, 3454 PK, De Meern, The Netherlands
* corresponding lei.zhang@basf.com
Introduction
Powder catalysts with supported precious metal are widely used in selective conversion
of fine chemicals which are typically functionalized large molecules. In general, porous
support materials with high porosity and large surface area are used to allow for a high metal
dispersion, i.e., smaller metal particle size, and therefore a high metal efficiency. Depending on
the preparation conditions, the metal particles can have distinct distribution profiles over the
support particle (Scheme 1). In order for the metal sites to be best accessible by large
molecules, it is desirable to have them situated in the outer shell of the support.[1,2] This is
referred to as an edge-coated metal distribution.[2] Such edge-coated distribution has the
additional advantage that the substrate molecule rapidly leaves the vicinity of metal active sites
after it is converted, thereby minimizing any side reactions from taking place.[3]

Figure 1. HAADF-STEM images of an edge-coated Pt/carbon powder catalyst (left) and an
edge-coated Pd/carbon powder catalyst (right).
The new edge-coated catalysts have shown improved performance in various catalytic
reactions. As a typical example, the new edge-coated Pt/carbon catalyst were evaluated in
selective hydrogenation of functionalized nitro-compounds and exhibited much higher activity
while retaining comparable selectivity compared to the traditional Pt/carbon catalyst (Table 1).
Table 1. Selective hydrogenation of functionalized nitroarenes with supported Pt catalysts.

Scheme 1. Schematic representation of different metal distribution profiles of powder
supported metal catalysts.
However, the preparation of edge-coated powder catalysts with a high metal dispersion
is not straightforward. Since only a small portion of the total surface area of the support is
used, edge-coated catalysts generally have a low metal dispersion.[2] We present here our
recent progress on BASF’s proprietary edge-coated precious metal catalysts. The newly
developed catalysts, featuring highly edge-coated metal profile and high metal dispersion, have
shown improved performance over conventional catalysts in various applications.
Materials and Methods
The supported precious metal catalysts presented in this work were prepared with
BASF’s proprietary technology.[4] The metal distribution of the catalysts was determined with
various techniques, e.g., XPS, HAADF-STEM, FIB-SEM, µ-XRF-CT, etc. The catalysts were
evaluated in various chemical reactions such as semi-hydrogenation of alkynes, selective
hydrogenation of nitroarenes, selective hydrogenation of α,β-unsaturated aldehydes, selective
oxidation of alcohols.
Results and Discussion
Shown in Figure 1 are the HAADF-STEM cross-section images of the new edge-coated
Pt/carbon and Pd/carbon powder catalysts. As one can see, the metal particles are highly
concentrated on the outer shell of the carbon support.

Significance
The new edge-coated catalysts with high metal dispersion provide the following
advantages over the conventional catalysts: higher activity and hence improved metal
efficiency; higher selectivity for reactions involving bulky substrate molecules; easier
regeneration of the catalysts for reuse.
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Introduction
Ethylene formed in the vegetable compartment of refrigerators promotes excessive
ripening of agricultural products including fresh vegetables, fruits, and flowers, which make
them difficult for a long-term storage and transportation. Our group has reported the long-term
activity and high stability for the decomposition of trace ethylene using mesoporous silica
supported Pt nanoparticles at 0 ºC [1], [2]. Further increase in the catalytic activity of the
mesoporous silica-supported Pt catalyst was successful by controlling the hydrophobicity of
silica surface [3]. In order to clarify the role of hydrophobicity and mesoporous structure,
reaction phenomenon over supported Pt catalysts with hydrophobic mesoporous silica, SBA-15
and aerosol silica, A380 was studied with FTIR measurement with a gas-flow system in this
work. CO was used as a probe molecule to study the site of Pt [4].
Materials and Methods
Impregnation of Pt cations (1.8 wt%) with an aqueous Pt(NH 3)2(NO2)2 solution,
followed by thermal reduction of the Pt cation-loaded samples under H2 flow resulted in the
formation of Pt nanoparticles into the pores of mesoporous silica, SBA-15 and Aerosil 380
calcined at 800 ºC. Ethylene oxidation at 0 ºC was performed in a stainless steel fixed-bed
reactor under an atmospheric pressure at a space velocity of 1500 mL h -1 g-1. The catalyst in the
pellet form (ca. 20 mg) was put in an IR cell connected to a gas flow system. CO was
introduced as a probe molecule on hydrated and dehydrated catalyst surface and in-situ FTIR
studied. An operando study was carried out by introducing a gas-mixture of C2H4 (50 ppm), O2
(20%), N2 (5%) and He (balance) to the catalyst at 28 °C and FTIR spectra were taken
simultaneously with the analysis of product gases during the reaction.
Results and Discussion
We have reported that Pt/SBA-15(800) is superior to Pt/A380(800) in terms of ethylene
conversion and CO2 yield at the steady state. This difference can be ascribed to easy desorption
of physisorbed water from hydrophobic silica surface, because physisorbed water partially
blocks active Pt surface and decrease in original activity. Therefore, we conducted ethylene
oxidation with these catalysts in the absence and presence of H 2O vapor at 28 ºC and observed
the difference in the recovery of their catalytic activity with time. In the experiments, we
plotted OH bending vibration mode of physisorbed water normalized with surface area in order
to evaluate the amount of physisorbed water on catalyst surface.
Figure 1C shows time courses for aerobic ethylene oxidation over Pt/SBA-15(800) and
Pt/A380(800). While the activities decreased with the introduction of water vapor
(approximately 1 vol.%, from 3 h to 5 h), they were recovered with the decrease in the bending

vibration mode. It should be noted that the recovery of Pt/SBA-15(800) is clearly superior to
that of Pt/A380(800) after stopping the supply of water vapor. These results imply that
hydrophobic silica surface and mesoporosity play a decisive role for smooth desorption of
physisorbed water from Pt nanoparticles.
To clarify this superior activity of Pt/SBA-15(800), FTIR study using CO as a probe
molecule was carried out over dehydrated and hydrated samples [4]. The surface of Pt/SBA15(800) and Pt/A380(800) were first hydrated with 0.95% of H 2O vapor (Figure 1A and 1B)
and then 100 ppm of CO along with the water vapor was introduced to the catalyst surface. In
the case of Pt/SBA-15(800), a new red-shifted band appears along with the original band of PtCO interaction at 2090 cm-1. However, in case of the other catalyst, only the red-shift of the
original band was observed. This means the bare site of Pt is available in the case of Pt/SBA15(800) which continues to play a role in ethylene oxidation even in presence of H 2O.

Figure 1. Pt-CO interaction over dehydrated and hydrated samples of Pt/SBA-15(800) (A) and
Pt/A380(800) (B). Time courses for ethylene oxidation and normalized bending vibration of
H2O (C).
Significance
Food loss is a major concern during the postharvesting storage and transportation of
fruits and vegetables due to production of ripening hormone, ethylene. Use of heterogeneous
catalysts, Pt/Silica is highly desirable due to its high activity, easy handling, reusability and
durability.
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Results and Discussion
Figure 2 (a) and (b) show the XPS spectra for Rh-3d and Pt-4f orbitals. Rh0-3d5/2 and
Rh0-3d3/2 were observed at binding energies 307.45 eV and 312.15 eV, respectively. Pt0-4f7/2
and Pt0-4f5/2 were observed at 71.85 eV and 75.20 eV, respectively. This analysis confirms the
presence of Rh and Pt on the carbon support in their metallic states.

Introduction
Recently there has been a growing interest in utilizing biorenewable feedstocks such as
carbohydrates to produce value added organic chemicals. Adipic acid is one such example
which is a key monomer of Nylon -6,6. It can be produced from glucose derived glucaric acid
via catalytic hydrodeoxygenation as shown in Figure 1. The focus of this work would be
understanding this process developed by Rennovia Inc., [1] validating the key results,
determining the limitations and evaluate alternatives to this process. Experiments are carried
out in high pressure batch reactors and different reaction conditions are screened in high
throughput reactors.
Air, H2O, catalyst
Step 1:

Figure 2. XPS analysis of Rh/Pt catalyst. (a) XPS spectra of Rh-3d orbital, (b) XPS spectra of
Pt-4f orbital. Both Pt and Rh were found to be in their metallic states.
Glucose

Step 2:

Glucaric acid
HBr/AcOH/H2O /H2
Rh/Pt-1.65 wt%

Glucaric acid

Adipic acid

Figure 1. Adipic acid production from glucose. Step 1 shows catalytic oxidation of glucose to
glucaric acid. Step 2 shows catalytic hydrodeoxygenation of glucaric acid to adipic acid
Materials and Methods
Catalyst Rh/Pt on carbon support were prepared using incipient wet impregnation
technique. First the pore volume of the carbon support is determined. Accordingly, rhodium
and platinum precursors are deposited on the carbon support via manual drop casting, followed
by drying at 65 oC overnight. The solid catalyst is then reduced in a tube furnace under 5% H2
in N2 at 350 oC for 4 h. The catalysts are characterized by XRD, XPS and SEM. The
hydrodeoxygenation reaction of substrate glucaric acid is caried out in presence of Rh/Pt
catalyst, HBr, water and acetic acid was used as the solvent. The products are analyzed using
HPLC and Ion chromatography. ICP-MS was used to determine stability of the bimetallic
Rh/Pt catalyst.

Most of Rennovia’s work focused on feed composition of 0.8 M glucaric acid, 0.8 M
HBr, 2 M water and balance acetic acid. Catalyst composition Rh/Pt 1.65 wt% (60:40) mol
ratio on carbon extrudate was found to be the lead catalyst for the reaction. Rennovia reported
100 % conversion of glucaric acid with 90 % adipic acid yield. However, we found lower yield
of adipic acid when the experiments were carried out in high throughput reactors. Side product
2,5-Furandicarboxylic acid with ~2 % molar yield was also formed. From ICP-MS analysis, Pt
metal leaching of ~0.1% was observed over 3 h reaction period. No rhodium leaching was
observed. We are in the process of carrying out the experiments in multichannel fixed bed
reactors in four stages which is likely to increase the yield of adipic acid.
Significance
Adipic acid is a specialty organic chemical and utilizing biorenewable feedstock to
produce this chemical is an attractive goal of sustainable chemistry. This work emphasizes on
recreating Rennovia’s glucaric acid to adipic acid process and evaluating alternatives that
could decrease risk to commercialization.
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liquid ratios. Based from this, a transient hydrodynamic model was proposed. The
incorporation of a solid catalyst demonstrated that it is possible to increase the yield of the final
product, αγ-DCP, if the amount of catalyst was high enough. Visually it was demonstrated that
there is a huge difference in the flow patterns of the different reactor systems.
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Introduction
Glycerol has become an inexpensive and attractive raw material for the chemical
industry, because large amounts of glycerol are released as stoichiometric co-products upon
production of biodiesel. Upon transesterification of triglycerides, three moles of fatty acid
methyl esters and one mole glycerol are formed. Burning glycerol for heat generation is an
option, but for chemical industries, several attractive but challenging alternatives exist for
glycerol valorization, such as production of glycerol carbonate, acrolein, glycidol,
epichlorohydrin, ethers, diols and syngas.
The chemical system investigated in this work was hydrochlorination of glycerol, which
is a very interesting case from the chemical viewpoint, because the hydrochlorinated products,
the αβ- and αγ-chlorohydrins can be used as intermediates in the production of
epichlorohydrin, which is an important building block for the production of epoxy resins and
plasticizers. A homogeneous catalyst such as a carboxylic acid, i.e. acetic acid, can be used to
enhance the reaction rate. Our previous work revealed that a significant amount of the catalyst
is needed when the reaction is carried out in a continuous bubble reactor, and other drawbacks
such as flushing the column was noticed [1]. The reactor system was improved to increase the
Péclet number, using a variable diameter column reactor (Figure 1). The reaction was
successfully modeled using high-speed camera recording as a tool for estimating the bubble
velocities and bubble shrinking rates as well as gas hold up ratios.
Materials and Methods
The chlorination of glycerol were performed in a standard bubble column, and in a
variable-diameter bubble column. The reaction was carried out using a homogeneous
carboxylic acid (acetic acid) as a catalyst. The variable diameter reactor geometry is displayed
in Figure 1. The experiments were shortly summarized, performed in the following way:
desired volumetric flows of gaseous hydrogen chloride, glycerol (together with acetic acid, if
used) were fed from the bottom of the column, and samples were withdrawn at a sampling
valve after the top of the reactor and the liquid phase was analyzed with a GC for the glycerol
and product concentrations (α-MCP, β-MCP, αγ-DCP and αβ-DCP), whereas the dissolved
HCl was analyzed by titration with NaOH. A high-speed camera (FastCam SA3 model,
Photron) was used for flow visualization (Figure 1, right)
Results and Discussion
Compared to a traditional bubble column, an increase of 4.5x of the Péclet number was
observed. Furthermore, the possibility of operating at higher gas spatial velocities boosted the
glycerol conversion. Overall, the productivity was greatly enhanced and the variable diameter
reactor has proven to be a promising technology for gas-liquid reactions requiring high gas-to-

Figure 1. Left: The variable diameter reactor; right: high-speed camera capture of a single
chamber as well as the corresponding converted image for calculation of the gas hold up.
Significance
• Hydrochlorination of glycerol was studied in a variable diameter column reactor, coupling
the reaction kinetic model based on elementary catalytic reaction steps with relevant
hydrodynamic quantities (gas hold up, bubble velocity, bubble shrinking velocity, back
mixing) obtained using high-speed camera footage and extensive image analysis routines.
• The mass transfer and kinetics were improved using the homogeneous catalyst in
continuous operation
• An advanced model based on the principles of microkinetics was proposed and it gave a
very good description of the data. The model was based on the detection of minor amounts
of ester intermediates in the liquid phase.
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Introduction
The conversion of methane into higher value products is one of the challenges of
catalysis. Here, we consider four options, both direct and indirect. These consider the status
and future directions: oxygenates, superacids, reforming, and aromatization. These are
Oxygenates
One reaction that exemplifies the formation of higher-value oxygenates is the following:
methane and CO2 to vinyl acetate (VA). The reactions shown below offer two routes, both
through acetic acid:

Solid Superacids
The reaction of interest is the following:

The liquid and gaseous super acids are possible, but a solid acid can serve as the basis of a
practical process.
Reforming
There are of several options for CH4/CO2 reforming. Here we focus on dry reforming
𝐶𝐶𝐶𝐶_4+𝐶𝐶𝐶𝐶_2

⇌ 2𝐶𝐶𝐶𝐶+2𝐻𝐻_2

Carbon deposition is inevitable but can be minimized using modified thermally stabilized
oxides such as pyrochlores
Aromatization

This reaction is widely studied, with the most important challenge the deposition of carbon.
The proper balance of oligomerization and acidity offering perhaps the most improvement.

Catalytic transacetalization reactions for the modification of
oxymethylene ether (OME) fuels

As an example, (2-ethylhexyloxy)ethoxymethane ((2-EH)EM) with mixed end groups
(R1 = CH2CH(CH2CH3)CH2CH2CH2CH3, R2 = CH2CH3) can be obtained by the reaction of the
2-ethylhexyl derivative (D(2-EH)M) with the ethyl derivative (DEM) in the presence of the
zeolite catalyst BEA-25 (Fig. 2). The reaction proceeds under mild conditions and leads with
high selectivity to a mixture of D(2-EH)M, DEM and (2-EH)EM in a molar ratio of
approximately 1:1:2. After separation of (2-EH)EM, several properties have been determined
which show that characteristics of such acetals can be adjusted conveniently by changing the
end groups in this manner [7].
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Introduction
Regarding alternative diesel fuels, so-called oxymethylene ethers (OMEs) are intensely
investigated [1]. Due to their molecular peculiarities, e.g. the absence of carbon-carbon bonds,
combustion is free of NOx and soot formation. Especially OMEs of the type R1O(CH2O)nR2
with R1 = R2 = CH3 and n = 3-5, i.e. OMEs with methyl end groups, are suitable for fuel
applications since their physico-chemical as well as fuel properties are similar to conventional
diesel fuel [2,3]. One synthesis strategy is the acetalization reaction of methanol with
formaldehyde catalyzed by acidic catalysts, ideally solid acids which can be easily removed
from the reaction mixtures. Several efficient catalysts, especially ion exchange resins and
zeolites, have been identified and current activities concentrate on the removal of water which
is formed during acetalization and which accumulates if the reaction is run continuously [4].
According to the molecular formula of OMEs, the end groups R1 and R2 as well as the
chain length n can be varied and thus, derivatization by chemical modification is possible.
Regarding the reactants, different alcohols, formaldehyde sources and other aldehydes can be
employed which can be obtained from renewable feedstocks. In all cases, catalysts are needed
which exhibit high long-term activity and high selectivity towards the desired products [5].
Within this work, variation of end groups by catalytic transacetalization reactions, i.e.
exchange reactions between OMEs with different end groups, have been investigated. These
offer a largely unexplored potential for the preparation of new OMEs, including also
asymmetric compounds with R1 ≠ R2. Several properties of new OMEs have been determined
to disclose structure-performance relationships and to support a targeted development of such
fuels.
Materials and Methods
Commercially available materials have been employed which have been used as
received. Regarding the catalysts, commercial zeolite BEA-25 samples have been employed.
Product mixtures have been analyzed by gas chromatography after calibration with the
respective standards and common separation techniques, mainly distillation, have been
employed [6].
Results and Discussion
Transacetalization reactions of OMEs (Fig. 1) are an efficient strategy for tuning
product compositions and adjusting physico-chemical and fuel properties [7].
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Figure 2. Transacetalization reaction of D(2-EH)M with DEM catalyzed by zeolite BEA-25
(reaction conditions: 60 °C, 400 rpm, 0.78 wt% catalyst).
Significance
Catalytic transacetalization reactions represent a versatile and efficient tool for the
modification of OMEs and thus, physico-chemical as well as fuel properties of OMEs can be
tuned according to the respective demands. Alternative applications of functionalized OMEs,
beyond fuels, are currently explored.
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Materials and Methods

Access to industrial scale volumes of alkyl organophosphines, their derivatives, and
phosphonium salts are critical to the successful commercialization of many applications
including petrochemical catalysis, pharmaceutical, fragrance, fine chemical, polymer
synthesis, etc.[1-3]. The industrial production and supply of these materials will be the focus
of this presentation with some examples outlined in Scheme 1. These products (1-6) and
similar derivatives, have found widespread application as precursors to ligands, and as ligands
themselves with a wide range of chiral, mono- and multidentate structures now being
commercially available. The underlying chemistry of phosphorus derivatization will be
presented including the generation of phosphine gas and the synthesis of alkylphosphines.
This includes atmospheric or high pressure chemistry with radical or acidic initiators as well
as coupling chemistry and other synthetic methods.

Results and Discussion

1

Introduction

Products are characterized for structure, purity and final properties by a variety of means - this
includes, but is not limited to, multinuclear NMR, GC, DSC, TGA, Karl-Fischer and IR
Spectroscopy. Analytical procedures are developed internally by experts and in accordance
with relevant ISO standards.

Two case studies will be presented outlining industrial production and characterization of
phosphorus compounds and the relevant applications they support.
Di-tert-butylphosphine (5) and phobane type ligands such as 9-phosphabicyclononane [3.3.1]
and [4.2.1] (6) -are bulky secondary phosphines used as building blocks for a variety of ligand
applications including aminocarbonylation, hydrogenation, hydroformylation that are relevant
at the industrial (multiton) scale. This requires production, purification and safe supply of these
pyrophoric materials.

Scheme 1: Conversion of phosphorus to industrial phosphorus derivatives

As chiral transformations have become industrially relevant there has been an increased
demand
for
larger
scale
production
of
chiral
ligands.
(2R,3R)-(+)Bis(diphenylphosphino)butane (4) is one such chiral bidentate phosphine ligand which is
employed in asymmetric hydrogenations. Production capabilities of this, as well as other chiral
phosphine ligands enabling industrial chiral transformations will be discussed.
Significance
Phosphine provides rapid, sustainable and economical access to a significant number of
phosphine’s not possible by other routes (i.e. PCl3). The toxicology and environmental impact
is also well understood to allow for appropriate regulatory compliance and HSE requirements.
This chemistry has led to multiple economical industrial scale processes from R&D scale.
The discussion will provide insight into how various phosphorus starting materials such as
phosphine gas (PH3) and white phosphorus (P4) and the chemistries employed can allow access
to a diverse range of very versatile phosphorus-based materials from kilogram to multi ton
quantities and how product quality, which is critical to commercial consumers, can be
handled.. Product applications to be highlighted include precursors for electronics applications,
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The differences in behavior suggested by the reactor experiments and the literature indicated
the need to analyze the reactant-catalyst interactions present in the epoxidation. The utilization
of in-situ spectroscopy was our approach. Modulation excitation FTIR spectroscopy was
applied to observe changes in the titanium site vibrations. Water, methanol, acetonitrile,
hydrogen peroxide and propylene were modulated in order to observe the differences between
TS-1, Ti-MWW, Ti-BEA and Ti-MFI catalysts.
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Introduction
The discovery of titanium silicates around 40 years ago allow the development of a more
sustainaible way to produce epoxides from alkenes and hydrogen peroxide. However, the
research has been mostly dedicated to propylene epoxidation with hydrogen peroxide. The
present work aims to improve the understanding of the epoxidation reaction on titanium
silicates. Observing differences in a reactor level brings clarity of the importance of the
molecular structure on the product distribution and catalyst stability. A final modulation
excitation study unveiled differences in the titanium site interactions, depending on the catalyst
structure, suggesting material dependency on the behavior of the reaction system.
Results and Discussion
An extensive series of transient and stationary epoxidation experiments of several alkenes was
carried out in a laboratory-scale trickle bed reactor loaded with TS-1. GC was used in reactant
an dproduct analysis. The result suggest changes in the transient behavior with the increase in
the carbon chain length (ethylene, propylene and 1-butene). New side reactions were observed,
caused by ring opening of the isobutene epoxide. The molecular structure of the alkene for the
epoxide selectivity and yield demonstrate to be an important element in the system (Figure 1).
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The effect of the modulation over the 960 cm-1 vibration was analyzed. The results of the
water modulation experiments are displayed in Figure 2. The modulation of TS-1 and TiMWW displayed a split of the 960 cm-1 band (characteristic of framework titanium) in two
bands; 980 and 950 cm-1. Nevertheless, the result of Ti-BEA exhibited a complete shift to 975
cm-1, suggesting changes in the titanium site. The Ti-MFI (TS-1 with defects) displayed
changes in the 960 cm-1 band dependent on the phase, however the signal is centerered at 950
cm-1. The present study suggests important differences between the different titanium silicates
systems studied. The results from the modulation experiments can be an indication of
differences on the titanium sites.
Significance
The study of the epoxidation reaction utilizing transient techniques allowed to extract insights
in the catalytic reaction mechanism and catalyst stability. The study of the titanium sites allows
to observe important differences between TS-1 and Ti-MWW and suggest new insight in the
epoxidation mechanism. The reactor experiments allowed to identify general differences in the
epoxidation process not reported previously. Kinetic modelling of the results was carried out.
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Figure 2 Water interaction MES experiments. 2wt%H2O/MeCN vs 1wt%H2O/MeCN
over A) TS-1 B) Ti-MWW C) Ti-BEA and D) Ti-MFI at 30 C and 1 bar.
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Figure 1 Ethylene, propene and 1-butene epoxidation on TS-1 a) conversion and b)
selectivity at equimolar olefin/hydrogen peroxide proportion.
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Introduction
Precious Metal Catalysts (heterogeneous and homogeneous) play a major role in today’s industrial
processes/productions including refining, petrochemicals, fine chemicals, drugs and alternative fuels
productions [1]. Of the six metals (Pd, Pt, Ru, Rh, Os, Ir) that make up the platinum group metals (PGM),
palladium, platinum, rhodium and ruthenium are the most widely used for hydrogenation reactions. In the
pharmaceutical and specialty chemical industries, these metals are typically dispersed on a support. Activated
carbon is the most popular, although silica, alumina, barium sulfate, and calcium carbonate are used in very
specific applications. The support allows for catalysts with higher metal surface areas than would be obtained
with the bulk metal along with thermal stability for the metal, thereby, reducing the rate of sintering or
agglomeration. In this particular abstract, role of precious metal catalysts in the fields of API (Active
Pharmaceutical Intermediates) productions, fine chemicals production, and agro chemicals production will be
covered by giving our own research findings and commercialization CASE STUDIES.
Designing of catalyst
We support more than 500 customers globally on their requirements of precious metal based catalysts.
All of our customers use powder catalysts for their applications. Use of precious metal supported powder
catalyst in pharmaceutical and fine chemical industries are enormous [2]. While designing the catalyst for a
particular application, one has to take care of support properties, metal, metal concentration, synthesis
procedure, pH and liquid to solid ratio since these parameters are going to dictate the final catalyst outcome. For
example, if solid to liquid ratio is kept low, dispersion of metal on support will be better. Further, higher pH
during catalyst synthesis may promote ripening of metals on the support.
Discussion
Scheme 1 explains Isomerization of 1,2-cyclohexene. When Palladium on Carbon (Pd/C) with two
different metal loadings (3% and 10%) was used, one obtains two different isomers. If a chemical industry is
targeting trans- isomer but using only 3% Pd/C, it will end-up obtaining only cis-isomer since there was no
sufficient active metal to transform cis to trans. On the other hand, if higher loading (10% Pd/C) catalyst is used
but targeting only cis isomer, it will end-up getting trans-isomer. This is attributed to excess active metal
available enhanced further Isomerization of cis to trans.
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Scheme 1: Isomerization of 1,2-dimethylcyclohexene
In this presentation number of such case studies that we worked with our industrial partners will be discussed in
detail in terms of both scientific and economic aspects.
Significance
We are the R&D driven developer and commercial supplier of precious metal based catalysts diverse industries.
Our catalysts play important role in improving atom economics of any commercial chemical processes that
develop products for the betterment of human, animal and plant lives.
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Introduction
In recent years, the need to consider sustainability in producing liquid transportation fuel
became a humanitarian, environmental, economic and political imperative. The goal of
decarbonizing the energy sector has been a response to the decades long call of reducing our
society’s carbon footprint to reverse the accumulating adverse impact of greenhouse gases in
our plant’s atmosphere. The US DOE Sustainable Aviation Fuel (SAF) Grand Challenge
specifically calls to produce 3 billion gallons of SAF per year by 2030 and 35 billion gallons
per year by 2050. Since the production in 2019 was only 3 million gallons per year, we still
have a long way to go to achieve our goals. Currently, there are seven approved ASTM
pathways to produce SAF, four of which directly can use biomass as starting feedstock.
Here, we report the co-processing of pyrolytic lignin and yellow grease. Butanol was found to
enable the stabilization of the feed and was added at a ratio of 4:1 pyrolytic lignin: butanol. A
series of batch reactions were done to test the impact of different parameters (temperature,
ressure and catalyst amount: feed ratio) to minimize the amount of coke produced. Based on
the test results of the different combinations, the least amount of coke was formed when
hydrotreating temperature was set at 380ºC, initial H2 pressure of 7 MPa and 1.3 g catalyst: 50
g feed (80:16:4 yellow grease: pyrolytic lignin: butanol). Further application of a two-step
process: low temperature stabilization, followed by a high temperature hydrotreating step
allowed for further reduction in coke formation.
Materials and Methods
Yellow grease was obtained from a commercial vendor. Pyrolytic lignin was procured
from the water insoluble fraction of pyrolysis oil produced by BTG. Butanol was purchased
from Sigma-Aldrich. Hydrotreating was done using a Parr reactor at Washington State
University. The NiMo/Al2O3 hydrotreating catalyst was procured from a commercial catalyst
manufacturer and was sulfided in situ. The temperatures tested ranged from 320ºC - 380ºC,
initial H2 pressure between 5 – 7 MPa and catalyst amount between 0.7 – 1.3 g. The catalyst
was sulfided with an injection of dimethyl sulfide into the Parr reactor, followed by 1.5 MPa
(room temperature) H2. Sulfidation was done in two stages: initial heating to 260ºC, hold for 2
hours and then to 350 ºC for another 2 hours. The hydrotreatment was done at temperature for
4 hours after target temperature was reached, and then was cooled. The effect of addition of a
stabilization step was also tested. Distillation of the hydrotreated product produced the

following fractions: gasoline (<150°C), kerosene (150°C-250°C), diesel (250°C-350°C) and
the residual oil (>350°C). The fractions were analyzed using SPE-GC-MS, density, viscosity,
surface tension, elemental analysis and cold flow properties.
Results and Discussion
In a previous study, Han, et al. (2020) [1] reported the results of co-processing yellow
grease with pyrolytic lignin using CoMo/Al2O3 catalyst. They reported the production of 14.6
wt% kerosene. Coke was formed at 6.8 wt%. To further reduce this coke yield, a NiMo/Al2O3
hydrotreating catalyst was used and operating parameters were optimized by implementing a
central composite design. Three hydrotreating temperatures (320°C, 350°C and 380°C), three
H2 pressures (5 MPa, 6 MPa and 7 MPa) and catalyst amount (0.7 g, 1.0 g and 1.3 g). In all
tests, 50 g feed (80:16:4 yellow grease: pyrolytic lignin: butanol) was loaded into the reactor in
each experiment. Results show that coke was still formed. A tarry solid was also observed in
some experiments. Of all the tests, coke was reduced more than 300 times to less than 2.0 wt%
at hydrotreating at 380°C, with a starting initial H2 pressure of 7 MPa and feed to catalyst ratio
of 50 g: 1.3 g. Adding a stabilization step, tested at 210°C, 250°C and 280°C resulted in further
lowering of the coke produced. Stabilization has been found to enable longer continuous
operation for whole pyrolysis oil. [2] After distillation of the hydrotreated product, more than
20 wt% of kerosene was recovered.

Figure 1. Sample plot showing coke yields as a function of temperature and catalyst amount
Significance
By incorporating central composite design and use of a new catalyst. we identified
process conditions that allowed a reduction in coke formation for more than 3-fold. Addition of
a stabilization step further decreased the coke formation and altering the overall process
scheme for co-processing pyrolytic lignin and yellow grease.
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Introduction
More than 80 % of present industrial processes use different catalysts for the synthesis
of a variety of chemical, petrochemical and biochemical products as well as polymers.[1]
Based on the twelve principles of green chemistry, selectivity, efficiency and sustainability
play an important key role.[2, 3] The cooperation program “Competence Centers for Excellent
Technologies (Comet)” focuses on the valorization of organic materials and the total biomass
utilization into sustainable products and energy. Native biopolymers from woody biomass are
separated to obtain lignin as starting material for bio-based products, like resins. In this paper
we highlight strategies to obtain organic phenolic building blocks to produce biobased phenolic
resins from biomass using precious metal-based catalysts. Also, the attractiveness of precious
metal-based catalysts, when applying recycling strategies are presented.
Materials and Methods
For the investigations, various platinum-based catalysts were synthesized using different
impregnation methods. Lignin was used from the organosolv process with the following NREL
analysis: d.m. 96.65 wt%, AIL 96.9 wt%, ASL 1.34 wt%, ash 0.55 wt%, sugars 0.33 wt%.
GPC analysis of lignin with 0.1 M NaOH gave Mn: 1191 g/mol, Mw: 7608 g/mol and DP 6.39
(column: PSS MCX, UV detector: 280 nm). For the catalytic reactions, 20 g of lignin were
degraded in water/ethanol using 4 g of platinum catalyst. After 30 min at 200 °C, the product
mixture was separated into an oligomeric fraction using THF, a monomeric fraction using ethyl
acet ate and residual coke. Repeat determinations of the experiments were perform ed. From the
monomeric and the oligomeric fractions, the composition of the individual structures were
determined by GC MS.
Results and Discussion
Here, we studied platinum-based catalysts for the efficient formation of phenolics from
lignin as bio-based building blocks with end use as phenolic resin. The catalyst performance
depends on the used precious metal (PM) precursor solutions, e.g., platinum nitrate,
hexachloropl atinic acid or platinum oxalate and on intrinsic charact eristics of the support.
Especially, the special nature of a hydrot alcite (HTC) as support material shows positive
effects the catalyst performance. Figure 1 shows the results of the lignin conversion using five
different platinum-based catalysts in comparison to the HTC support itself. A higher Platinum
loading leads to a full lignin conversion, which can be explained by an increased PM surface
area, resulting in a higher catalyst activity. Also, the higher the platinum-loading of the
catalyst, the higher the preference towards the form ation of monomeric and oligomeric
structures. The addition of 1% Nickel even strengthens this effect with a decreas ed coke
formation. Afterwards, the reactions conditions were optimized based on a design of
experiment (DoE) with the successful avoidance of any coke formation.

Figure 1. Benchmark results of the lignin conversion using platinum-based catalysts. Reaction
conditions A: 20.0 g lignin, 4.0 g catalyst, 200°C, 30 min, 300 rpm, 200 mL solvent (45.9%
ethanol in water); reaction conditions B: 20.0 g lignin, 0.24 g catalyst 230°C, 90 min, 300 rpm,
230 mL solvent (45.9% ethanol in water).
The PM recovery plays a key role from both an ecological and economical point of
view. The full “PM loop” consists of the PM winning and PM solution production as well as
the catalyst synthesis, followed by the performance as active catalyst. Finally, the deactivated
catalyst is separated from the reaction mixture to close the loop with the PM recycling, which
serves again as PM source.
Significance
Using Platinum-based catalysts ensures the access to important organic building blocks
as sustainable products made from biomass to realize its total utilization. The full avoidance of
any coke formation allows the application of the obtained phenolics as starting material for
phenolic resins. The PM recovery allows an efficient use of scarce raw materials such as
platinum and improves the competitiveness to non-precious metal-based alternatives.
References
[1] Deutschmann, O., Knözinger, H., Kochloefl, K. and Turek, T. in “Ullmann’s Encyclopedia
of Industrial Chemistry” (Heterogeneous Catalysis and Solid Catalysts), Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2000.
[2] Poliakoff, M. and Licence, P. Nat. 450, 810 (2007).
[3] Kamm, B., Gruber, P. R. and Kamm, M. in “Ullmann’s Encyclopedia of Industrial
Chemistry” (Biorefineries–Industrial Processes and Products), Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim, 2016.

Activated Carbon Monoliths for Oleochemical Hydrogenation
Ben T. Egelske1*, Hunter. Brown1, Robert J. Gulotty1, Myranda. Jackson1

1 – Applied Catalysts, 2 Technology Pl., Laurens, SC 29607, USA
* corresponding ben.egelske@appliedcatalysts.com

Introduction
Activated carbon monoliths (ACMC) are a class of materials whereby carbon and
ceramic are co-extruded to form an attrition resistant honeycomb structure. Virtually any
carbon can be used in the manufacturing process providing an array of tunable material
properties such as pore volume, pore distribution, and surface functionality. Furthermore, by
using mature extrusion technology, different geometric shapes, sizes, and cell densities are
easily obtained. The ACMC technology has been demonstrated at the semi-pilot scale in
several three phase hydrogenation systems and has shown advantages for cases where external
mass transfer limitation is likely the dominate kinetic parameter.
Materials and Methods
Activated carbon monoliths were prepared using a patented manufacturing process [12]. In development applications requiring a circular geometry of unique outer dimension (OD)
diamond coring bits were manufactured to specification then used to extract carbon cores from
larger ACMC structures. Catalytic coatings were added using washcoat procedures or metal
impregnation techniques common to those familiar with the art. Catalytic evaluation studies
were performed using a 10-foot (or 4-foot) tall 1.18” ID tube reactor (Pmax = 1200 psig)
jacketed with a hot shell capable of temperatures up to 250 ᵒC. Turnover numbers were
calculated from the method of pulsed hydrogen titration of an oxygen precovered metal
assuming 1.27 x 10¹⁹ Pd atoms/m²-metal (Micromeritics 2920 pulsed chemisorption apparatus).
Results and Discussion
Palladium (Pd) impregnated ACMC extrudates were applied to the hydrogenation of a
proprietary multibranched oleochemical derivative containing an excess of 10 C=C double
bonds per molecule (380 cP @ 25 ᵒC). This chemistry was demonstrated using the 10-foot oil
jacketed pilot reactor described above. Results indicate complete conversion of the feed with
no catalyst deactivation detected over a run time of 1000 hours. No Pd, silica, or aluminum
were detected by Particle-induced X-ray emission (PIXE) of the product stream indicating
stability of the Pd/ACMC structure. In total, 1000 kg of on-spec material was produced
throughout the duration of this trial with a catalytic turnover of 0.002 s⁻¹ (1.37 x 10¹⁹ Pd sites /
g-cat). Scaling the production rate to a 3 million ton/year facility would require an estimated
365 tube bundle.
Additional experiments are in progress to compare the Pd/ACMC kinetics with other
industry standard oleochemical hydrogenation catalysts. Monolith structures have shown an
advantage over granular catalysts in cases where external mass transfer limits the observed rate
of reaction. This feature is thought to be the result of Taylor/ Thin Film flow within the ACMC
channels whereby a thin liquid film is formed between the cell wall and pockets of hydrogen
gas [3]. By minimizing diffusion distance to the active catalytic surface, the rates of hydrogen
dissociation are maximized consequently increasing single pass conversion. This principle is
the same as that applied to falling film reactors commercially used for sulphonation chemistry
and other gas liquid processes [4].

Figure 1. Time online data showing 1000 hours of continuous ACMC operation in the
hydrogenation of a proprietary oleochemical derivative (left) and solid product (right).
Significance
The ACMC is a unique substrate for catalytic applications with a variety of tunable
material properties. This technology has been demonstrated for three phase chemistry where
high liquid viscosities limit the rates of hydrogen diffusion to the catalytic surface. By
controlling the fluid properties of a system, continuous flow systems using an ACMC catalyst
provide an alternative to batch hydrogenation which depend on slurry catalysts and high
pressures to overcome solubility constraints.
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Introduction
In this paper a phase transfer catalysis (PTC) reaction, namely the phase transfer
hydrogenation of acetophenone, was studied for the first time under the influence of an
external electrical field with both low and high strength. The experimental results show that, in
a stationary system, the application of an external low voltage across the liquid continuum in
which the reaction occurs can either enhance or inhibit the reaction depending on the
orientation of the electric field. The addition of various organics solvents to the reaction
mixture were shown to have significant effects on reaction conversion. In the mass transfer
limited region, the increase in electric field strength resulted in the increase of reaction
conversion, providing a potential way to externally control reaction rates by simply switching
the applied electric field over the course of the reaction. With the application of a high strength
external electric field, a flow reaction system was established based on electrospray. The
formation of tiny aqueous dispersions in the organic phase significantly reduced the mass
transfer limitation between two phases, resulting in enhanced reaction performance with less
energy consumption. The overall outcome of the work demonstrates the promotion of a PTC
reaction by external electric fields in the absence of a chemical phase transfer agent. The
results also show wider promise for the intensification of organic synthesis in biphasic liquid
systems.
Materials and Methods
The model system comprised a sodium formate/water solution and acetophenone (with
or without added solvent) as the organic phase. The catalyst was the ruthenium based complex
(RuCl(p-cymene)[Ts-DPEN]) and it was dissolved in the organic phase. In the stationary
system, the reaction was conducted at ambient conditions with a low DC voltage applied across
the two liquids in the absence of any mechanical agitation [1]. In the flow system, the aqueous
phase was electrically sprayed into the organic phase under a high DC voltage [2]. Current
leakage was monitored and generally negligible.
Results and Discussion
In the stationary system, a low DC voltage of positive 15 V was initially applied, and a
25% increase in reaction conversion was observed compared to that with no voltage applied.
Another significant finding was the reversal of the intensification when the direction of the
applied electric field was changed, as shown in Table 1. In addition, the enantioselectivity of
desired product enantiomer was significantly reduced by the negative DC voltage. In the mass
transfer limited region of the reaction system (less than 4 h), the conversion increased with the
increase of applied positive voltage, suggesting the enhanced mass transfer by the external
electric fields. However, a slight decrease in enantioselectivity was observed at the same time.

With the application of high strength DC voltage, a flow system was established by
spraying aqueous phase into organic phase. Increase in the applied voltage resulted in the
formation of smaller dispersion of aqueous phase in organic phase, therefore enhancing the
mass transfer and reaction conversion, as shown in Table 2. In the flow system, the polarity of
the voltage showed insignificant effects on the reaction performance. By optimizing the
reaction system, a high conversion (71%) was be achieved in 1 h. However, the electrospray
system featured lower enantioselectivity than the stationary system.
Table 1. Reaction performance under various external electric fields in the stationary system
Voltage (V)

Time (h)

-15
24
0
24
15
24
15
4
30
4
50
4
100
4
Ti: titanium, S.S.: stainless steel

Electrode

Conversion (%)

ee (%)

Ti
-Ti
S.S.
S.S.
S.S.
S.S.

31.5
44.8
69.1
22.3
27.5
33.3
45.7

66.1
94.6
94.5
94.1
93.7
93.7
90.5

Table 2. Reaction performance under various external electric fields in the flow system
Voltage (kV)

Organic vol. (mL) and
1-BuOH ratio (v/v %)

Time (h)

Conversion (%)

ee (%)

0
1
2
3
-3
4
2

30 (16.7)
30 (16.7)
30 (16.7)
30 (16.7)
30 (16.7)
30 (16.7)
20 (50)

2
2
2
2
2
2
1

5.7
6.2
11.9
14.8
15.2
16.9
71.0

--89.5
89.5
89.4
89.6
85.7

Significance
The study shows for the first time clear experimental evidence that the application of a
low voltage externally applied electrical field can promote a phase transfer catalytic
hydrogenation without employing a phase transfer catalyst. It was demonstrated experimentally
that application of the field may inhibit phase transfer hydrogenation if the field direction is
reversed. By applying a high voltage to establish electrospray, high reaction conversion can be
achieved in relatively short time with substantially reduced energy consumption compared to
stirring systems. These findings strongly suggest the potential for a “greener” organic
synthesis. Low energy input and reduced environmental footprint resulting from the
intensification are features of this system.
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Introduction
The new Metalyst® MC 9 series is Evonik’s innovative catalyst solution for
hydrogenations in gas and liquid phase. These activated Nickel catalysts come in a unique
foam morphology that offers very high activity (due to its open structure). They are light
weight (low filling density) and have remarkable mechanical strength resulting in low attrition.
This novel catalyst type, manufactured under a license from Alantum Europe GmbH, [1]
features a very high porosity [2]. When utilized in a fixed-bed reactor, the catalyst bed shows
low pressure drop [3]. One model reaction utilizing the Metalyst® MC 911 catalyst is in the
hydrogenation of 2-butyne-1,4-diol (BYD) to butane-1,4-diol (BDO) [4].
Materials and Methods
The characterization of Ni catalysts included: scanning electron microscope (SEM)
using the Phenom Pro X instrument, filling density, [4] inductively coupled plasma-optical
emission spectroscopy (ICP-OES) using the PerkinElmer; Optima 5300 DV. Catalyst testing
included analyzing products by gas chromatography (GC) using an Agilent 6890, and testing
of the catalyst via a 400 mL fixed bed reactor, utilizing 200 mL of catalyst, a pressure of 300
bar at 80-150 °C.
Results and Discussion
The Metalyst® MC 9 series is a suitable hydrogenation catalyst for many fixed-bed
applications. Due to the hollow struts (Figure 1) and the porous structure, the filling density of
the catalyst is very low, typically in the range of 0.3 to 0.5 kg/l.

Figure 1. Ni foam catalysts (left) offered in different shapes and sizes (middle) and their
morphology as depicted by the SEM image (right).
Evonik has tested the Metalyst® MC 9 catalyst series in model reactions to produce
BDO, oxo-alcohols and sugar alcohols by hydrogenation. However, it can be considered as a
drop-in solution for all hydrogenation processes. In the hydrogenation of BYD, the Metalyst®
MC 911 resulted in higher conversion and selectivity compared to the incumbent catalyst
(Figure 2) [4].

higher conversion of
butynediol (BYD)

higher selectivity to
butanediol (BDO)

Figure 2. Performance of Ni foam catalyst in hydrogenation of 2-butyne-1,4-diol to butane1,4-diol.
Significance
This newly developed catalyst offers a combination of high catalytic performance in
different applications with a high selectivity and a long lifetime. The Evonik Metalyst® MC 9
catalyst series is the basis of a new catalyst technology platform. High performance of a
catalyst, resulting in a lower material demand, provides a catalytic solution of high material
efficiency which underlines Evonik’s shift to next generation solutions.
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Biobased phenol from guaiacols using a tandem catalytic approach
with Cu/TiO2 and HZSM-5

guaiacols (29% phenol yield). A reaction network involving two separate pathways to phenol
is proposed to explain the experimental data.
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Introduction
Currently, bulk chemicals like phenol are mainly produced from fossil resources [1].
There is a strong drive to replace them with green ones from renewable carbon sources such as
biomass. Catalytic approaches to obtain phenol from biomass have been investigated, and
examples are the catalytic pyrolysis of carbohydrates and catalytic fast pyrolysis of biomass
with specific catalysts [2,3].
Bioliquids derived from lignin, for example by reductive catalytic fractionation or
pyrolysis, are also considered attractive feedstocks for the production of biobased phenol. The
liquids are typically composed of lignin-derived monomers with methoxy and alkyl
substituents. We here report a one-pot tandem catalytic approach consisting of
demethoxylation and dealkylation to convert these monomers to phenol using a non-precious
metal catalyst in combination with a zeolite (Figure 1).
demethoxylation

OH

OCH3

(CH3)x

dealkylation

x = 0, 1, 2, 3
OH

OH

Figure 1. Tandem approach for phenol formation from guaiacol.
Materials and Methods
Experiments were carried out in a continuous down-flow fixed-bed reactor (stainless steel),
The catalysts were loaded in the reactor and reduced in-situ at 350 °C for 2 h under a flow of
H2 (20 mL/min) at 10 bar pressure. Then the reactant (guaiacol, or 4-propylguaiacol, or
bioliquid, all diluted with toluene to a concentration of 5 wt%) was introduced to the reactor by
an HPLC pump at the desired flow rate (g/h) under a flow of H2 (10 mL/min).
Results and Discussion
In the initial stage, guaiacol was used as a model component for a lignin-derived bioliquid. A
combination of a non-precious catalyst (Cu/TiO2) with HZSM-5 was used in a continuous
reactor set-up (360 °C, 10 bar). The effect of the acidity of the zeolite on performance is given
in Figure 2. After optimization, the highest phenol selectivity was 67% at 99% guaiacol
conversion with a Cu/TiO2-P25 and HZSM-5-80 (SiO2/Al2O3 molar ratio = 80) catalyst. The
one-pot tandem approach was also successfully applied for 4-propylguaiacol, giving phenol in
47% selectivity at 97% conversion, as well as for real pyrolysis oil-derived feed enriched in

Figure 2. Conversion and selectivity for experiments with guaiacol (5 wt% in toluene) using
Cu/TiO2 in combination with HZSM-5 with different SiO2/Al2O3 molar ratios (360 °C, 10 bar,
2.2 g/h feed rate, and TOS of 3 h).
Significance
Thus, we can conclude that a non-precious metal-based catalyst in combination with
zeolites is capable of converting biobased guaiacols to phenol in good yields, which is
beneficial when considering the green chemistry principles. The methodology was not only
proven for model feeds but also was successfully used to convert a real liquid.
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Introduction
Epoxidized oils are used as chemical intermediates for the production of biolubricants,
plasticizers, biobased rigid foams and non-isocyanate polyurethanes. The market for oleochemical fatty acids and their derivatives has grown very much in recent years. The source of
fatty acids can be soybean, palm, rapeseed, sunflower, linseed, and cottonseed. In Northern
Europe and Canada, tall oil fatty acids (TOFA) are a sustainable source of fatty acids. Tall oil
is mainly obtained as a valuable side product from Kraft pulping. The classical technology for
fatty acid epoxidation is based on the principle of Prileschajew, which is an indirect process
requiring a reaction carrier, such as formic or acetic acid, which react with hydrogen peroxide
giving a percarboxylic acid, which epoxidizes the fatty acid. The process is complicated and
involves a safety risk because of the appearance of percarboxylic acids. Therefore, the direct
epoxidation of fatty acids in the presence of an immobilized enzyme is an attractive green and
safe pathway to epoxidized fatty acids [1]. We have investigated the epoxidation of a model
molecule of fatty acids, oleic acid in the presence of an immobilized enzyme catalyst and
revealed the positive effect of acoustic irradiation on the epoxidation kinetics.

compared in Figure 1 and the clear positive effect of acoustic irradiation on the epoxidation
kinetics is revealed by Figure 2. The kinetic experiments confirmed that catalyst deactivation
was moderate. Kinetic modelling of the experimental data was based on the following
stoichiometry: A + H = B + W, A+ B = R + A where A= oleic acid, H= hydrogen peroxide
(HP), B=peroleic acid, W= water, R= epoxide. The adsorption and desorption steps in the
reaction mechanism were assumed to be rapid, whereas the surface reaction steps were taken as
rate determining. Based on these hypotheses, rate equations for the formation of peroleic acid
and epoxide were derived and the numerical values of the kinetic and adsorption parameters
were estimated with non-linear regression analysis. The batch and semibatch reactor models
were ordinary differential equations, which were solved numerically during the parameter
estimation. The model gave a very good fit to the experimental data as illustrated in Figure 2.

Figure 1. Morphology of the immobilized enzyme catalyst determined with scanning electron
microscopy (SEM): under silent conditions (left) and after ultrasound treatment (right).

Materials and Methods
Commercial lipase Novozym® 435 was used as as the catalyst and hydrogen peroxide as
the epoxidation agent. Systematic kinetic experiments were conducted in a jacketed laboratoryscale glass reactor, which was operated both in batch and semibatch modes: hydrogen
peroxide was added to the reaction mixture either instantaneously or gradually. The reactor
device was equipped with an ultrasound stick to investigate the effect of acoustic irradiation on
the reactant conversion and product selectivity. Several reactant molar ratios, temperatures,
stirring rates and hydrogen peroxide addition policies were screened in the experiments.
Results and Discussion
Novozym® 435 revealed to be an efficient and durable catalyst for fatty acid epoxidation.
The experimental results showed that almost complete conversions of the double bonds in oleic
acid are achievable in isothermal batch and semibatch operation conditions, with low
concentrations of ring-opening by-products formed. Ultrasound irradiation was successfully
applied for enhancing the reaction rate, and higher oleic acid conversions were reached
compared to silent mode. The catalyst preserved its activity and selectivity well, which was
confirmed by catalyst recovery experiments conducted in the absence and presence of acoustic
irradiation. Investigation of the used catalyst by SEM revealed that ultrasound treatment
damaged the catalyst surface; however, the catalyst performance was not suffering from this
mechanical effect. The morphology of catalyst in silence and after ultrasound treatment is

Figure 2. Epoxidation kinetics of oleic acid in the presence and absence of acoustic irradiation
(left) and mathematical modelling of reaction kinetics (HP=H2O2, OA=oleic acid) (right).
Significance
The immobilized lipase, Novozym® 435 is an effective and selective catalyst for fatty
acid epoxidation. Ultrasound irradiation has a positive effect on the reaction rate. The proposed
rate equation based on an enzymatic surface reaction mechanism gave a very good
representation of experimental data.
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High-throughput experimentation enabled, mild C-H functionalization
of heterocycles

(DFT) mechanistic studies allow insight into the key factors governing reactivity. Machine
learning (ML) models are used for diverse substrate selection and to enhance the analysis of
key steps in the reaction mechanisms of C-H carboxylation/amidation.
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Introduction
The direct C-H functionalization of chemical building blocks is one of the most efficient
methods to diversify chemical matter, as it does not require the synthesis of pre-functionalized
building blocks. However, the majority of the existing methods are not mild enough to allow
direct functionalizations of pharmaceutically relevant substructures.
Results and Discussion
This talk describes novel protocols to directly access functionalized building blocks and
drug candidates via C-H functionalization of heterocycles. Specifically, 3-component
couplings to access alpha-amino alkyl azoles1 and C-H carboxylation/amidation to synthesize
azole-2-amides will be described (Figure 1). Key to functional group tolerance and overall
mild reactivity is, in both cases, the use of silyl triflates as additives, which enable azole
deprotonation by mild bases. This allows the use of substrates that cannot be subjected to
known methods of azole C-H functionalization employing high temperatures and strong
bases;2,3 thus, the development of the discussed chemistry provides access to a significantly
larger portion of the chemical space than previously accessible.
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Figure 1. C-H aminoalkylation of azoles (top) and C-H carboxylation/amidation of azoles
(bottom).
Materials and Methods
The use of high-throughput experimentation to rapidly survey reaction space is used
extensively to establish the discussed protocols. Furthermore, experimental and theoretical
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Introduction
High-throughput experimentation (HTE) is a well-proven tool that allows for the
set-up, execution, and analysis of many, carefully chosen, reactions in parallel with less
material and effort, per experiment, than conventional singleton experimentation. HTE is a
data-rich technique that results in a wealth of information that can be used as the foundation for
rapid decision making, which is critical to advancing medicinal chemistry projects. The
technique is well-established in biology, i with the use of high-density microtiter plate arrays
being the standard for endeavors such as high-throughput compound screening. In contrast,
until around two decades ago, HTE had not been as thoroughly implemented in chemical
synthesis, new reaction discovery, and optimization. ii While experimentation in 96-well plate
format is now common, higher density plate arrays, such as those used in biology, are still
seldom implemented. iii
Drug discovery organizations have a growing need to shorten design-make-testanalyze (DMTA) cycle times and access new chemical matter in more efficient and
environmentally conscious ways. In this context, HTE can be used for reaction discovery to
help reduce the number of steps in a synthetic route, therefore allowing for faster access to
target molecules (Figure 1). The ability to scan many reagent combinations in parallel can also
lend itself to serendipitous reaction discovery, iv, v though many discoveries are made through
rational design. vi
Results and Discussion
At Janssen, we have recently undertaken the ambitious project of building a brand new HTE
group and laboratory from the ground up. In this presentation, we want to provide an account
of our journey through this challenging yet rewarding process. From the outset, the vision for
our HTE group within the Global Discovery Chemistry department has been the
implementation and championing of parallel capabilities and automation to drive faster, more
efficient DMTA cycles, while enabling individual medicinal chemists to integrate these tools
into their everyday research. The presentation will also cover our efforts in democratizing HTE
within our department and some examples of how medicinal chemists have used this
technology to solve chemistry challenges and accelerate programs.

Figure 1. Automation in the context of DMTA cycles
Significance
Having HTE as a readily available tool is extremely important in the context of
pharmaceutical companies where speed and efficiency are critical to discovering and
developing new drugs.
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Introduction
Manufacturing routes for active pharmaceutical ingredients (API) must be robust, highly
understood, and well-characterized. Years of development are required to achieve the type of
robustness and understanding around a process to reliably manufacture the active ingredient in
a drug. This can result in the need to lock in a route of synthesis early in the development
cycle, sometimes before the most efficient routes have been evaluated and demonstrated. This
presentation describes the development of a 4 step second generation manufacturing route of
an active pharmaceutical ingredient that had locked in a 6 step cGMP manufacturing route
early in its development cycle.
Results and Discussion
A route redesign was initiated on an API (compound C, Figure 1) with several goals in
mind. These goals were: decrease environmental footprint, maintain impurity control, decrease
cycle time, increase yield, and decrease manufacturing cost. It was decided to consider 3
options: optimization of the current route, complete route redesign, or a mix of these two
(hybrid). Several new routes to a key intermediate (compound A, Figure 1) were
demonstrated, but it was decided to maintain the current practice. The conversion of this
intermediate to API had been a 3 step sequence in the original route, and subsequent efforts
were focused on a single step conversion of this to API (Figure 1).
Initial experiments demonstrated that palladium acetate and a bidentate phosphine
ligand could effectively catalyze this reaction. However, the impurity profile with respect to
related substances was not adequate for our purposes. Fortunately, the transition to another
bis-phosphine ligand allowed for a lower reaction temperature and an improved impurity
profile. Further optimization allowed for reduced palladium/ligand loading and enhanced
purity of the product. The removal of palladium was then investigated. After investigations of
multiple silica-based scavengers and several biphasic aqueous solution scavengers, 2 options
were found to control palladium effectively. The optimized process was shown to reliably
generate API with all of the desired quality attributes.
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Figure 1. Palladium-catalyzed amidation strategy for a second generation API synthesis.

Significance
A second generation manufacturing route was developed implementing a palladiumcatalyzed aryl amidation. This replaced a 3-step process and provides active pharmaceutical
ingredient of superior quality.
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Introduction
Nickel-catalyzed cross-electrophile coupling reactions represent a mild method for the
formation of C(sp2)–C(sp3) bonds, which are commonly found in active pharmaceutical
ingredients. Mn or Zn are the typical reductants of choice for these reactions, as their low cost
and air tolerance offer practical advantages. However, the heterogeneous nature of Mn and Zn
can pose mass-transfer challenges for large-scale batch manufacturing processes. Their
heterogeneity can also impede flow chemistry, automated chemical synthesis that proceeds via
solution dosing, and nanomole-scale high-throughput screening used in the discovery
chemistry space. Furthermore, yield disparities are often observed between Mn and Zn, which
suggests that the availability of additional reductants across a range of redox potentials would
be beneficial. Herein we report the design of homogeneous reductant systems for Ni-catalyzed
cross-electrophile coupling, which address many of the aforementioned challenges with
heterogeneous reductants and encompass a broad range of reduction potentials.

Figure 1. Ni- and Co-cocatalyzed cross-electrophile coupling with a homogeneous reductant.
We then go on to prepare a series of redox-tuned homogeneous reductants based on the
tetraaminoethylene scaffold (Figure 2) [3]. These reductants span 0.5V and offer practical
advantages to TDAE in that they are easily isolable solids with greater to indefinite air
stability. The reductants can be used in place of TDAE for C(sp2)–C(sp3) couplings between
alkyl halide or alkyl Katritzky and aryl halide reaction partners.
.

Results and Discussion
TDAE (tetrakis(dimethylamino)ethylene) (Figure 2, R = Me) is a homogeneous reductant that
has been demonstrated for specific reductive coupling processes, albeit its performance
in general Ni-catalyzed C(sp2)–C(sp3) cross-electrophile coupling has been poor compared to
Mn and Zn [1]. In this talk, we present a method that utilizes TDAE in conjunction with a
cobalt co-catalyst to enable homogeneous Ni-catalyzed C(sp2)–C(sp3) cross-electrophile
coupling (Figure 1) [2]. In this dual-catalytic system, the Ni catalyst is responsible for
activating the aryl halide reaction partner, while the Co catalyst is responsible for activating the
alkyl halide reaction partner. Guided by reaction monitoring of relative rates of substrate
consumption, catalyst loadings can be tuned to optimize these reactions to high yields on a
substrate-by-substrate basis.

Figure 2. New redox-tuned homogeneous reductants for cross-electrophile coupling.
Significance
The development of new organic reductant systems spanning a range of redox potentials
enables tunable, homogeneous Ni-catalyzed cross-electrophile coupling conditions for
potential use on nano-scale, kilo-scale, as well as in flow and automated systems.
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Introduction
Axial chirality arising from hindered rotation about a nitrogen-carbon bond is prevalent
in an increasing number of natural products and pharmaceutical agents. Nevertheless, limited
synthetic methods to selectively access single atropisomeric species of this type exist. Herein
we present a cooperative dual activation approach to access N-aryl quinolones via a Brønsted
acid-catalyzed photocyclization of readily-available amino cinnamates. The novel
transformation occurs under mild conditions, allowing for the preparation of diverse products
with low rotational barriers. To illustrate the utility of the atrop-selective photocyclization for
large-scale synthesis, this methodology was developed in a continuous flow system to access
multi-gram quantities on enantioenriched material. The mechanism as well as solvent
dependcies of the racemization of the atropisomers were studied.
Materials and Methods
To a 300 mL reactor with overhead stirring and temperature control as holding tank
were added the substrate (1.0 equiv, 8.3 mmol), (S)-3,3′-Bis(2,4,6-triisopropylphenyl)-1,1′binaphthyl-2,2′-diyl hydrogenphosphate ((S)-TRIP, 0.03 equiv, 0.3 mmol, 190 mg) as well as
toluene (200 mL). The resulting mixture was purged with N2 for 15 min while the flow cell
was warmed to 40˚C. The heat exchanger of the LED heatsink was cooled to 5˚C and the
reaction mixture was warmed to 40 ˚C. A 1/8” FEP dip tube was submerged to the bottom of
the holding tank and the reaction mixture was pumped at a flow rate of 11.9 ml/min through
1/8” FEP tubing leading to the photoreactor which was equipped with 1/8” FEP tubing
providing a total of 4.75 mL internal volume within the photoreactor. A 1/8”FEP tubing led
back to the holding tank and was held over the reaction mixture surface. The power supply was
set to an applied current of 2.1 A and recirculation of the reaction mixture was continued for 16
h under irradiation of 405 nm blue light. The light source was shut off, the dipping tube was
removed from the reaction mixture and the remaining reaction mixture was pumped back into
the holding tank. The reaction mixture was drained into a 1 L round-bottom flask, the holding
tank and the flow cell were each washed with toluene (200 mL) and combined in the round
bottom flask. The solvent was removed and the crude mixture was purified by column
chromatography (hexane/EtOAc) to obtain the atropisomer.

Results and Discussion
Inspired by several reports on the preparation of quinolines [1] and tetrahydroquinolines
[2] using blue LED light to isomerize (E)-double bonds to the corresponding (Z)-double bonds
and subsequent cyclization in presence of chiral phosphoric acids, we envisioned a similar dual
photochemical/organocatalytical activation approach to access atropisomeric N-aryl quinolones
(Figure 1). After screening several chiral phosphoric acids we were pleased to see that (S)TRIP gave 2 in good yield (70%) and good enantioselectivity (90% ee). Switching to longer
wavelengths to avoid photoinduced [2+2] dimerization of the product and conducting the
reaction in flow led to an increase in isolable yield of nearly 10%. Exploring the substrate
scope with over 25 different substitution patterns gave a range of yields (8%-94%) and range
of enatioselectivities (0-98% ee) in this completely novel approach to atropisomers. It became
evident that the methoxy-group in ortho postion was crucial for a high-yielding and
atropselective synthesis. NMR studies supported the envisioned mechanism. Furthermore, we
observed a dependency of the rotational barrier of the atropisomer on the solvent: The more
aqueous and/or protic the solvent, the slower the thermal racemization of 2 progressed.
• high yield and ee
• mild reaction conditions
• low catalyst loading
• flow chemistry
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Figure 1. Dual photochemical/organocatalytical approach to access atropisomeric N-aryl
quinolones.
Significance
Our organo-photocatalytical approach gives access to an atropselective synthesis of Naryl quinolones and expands the toolbox of catalytic asymmetric approaches for producing
these prominent scaffolds without relying on resolution by chiral chromatography. Proof-ofconcept and scope was followed by large scale production (30 Kg scale) showcasing the
scalability of this process.
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Chemistry in the fast lane: The application of high throughput chemistry
technologies for med chem research

The speed and efficiency of small molecule candidate discovery relies heavily on the hit
identification and lead optimization through structure-activity relationship studies. The
ability to generate novel bioactive analogs fast and effectively is of utter importance for
any medicinal chemistry program. In this context, the Advanced Chemistry
Technologies (ACT) group at AbbVie utilizes high throughput chemistry technologies
that have been developed and implemented internally to deliver high impact on drug
discovery programs across AbbVie. In this presentation, Analysis, investigation, and
implementation of catalytic coupling chemistries for high throughput library synthesis
and its impact on med chem research will be discussed. Furthermore, proprietary
ChemBeads technology to enable general and robust micromole scale high throughput
experimentation (HTE) will be presented along with its application in reaction screens
tailored to facilitate and enable med chem research.

Catalysis with Earth-Abundant Metals: Opening New Avenues in
Sustainability and Synthesis
Paul J. Chirik*
Department of Chemistry, Princeton University, Princeton, New Jersey 08540, USA
* corresponding pchirik@princeton.edu
Transition metal catalysis has revolutionized chemical synthesis with applications ranging
from asymmetric catalysis for the preparation of single enantiomer drug components to the
selective activation of C–H bonds. In asymmetric hydrogenation, rhodium catalysis has
dominated the catalytic landscape. The discovery of straightforward and versatile routes to
cationic bis(phosphine) cobalt(I) complexes has been transformative for the preparation of
single enantiomer active pharmaceutical ingredients. High throughput methods were used to
discover cobalt catalysts that were highly active and enantioselective for the asymmetric
synthesis of sitagliptin.1 New methods for catalyst discovery are under investigation and being
applied to the asymmetric hydrogenation of alkenes that are incompatible with state-of-the-art
rhodium methods. My lecture will focus on these efforts as well as the mechanism of operation
of both cationic cobalt(I) and neutral cobalt(0) precatalysts.2 A second emphasis will be on site
selective C–H functionalization that operates by electronic control – the subtle differences in
C–H bonds in the substrate – rather than directing groups.3 Catalysts that undergo fast and
reversible C(sp2)–H oxidative addition have been discovered that give rise to catalysts that
operate under thermodynamic control – meaning ortho to fluorine groups in various arene and
heteroarene derivatives.4,5 More recently, catalysts that operate under kinetic control of
oxidative addition have been designed and synthesized that give rise to unusual meta selective
C–H functionalization in the absence of directing groups.6 Catalysis improvements,
applications to drug synthesis and mechanistic studies will be discussed.

Figure 1. Catalytic chemistry enabled with cobalt complexes ranging from expanded scope in
asymmetric catalysis to electronically-driven site selectivity.
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Mechanistic Insights into Hydrogenation and Hydrodeoxygenation of
Cresols over Rh/silica.

formation of methylcyclohexane was delayed by 60 min, in contrast with p-cresol,
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Experimental
Catalytic hydrogenation/HDO experiments were carried out in a 500 cm3 Büchi autoclave
stirred tank reactor over a 2.5 % Rh/silica catalyst at 323 K and 3 barg hydrogen or deuterium.
Typically, 0.1 g of catalyst was reduced in situ to which 10 mmol of each reactant was added
in 350 cm3 of isopropanol. The three isomeric cresols studied were, ortho-cresol (2methylphenol), para-cresol (4-methylphenol) and meta-cresol (3-methylphenol). Both
hydrogenation and deuteration reactions were carried out. Reactions were analysed via gas
chromatography.
Results and Discussion
Hydrogenation reactions carried out under the stated conditions gave a reactivity order of pcresol > m-cresol > o-cresol. All three substrates formed their corresponding ring
hydrogenated products (cis/trans-methylcyclohexanols) and were equally as reactive, or more
reactive, than phenol. Toluene gave a reactivity equivalent to m-cresol. The only HDO
product formed was methylcyclohexane, which gave a yield profile of o-cresol > m-cresol > pcresol. No cyclohexane or cyclohexanol were formed indicating no C-C bond hydrogenolysis.
As expected, o-cresol gave the highest cis:trans ratio for methylcyclohexanol similar to that
found for xylenes hydrogenation [1]. The cresols were hydrogenated using deuterium as the
hydrogen source to obtain kinetic and mechanistic information. The results were surprising.
Fig. 1 shows the difference in product yield for hydrogenation and deuteration at equivalent
conversion. No cis-2-methylcyclohexanol was formed at any conversion when deuterium was
used, whereas methylcyclohexane was formed but only at higher conversions. However cisand trans-3-methylcyclohexanol were formed from m-cresol and cis- and trans-4methylcyclohexanol were formed from p-cresol. Also with both o-cresol and m-cresol, the
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Introduction
The focus of this study is on the mechanism of hydrogenation and HDO of components of biooil derived from lignin, in particular substituted phenols. Lignocellulosic biomass can be
converted into liquid bio-oil via fast pyrolysis at 400–600 °C in the absence of air with
multiple reactions taking place. The result is a bio-oil that contains over 300 individual
compounds, many of them oxygenates, limiting their value as increased oxygen content is the
cause of many of the negative properties of bio-oil such as low heating value, corrosiveness,
high viscosity and instability. The challenge to try and selectively remove the oxygen has
gathered considerable momentum, with efforts focused on catalytic hydrodeoxygenation
(HDO) and hydrogenation. However cresols, with exception of m-cresol, have had little
attention.
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cis-2-methylcyclohexanol trans-2-methylcyclohexanol 2-Methylcyclohexanone

H2

Methylcyclohexane

D2

Figure 1. o-cresol hydrogenation at 29% conversion with hydrogen and deuterium. Conditions:
10 mmol o-cresol, 323 K, 3 barg pressure.
methylcyclohexane was formed within 10 min. A kinetic isotope effect was measured for each
isomer, 2.0 for p-cresol, 1.3 for m-cresol and 1.5 for o-cresol. Taken together these isotope
effects reveal a more complex mechanistic picture than usually assumed.
Conclusions
Differences have been observed in the behaviour of the three cresol isomers under identical
reaction conditions, all three isomers favour hydrogenation over HDO in contrast to that found
with the dihydroxybenzenes [2] where both resorcinol and hydroquinone favoured
hydrogenolysis and catechol favoured conventional hydrogenation. Further mechanistic
information was obtained from isotope tracing with kinetic isotope effects determined for each
product revealing mechanistic differences between the cresol isomers.
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Novel Spirocyclic Alkyl Amino Carbene Ruthenium Complexes –
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Introduction
The desire to access highly demanded chemicals from renewable feedstock in a costeffective and sustainable manner is one of the major challenges of modern chemical sciences.
The Cross Metathesis (CM) reaction, involving ethylene as one of the substrates (commonly
referred to as ethenolysis) enables scission of internal C=C double bond and formation of two
compounds with a terminal C=C bonds. Such transformation is particularly useful for
processing vegetable and animal oils and their derivatives to obtain linear α-olefins (LAO) and
9-decenoic acid methyl ester (9-DAME) – an important building block for polymer, F&F,
pharmaceutical and specialty chemicals industry. However, ethylene possesses an adverse
effect on the ruthenium complexes catalyzing the reaction, by initiating its decomposition and
taking part in the unproductive catalytic cycles. Therefore, enhanced stability in the presence of
ethylene is the fundamental catalyst property for providing satisfactory cost-effectiveness of
large-scale
applications.
Ruthenium
metathesis
catalysts
bearing
Cyclic(Alkyl)(Amino)Carbene (CAAC) ligands are known for their compatibility with
ethenolysis. In this work, we attempted to increase catalyst efficiency by introducing a
spirocyclic motif to the CAAC ligand backbone that would restrain its conformation and
increase the stability of the active specie. A wide scope of ruthenium complexes ligated with
variously substituted Spirocyclic CAAC carbenes has been synthesized and tested in
ethenolysis of methyl oleate and fatty acid methyl esters derived from vegetable oil.
Materials and Methods
A set of synthesized Spirocyclic CAAC ruthenium catalysts were examined in
ethenolysis reaction of methyl oleate and fatty acid methyl esters, derived from high oleic
sunflower oil and rapeseed oil. All tested starting materials were characterized by peroxide
value < 0.1 meqO2/kg. In order to carry out the reaction, starting material was degassed for 30
min under reduced pressure and catalyst (0.1 – 1 ppm mol with respect to an unsaturated fatty
acid ester molecule) was added in dry toluene. Reactor was charged with ethylene (99.995%
purity, continuous feed) to a pressure of 11 bar and the reaction was carried out for 6 h at 40°C.
Reaction was quenched with ethyl vinyl ether and analyzed using a chromatograph with flame
ionization detector.
Results and Discussion
Previous research by R. H. Grubbs and coworkers [1] focused on the selection of the
best ethenolysis CAAC-ligated ruthenium catalyst revealed several important structure-activity
relationships. It was showed that the increase in size of R1 and R2 substituents (Figure 1,
bottom) or connecting them into a carbocycle has an adverse effect on the efficiency. However,
when R1 or R2 was a phenyl group, in nearly all cases catalyst efficiency increased. We have
hypothesized that an aromatic substituent at this position might affect the catalyst active state
stability. Similar observations have been made during our research on different transformations
with CAAC-Ru catalysts [2, 3]. In order to validate this idea, we have restrained the

conformation of the phenyl moiety by forming a 5- or 6-membered ring and forming a
spirocyclic pattern with the CAAC backbone. Additionally, by starting the synthesis from a
proper indanone or tetralone, the influence of several substituents at different positions have
been examined. Such increase in the ligand rigidity allowed to achieve an order of magnitude
higher catalyst efficiency than previously reported, reaching over 2 600 000 TON (Turn-Over
Number) with only 0.1 ppm catalyst loading in the reaction with chemically pure methyl
oleate. In the ethenolysis of fatty acid methyl esters derived from high oleic sunflower oil (93%
methyl oleate) and rapeseed oil (68.55% methyl oleate) a remarkable TON of >900 000 and
>700 000 was exceeded with 0.5 ppm catalyst loading. The stability of our complexes was also
tested in an NMR experiment, showing slower degradation in the presence of ethylene in
comparison to the previously reported structures.

Figure 1. Ethenolysis of methyl oleate (top). General structures of known and herein reported
CAAC ruthenium catalysts for ethenolysis (bottom).
Significance
The above results are the first to report ethenolysis reaction with less than 1 ppm
catalyst loading and TON over 2 600 000. We believe that these results will aid the
development of economically viable and sustainable large-scale biomass transformation to
added-value chemicals.
References
[1] V.M. Marx, G. Bertrand, R.H. Grubbs et al., Angew. Chem. Int. Ed., 54 (2015), 1919.
[2] R. Gawin, A. Kozakiewicz, P. Guńka, P. Dąbrowski, K. Skowerski, Angew. Chem. Int.
Ed., 56 (2016), 981.
[3] R. Gawin, A. Tracz, M. Chwalba, A. Kozakiewicz, B. Trzaskowski, K. Skowerski, ACS
Catalysis, 7 (2017), 5443.

Environmentally friendly catalytic oxidation of hemicelluloses using
H2O2 and metallophthalocyanices
Pasi Tolvanen 1*, Alvaro Acensio Ricor1,2, Henrik Grénman1, Kari Eränen1,
Tapio Salmi1, Juan Garcia Serna2

1 – Åbo Akademi, Laboratory of Industrial Chemistry and Reaction Engineering (TKR),
Turku/Åbo, FI 20500, Finland, 2 – Universidad de Valladolid, Department of Chemical
Engineering and Environmental Technology, ES 47011 Valladolid, Spain
* corresponding pasi.tolvanen@abo.fi

Introduction
Hemicelluloses appearing in huge amounts in forest biomass are valuable but mostly wasted
raw material consisting of coupled sugar monomers, such as glucose, galactose, mannose,
arabinose and xylose. In the recent 20 years, research has been going on in order to develop an
easy and industrially feasible technology for the separation of hemicelluloses from sawdust and
wood chips, for example, by hot water extraction. The hemicellulose solution can be used as
such for a further refinement by hydrolyzing hemicelluloses to monomeric and oligomeric sugars
in the presence of a catalyst. However, our approach in this work is to preserve the
macromolecular identity of the hemicellulose molecule and refine it to new and interesting
products. The aim is to develop new and biodegradable products by catalytic oxidation of
hemicelluloses. The raw material is renewable and the oxidation agent, hydrogen peroxide
(H2O2) is biodegradable. Instead of stoichiometric oxidation agents, a novel catalyst (sulfonated
metallophtalocyanince, M-PcS), was used both in homogeneous and heterogeneous
configurations. The products will ultimately find several applications in future, for example, as
coating materials, thin films and viscosity regulators (Figure 1a).

semibatch modes in such way, that hydrogen peroxide was added to the reaction mixture either
instantaneously or slowly during the run. The reactor, operating at 60ºC, was equipped with pHStat device to maintain the pH value of the solution at desired level. Samples were analyzed by
titration, HPLC and GC. Some samples were analyzed by GC-MS and NMR for identification
of products. Several reactant molar ratios, temperatures, pH values (3-8) were screened.
Results and Discussion
The following experimental results comprise of the most interesting findings in the
experiments which were perfomed to optimize the oxidation conditions. It was found that the
H2O2 addition policy and the pH value were the most crucial parameters in order to obtain a
decent conversion of the galactose model compound – a too high initial H2O2 concentration had
a dentrimental effect on the oxidation system, most probably because the homogeneous catalyst
was quickly degraded. Therefore, several experiments were devoted in optimizing the H2O2
addition to maintain its concentration on a more endurable level. The slower oxidant addition,
the more stable was the catalyst. The range of operating pH value was as well important - as can
be seen from Figure 2 left, pH 4 displayed the fastest conversion of galactose. However, a too
low pH can lead to the complete formation formic acid, which is not desirable, and therefore, the
pH 3 was the lower boundary of the investigated range. In most experiments, formic acid was
the largest product but other products were formed as well: galactonic acid, hexonic acid, tetronic
acid 2-keto-t-hexonic acid, 2,3-dihydroxy-butanodioic, tartronic acid, tand hreonic acid. Some
essential experimental results are displayed in Figure 2
The effect of catalyst loading was investigated, and as presumed, by increasing the catalystto-substrate ratio, a significant improvement was achieved. Along with Fe loading, also Cu
loading gave a fair conversion, but with slightly different product distribution. Using the best
operation conditions, up to 60% of the galactose could be converted in a 24 h experiment. Finally,
an immobilized version of the FePcS catalyst was successfully tested, however due to limited
available active sites (or surface area), the conversion and yield remained low under the actual
process conditions. Detailed proposed reaction mechanisms shall be presented.

Figure 1 The natural recycle of the hemicellulosic biomass (left); the catalyst FePcS (right)
Materials and Methods
Galactose was used as the main model compound for hemicellulose, and hydrogen peroxide
as the oxidation agent. Several sulfonated metallo phthalocyanines were tested having either Fe,
Cu or Co as the active metal. The catalyst was in most cases homogenous, water soluble type
with Fe loading, however an immobilized Fe-PcS was tested as well – the ultimate goal is to
develop a continuous process where the catalyst is immobilized to avoid cumbersome separation
issues. Systematic kinetic experiments were conducted in a jacketed laboratory-scale glass
reactor to reveal the optimal oxidation conditions. The reactor was operated both in batch and

Figure 2. Kinetics of galactose conversion at different pH values (left); HPLC response of
final sample at pH 3 (right). Acid 1 is gluconic acid, acid 2 is probably tartronic acid.
Significance
Hemicellulose is an abundant, yet underutilized natural polymer found in biomass. This
work aims to find routes for an efficient way to utilize this fraction by performing
environmentally friendly oxidation of hemicellulose into valuable molecules. Preliminary results
indicate that the oxidation works and many products of high value were formed.
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Introduction
Catalytic decarboxylative ketonization of carboxylic acids is used for industrial
preparation of ketones and for upgrading pyrolysis oil in renewable energy catalysis. The rate
limiting elementary step of the catalytic mechanism on surface of metal oxide catalysts is the
condensation of one molecule of surface carboxylate with another one which is enolized.
Concentration of the latter is determined by the equilibrium constant of the enolization step.[1]
The resulting beta keto carboxylate undergoes fast, but reversible decarboxylation into
enolized ketone followed by conversion to a keto form and desorption from the surface. [1]
A side reaction is the enolized ketone condensation with surface carboxylates leading to
unstable beta diketones. We have shown that acetone and simple methyl ketones undergo reketonization reaction into another methyl ketone and that acetone is involved in a degenerate
reaction with acetic acid.[2] The above reactions describe a new way of making methyl ketones
via a catalytic condensation of acetone with carboxylic acids to beta diketones followed by the
retro-condensation decomposition. Those reactions significantly affect the kinetics of the
regular decarboxylative ketonization reaction. In view of the complexity of the reaction
mechanism and side reactions, it is a very tricky task to measure the rate of each elementary
step. In the current study, we present experimental kinetic data and activation energies for the
enolization and decarboxylation steps. A century-old history of mechanistic studies on the
decarboxylative ketonization reaction and the application of the recent data for the preparation
of mixed ketones by cross-ketonization of a mixture of two acids will be reviewed.
Materials and Methods
Enolization of carboxylic acids was studied by D/H exchange in a mixture of acetic or
isobutyric acids with D2O, and, by the reverse H/D exchange in a mixture of alpha-deuterated
acids, CD3CO2D or (CH3)2CDCO2D with H2O. The mixtures were vaporized and pumped
through a tubular reactor filled with ZrO2 and TiO2 catalysts at temperatures 180-230 °C. The
liquid product was analyzed by 1H-NMR spectroscopy for alpha-protons. The intrinsic rate of
D/H exchange was calculated by the McKay equation for a reversible reaction approaching
equilibrium. Four anhydrous beta keto acids were prepared by hydrolysis of esters,
characterized by single crystal x-ray diffraction, and adsorbed from anhydrous diethyl ether
solution onto dry ZrO2 and TiO2 catalysts (doped with KOH and undoped) at temperatures 0-5
°C in the amount sufficient to create 25-50% surface coverage. The first order rate of the
decarboxylation reaction was determined by monitoring pressure at temperatures 18-53 °C.
Activation energies for the decarboxylation were calculated from the ln(k) dependence on 1/T.
Results and Discussion
The first-order rate constants for beta keto acids decarboxylation with three
catalysts, undoped ZrO2 (ZR) and TiO2 doped with KOH (ZK, TK) measured at temperatures

18-53 °C were extrapolated to the typical temperatures of the decarboxylative ketonization,
423 °C (Fig. 1a). Also, the first-order rate constants for the enolization of isobutyric acid B
with three catalysts depending on temperature is shown on Fig. 1b. The reaction rates for both
elementary steps were higher compared to the global rate of the decarboxylative ketonization
confirming that the rate limiting step is the condensation. Reversibility of the enolization and a
low equilibrium constant is responsible for a low concentration of the enolized carboxylate
nucleophiles participating in the rate limiting step.
Doping ZrO2 and TiO2 catalysts with KOH increases the rate of enolization (Fig.
1b) and decarboxylation (Fig. 1a). Remarkably, the order of beta-keto acids decarboxylation
reactivity with TK catalyst is reversed compared to that with ZR and ZK catalysts (Fig. 1a)
which is responsible for the increased selectivity to the cross-ketones AB and BA vs.
symmetrical ketones AA and BB during the cross ketonization of acetic and isobutyric acids.
A more complete kinetic scheme has been developed by including rates of
enolization, decarboxylation and the retro-condensation reactions. At low conversion of
carboxylic acids, the global rate is a product of the enolized carboxylates concentration and the
rate constant of the condensation step. At a higher conversion, condensation between ketones
and carboxylic acids is taken into account.

a)

b)

Figure 1. a) Rate constants for the decarboxylation of four beta keto acids, intermediates in the
cross-ketonization of isobutyric acid B and acetic acid A, b) Rate constant for the enolization
of isobutyric acid B with three catalysts, ZrO2 and TiO2 (doped with KOH and undoped).
Significance
A deeper insight into the catalytic preparation of ketones from carboxylic acids by
decarboxylative ketonization, its mechanism, and side reactions is offered. Rate constants of
individual steps of the reaction mechanism, enolization and decarboxylation with ZrO2 and
TiO2 catalysts have been measured. Application of the same methods in the future work to
nanoparticles of various shapes enriched in certain crystallographic facets can help to
understand how each individual step is affected by the surface structure: the distance between
metal centers, the location and concentration of surface OH groups, and the promotion by
alkaline metals. This knowledge opens a door for the development of more robust and selective
catalysts for the catalytic decarboxylative ketonization reaction.
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Introduction
Phosphines have become a class of chemical ligands that are used in almost every type
of catalytic transformation in one fashion or another [1]. Although phosphines have been
previously synthesized under various pathways such as radical, super basic and super acidic
conditions, these reactions generally lacked selectivity [2]. To increase overall selectivity,
catalytic methods have been employed in recent years [3]. One such method is
hydrophosphination which is defined as the catalytic addition of H-P bond across an
unsaturated system [4]. In this report, a lanthanum-based catalyst was employed to induce
hydrophosphination of unactivated alkynes with unexpected tunable chemo- and
stereoselectivity [5].

which then proceeded to slowly isomerize to the E isomer. This was surprising, as the
mechanism was expected to proceed via a traditional [2+2] addition that then would yield the
E-isomer directly. Furthermore, when an experiment with reverse ratio of phenylacetylene and
diphenylphosphine was carried out (1.6:1 respectively) the catalysis yielded a corresponding
reverse in the stereoselectivity where the Z-isomer was formed as the major product with trace
amount of E-isomer. In order to better understand the catalytic reaction, a kinetic study
exploring the rate order of the catalyst was conducted where the catalyst loading was varied,
and the reactions were monitored via 1H NMR. The study showed that the reaction was second
order in regards to lanthanum, which was an unprecedented observation. With these results in
hand, a catalytic cycle was proposed where a dimeric form of lanthanum phosphido complex is
the active catalyst, where diphenylphosphine ligands are bridging two lanthanum metal centers.
The alkyne coordinates to one of the lanthanum centers and then undergoes a nucleophilic
attack by a phosphide of the second lanthanum first yielding the Z-isomer (kinetic product) and
subsequently isomerizes to the E-isomer (thermodynamic product). Interestingly, it was seen
that the active lanthanum phosphido catalyst is required for the isomerization to occur. This
then yields a well defined system where the reaction products are 100% regioselective while
the stereoselectivity is tuned based on reaction conditions; the E-isomer can be produced as
the major product with excess phosphine and the Z-isomer can be produced as the major
product when the alkyne is in excess.
PPh22
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Phosphine limited
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0.6 eq.
eq. HPPh
HPPh2
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Materials and Methods
α-Methylated dimethylbenzylamine lanthanum complex (La(Dmba)3) was an
effective precatalyst in the hydrophosphination of unactivated internal and terminal alkynes
using diphenyl phosphine. The reactions were all carried out under air and water sensitive
conditions in a nitrogen filled glovebox, where the 5 mol% of La(Dmba)3 was dissolved in
pyridine (previously dried over sodium metal and distilled) with 1:1.6 alkyne to
diphenylphosphine. The reactions all went to completion under very mild conditions, 12-48 h,
at room temperature. The products were all then isolated and characterized via 1H, 13C{1H},
and 31P{1H} NMR as well as High resolution mass spectrometry. Because of the unprecedented
tunability of the system, an in-depth time resolved NMR study was conducted and a catalytic
cycle was proposed.
Results and Discussion
La(Dmba)3 was successful in inducing the hydrophosphination of unactivated internal
and terminal alkynes to 100% conversion yielding exclusively the anti-Markovnikov products.
Aryl alkynes with different functionality (containing both electron donating and withdrawing
groups) were well tolerated in the system. In contrast, both internal and terminal aliphatic
alkynes yielded no hydrophosphination product even at high temperatures and elongated
reaction times. The exception to this trend was a highly activated internal aliphatic alkyne. Not
only were the reactions 100% regioselective but they were also stereoselective where all the
reactions produced the E-isomer as the major product (95:5 E:Z). In an effort, to better
understand the catalytic cycle, the hydrophosphination of phenylacetylene with
diphenylphosphine (1:1.6 respectively) was monitored via time resolved 31P{1H} NMR in
pyridine-d5. Interestingly, the NMR showed initially the exclusive formation of the Z isomer
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Figure 1 Regioselectivity of Major Product Dependent on Diphenylphosphine Loading
Significance
Herein, the first report of a catalytic system where the resulting hydrophosphination
products were 100% regioselective and tunable stereoselectivity of unactivated alkynes.
Kinetic experiments shed light on a previously ambiguous catalytic cycle.
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In the past three decades, the chemical industry has been in the forefront of making
many novel and ingenious innovations to design cost-advantaged, inherently safe,
environmentally friendly, and sustainable processes for the production of fuels,
chemicals, and advanced materials. However, there is still a persistent public
perception that the chemical industry is not doing enough to develop safe and
sustainable chemistry. As a matter of fact, a large number of scientists,
environmental scholars, business leaders, and governmental policymakers believe
that the chemical industry must do more to develop sustainable processes to save
our planet from the dire consequences of climate change. During the last three
decades, DuPont has been in the forefront of developing many sustainable
products and processes.
Catalysis is an indispensable tool for sustainable development and plays a crucial
role in improving process efficiencies and process intensification. These lead to
increased atom utilization, reduced by-product formation, cheaper processes, and
lower capital investment – the basic tenets of sustainable process and product
development. Also, there is an increasing interest in using renewably sourced
feedstocks for the production of fuels, chemicals, and advanced materials due to
fluctuations in raw material prices, a limited availability of petroleum resources,
and increasing consumer consciousness about sustainable processes.
Although catalysis is a major tour-de-force in driving this efficacious and green
chemistry revolution, the role of reaction engineering, reactor design, process
development, and operating conditions cannot be underestimated. I will discuss
some of the fundamental concepts of catalysis and how they are linked to
sustainable development of chemical processes of industrial relevance. Along with
that, I’ll try to bring forward the role of science and engineering in catalysis, with
particular emphasis on catalyst attributes and catalyst development in industrial
processes. The presentation will include case studies in hydrogenation,
hydrodeoxygenation, and solid acid catalyzed reactions.
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Introduction

In order to pair renewable plant-based feedstocks with transformative green chemistry
process technologies, ADM and P2 Science announced a Joint Development Agreement in July
2020 to bring to market products for cosmetics, polymers, plasticizers, and surfactants.1 One
joint process being developed combines ADM plant-based oil feedstocks with P2’s patented
PIOz® intensified ozonolysis technology.2 The Oleochemical Ozonolysis (OleOz) process will
manufacture the C9 diacid azelaic acid as the primary product in tandem with a stoichiometric
amount of high-value co-product nonanoic acid.
Materials and Methods
In the OleOz process, either high oleic soy (HOSoy) or canola oil is first converted to
fatty acid methyl esters via convention biodiesel processing. Next, P2’s patented PIOz®
ozonolysis process plus aqueous alkaline passivation cleaves double bonds along acyl chains.
Following the PiOz® process, the resulting passivated ozonoate comprises a mixture of
aldehydes and acids, which undergoes a further oxidation step to convert the aldehydes to acids
with a low-cost base metal catalyst at mild temperatures and pressures. Finally, the resultant
mixture of acids undergoes a separation process to collect and crystallize the azelaic acid and
with liquid nonanoic acid collected from the overheads via distillation.
Results and Discussion
Azelaic acid yield is driven by the concentration of oleic acid (C18:9) acyl chains
present in the initial oil. HOSoy is relatively high in oleate concentration with 20% more than
canola. However, canola is more-readily available and cheaper. Canola on the other hand may
present greater challenges during separations due to elevated concentrations of linoleic and
linolenic (18:2 and 18:3) acyl chains.
The OleOz process has been utilized to produce azelaic acid samples with greater than
98% purity and less than 0.02% of monoacid. The azelaic acid crystals are pure white with no
color noted. Ongoing efforts to scale the individual portions of the process from lab to pilot
scale towards an anticipated commercialization in ca. 2026 will be discussed.

Figure 1. Oil feedstocks undergo methanolysis, ozonolysis, and oxidation followed by a series
of separations steps to produce azelaic acid and nonanoic acid.
Significance
Polymers based on annually renewable feedstocks such as vegetable oils represent
sustainable solutions as feedstocks for everyday products. Uses for azelaic acid include as a
component in Nylon 6,9, 9,9, and 5,9. Nonanoic acid may be used as a precursor in lubricant
and agrochemical formulations.
In addition to being a sustainable solution, compounds such as azelaic acid derived from
biological sources may provide intrinsically improved properties relative to similar
intermediates traditionally derived from petroleum. For example, polyamides utilizing azelaic
acid to produce Nylon 6,9 exhibit diminished water uptake relative to Nylon 6,6 made with the
shorter chain C6 diacid adipic acid. Lower water uptake with longer chain diacids improves the
physical properties of the final polymers. Thus, in addition to being sustainable, bio-derived
intermediates may give rise to improved final products because of functionality difficult to
obtain through the chemical processing of petroleum-based feedstocks.
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Closing the Anthropogenic Carbon Cycle –
Feedstocks – Processes – Product Applications
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Abstract
Ambitious targets have been defined for the German energy transition for the various energyrelated sectors of German society. The target for the CO2 reduction is set to -48 % for the
transport sector and -58 % for the industry compared to the reference year 1990. Especially the
target for the transport sector is subject to intense public debate due to the fact that the CO2
emissions stayed almost constant in this sector since 1990.1 Electromobility is seen as one
important factor for meeting the climate protection targets, but it is clear that other drive-trainconcepts like the internal combustion engines with liquid or gaseous fuels will be needed on a
medium or even long term scale. With its RED-II directive the European Union set minimum
requirements for the implementation of future fuels. Conventional biofuels like biodiesel or
bioethanol from sugar, starch, oil crops are limited to 4,4 %, whereas the fuel markets should be
prepared for the transition to advanced biofuels, renewable liquid and gaseous transportion fuels
of non-biological origin.2 For the production of these fuels, future residues carbon streams from
agriculture/forestry, waste streams from industry/households and concentrated industrial CO2
have to be utilized on a sustainable bases. These carbon sources are supposed to be converted
with hydrogen produced with low CO2-impact to future transportation fuels. All fuels have to
meet the fuel standards, like (EN 228, EN 590 and Jet-A1) as a prerequisite, but there is a strong
demand from automotive and airline industry to implement fuels that allow a cleaner combustion
in terms of local emissions, mainly soot and NOx. In this context production processes for
manufacturing of fuels based on synthesis gas offer the advantage to be in principle tolerant to
the syngas composition, that means that carbon sources from different origin can be applied.
Dimethylether is an interesting intermediate, it can be synthesized from CO- as well as CO2-rich
syngas and it can be converted to gasoline, jetfuel and diesel components with specifically
adjusted properties. The talk will give insights into our research on the conversion of biomass to
fuels for gasification, as well as the conversion of syngas of different composition to Methanol
and DME3 and the production of fuel components.4
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Introduction
Due to the emergence of the production of cellulosic ethanol a great deal of the
work has been focused on ethanol conversion to distillate fuels and chemicals. The ethanol
“blend wall” coupled with advancements in production efficiency and feedstock diversification
will potentially lead to excess ethanol, at competitive prices, available to produce a wide range
of fuels and chemicals. This creates an opportunity for ethanol producers to diversify their
product offerings [1]. However, processes for producing fuels and chemicals from ethanol are
currently lacking. We have developed an efficient process for single-step conversion of ethanol
to either butadiene (BD) or n-butene-rich olefins. BD is one of the more valuable high-volume
compounds in the petrochemical industry with an annual global market size of 12 MMT [2].
While demand for BD is steadily increasing its supply is in danger as ethylene manufactures
produce less BD co-product, as lighter feedstocks are being sent to steam cracking units.
Butene-rich olefins are also high-volume commodity chemicals and also have utility as
precursors for producing transportation fuels. Producing butene-rich olefins directly from
ethanol reduces a unit operation, thereby representing a major improvement relative to the
state-of-the-art alcohol-to-jet process.[3] We have developed a metal-supported ZrO2/SiO2
catalyst system with specially tailored metal and Lewis acid sites for producing either BD or nbutenes from ethanol, and with outstanding activity, selectivity, and stability.
Materials and Methods
The metal supported ZrO2/SiO2 catalysts were prepared by incipient wetness
impregnation of various silica (i.e. silica gels and SBA-16) with metal nitrate (e.g. Ag nitrate)
and Zr nitrate solutions. The catalysts were characterized by BET, ICP, TEM, XPS and
operando NMR spectroscopy. Reactivity measurements were performed in a packed-bed
reactor operating at 325-400ºC, 10-100 psig, and WHSVethanol between 0.1-14.6 hr-1.
Results and Discussion
Initially developed for the conversion of ethanol to butadiene, Ag/ZrO2/SiO2
catalysts were also recently found in our lab to be active for the single-step conversion to
olefins rich in n-butenes.[4,5] High selectivity toward the targeted product is obtained by
tuning the process conditions, including feed gas composition (e.g., H2 vs. N2 co-feed). At 99%
conversion, a 71% selectivity to BD is obtained when ethanol is co-fed with N2. With H2 cofeed 88% selectivity to butene-rich olefins is achieved at 99% conversion. Although catalysts
for BD production typically deactivate within hours, remarkably stable production of either BD

or n-butene rich olefins was demonstrated for 100+ hours, as illustrated in Figure 1 for BD.
Similarly, exceptional stability was obtained when operating the process for n-butene rich
production. XPS measurements have indicated that the product composition depends of the
oxidation state of Ag. While n-butene formation is favored over metallic Ag, BD formation is
preferred over partially oxidized Ag. Reactivity measurements coupled with operando NMR
experiments have shed light on the reaction mechanism. Over supported Ag catalysts, nbutenes are primarily formed because of butadiene hydrogenation, however a small portion is
also produced from butyraldehyde intermediate.
Significance
The Ag/ZrO2/SiO2 catalyst shows promise in enabling a new, single-step production
of BD or butenes-rich olefins from ethanol due to high yield to desired product, stable
conversion, and reduced unit of operation compared to the state-of-the-art.
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Figure 1. Lifetime study for (a) conversion of ethanol to BD and (b) the conversion of ethanol
to n-butene rich olefins over metal supported on ZrO2/SiO2 catalyst.
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Introduction
At ADM, we have combined our core agricultural processing infrastructure with the
right transformational technology to develop a portfolio of sustainable materials chosen not
only to fit the circular economy but also meet or exceed today’s performance expectations. We
have commercialized a renewable low carbon footprint route to propylene glycol and are
actively working on other commodity materials more commonly derived from petrochemical
sources. We have also demonstrated we can leverage the inherent functionality of our
feedstocks to access new high performance chemicals such as 2,5-dimethyl furandicarboxylate
(FDME), isosorbide, and glucaric acid.1,2,3 Applications for these molecules are still being
developed but include high strength, high barrier polyesters; high-heat sustainably sourced
polycarbonates; and biodegradable chelators and corrosion inhibitors. Numerous opportunities
remain to address unmet needs in performance and sustainability across the chemical and
plastics industry.
Materials and Methods
Materials and methods for the production of FDME have been previously published in
patent application WO 2021/2311556.
Results and Discussion
Thermochemical transformations of carbohydrates into high value feedstocks for
polymers and industrial applications are typically challenged by low yield and selectivity for
the target product. Recently we have been able to make significant progress in address in
improving the transformations of several key molecules. Previously, an integrated process
using a common solvent and catalyst components was developed to convert fructose to
FDME.1 Recently, it was discovered that the oxidation of the intermediates furanic species
could be improved by use of a co-oxidation.4 A series of experiments was performed to further
demonstrate the simultaneous oxidation of p-xylene and "on path" furanics (OPF). A solution
of on path furanics was prepared by heating 218 gm of a mixture of 33 wt % corn syrup
(containing 76.25 wt % fructose, 0.96 wt% dextrose, and 22.71 wt% water), enough water
such that the total water content was 7.55 wt%, with 2.0 mol% HBr relative to total fructose
and glucose and a balance of acetic acid to 155 °C in a 300 mL titanium reactor pressurized to
220 psig (1.52 MPa, gauge) with nitrogen. Immediately after reaching 155 °C the reaction was
quenched in an ice bath to 5 halt the reaction. This dehydration product was diluted with acetic
acid, water, and p-xylene and used to dissolve the cobalt acetate tetrahydrate, manganese
acetate tetrahydrate, and hydrobromic acid oxidation catalyst components to provide feed
compositions with 8.5 wt% OPF and between 2 and 20 wt% p-xylene.
Oxidations were conducted in a semi-batch mode using a 500 mL Ti batch reactor 10
equipped with a gas dispersion impellor, supplied by Parr. The reactor was initially charged
with 75 gm of acetic acid, water (15%), cobalt acetate tetrahydrate (1000-2000 ppmw),
manganese acetate tetrahydrate (300-600 ppmw), and hydrobromic acid (1180-1750ppmw). It

was then sealed and pressurized to approximately 100 psi (0.69 MPa) nitrogen before heating
to 180 °C while stirring at 1200 rpm. Pressure in the reactor was maintained with a back
pressure regulator (BPR) adjusted to 220 psi (1.52 MPa) Upon reaching temperature, air was
flowed into the reactor at 550 standard cubic centimeters per minute (SCCM) and the effluent
gas from the BPR was monitored to determine when the dry gas oxygen content of the reactor
stabilized. When the oxygen stabilized, the furan feed was pumped into the reactor at the
specified mL/min in order to initiate the reaction. The reaction was allowed to proceed for 100150 min before ceasing feed and allowing the reaction to proceed without additional substrate
for 15-20 min. All reactions achieved light off. After reaction, the furanic species in the liquid
and solid products were analyzed by UPLC. FDCA yields as high 95 mol% with near
quantitative yields of terephthalic acid were observed.
Significance
The oxidation of furanic intermediates to 2,5-furandicarboxylic acid was improved by
the co-oxidation of p-xylene. Reaction initiation and stability was improved with the co-feed
systems and high yields of both products were observed.
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Introduction
Hydrogenation and hydrogenolysis of organics is typically performed at elevated
temperatures and pressures of hydrogen gas. Alternatively, electrochemical hydrogenation and
hydrogenolysis (ECH) of organics can be performed at ambient conditions without any
externally-supplied H2. Additional advantages over the traditional thermochemical processes
include the opportunity to utilize electricity from renewable sources and perform the reactions
at distributed locations where the feedstocks are generated or products may be needed. The
utilization of renewable electricity to drive the reactions and elimination of hydrogen gas can
also significantly decarbonize the process.
Significant research is still needed to realize the opportunities that exist with ECH.
Identification of the reaction kinetics and mechanisms, determination of process conditions that
influence reaction activity and selectivity, and investigation of competing side reactions are all
necessary. The work presented here will illustrate research approaches that have been taken to
address the research needs for the ECH of biomass-derived furfural to furfuryl alcohol and 2methyl furan.
Materials and Methods
ECH of furfural was performed in a custom H-cell semi-batch reactor using copper
electrodes as the catalyst. Aqueous acidic electrolytes containing furfural, sulfuric acid and
acetonitrile were used. Inert gas was sparged through the catholyte to evaporate volatile 2methyl furan into a solvent trap. Potentials from -0.4V to -0.9V vs. RHE were used. ECH
products were analyzed using GCMS.
Results and Discussion
Copper is one of few electrocatalysts that will form significant quantities of 2-methyl
furan1. As the selectivity influences between hydrogenation to furfuryl alcohol and
hydrogenolysis to 2-methyl furan were desired to be studied, copper electrocatalysts were
utilized. A significant pH dependence was observed for the formation of 2-methyl furan. A pH
of 3 or lower was required to produce 2-methyl furan, while furfuryl alcohol was observed at
all pH ranges2, 3 (Figure 1a). To overcome the acid-promoted furanic side reactions and
produce significant amounts of 2-methyl furan, the 2-methyl furan was evaporated out of the
catholyte and into a solvent trap where it would no longer react2-4. To minimize consumption
of electrons from the side reaction hydrogen evolution, more positive reduction potentials and
higher concentrations of furfural were necessary4.
Utilizing an initial rate study, the ECH of furfural kinetics and mechanisms were
evaluated in 0.1M and 0.5M H2SO4 on copper5. Both the hydrogenation and hydrogenolysis
reactions were found to proceed through a non-competitive Langmuir-Hinshelwood type
mechanism (Figure 1b). The rate limiting step for the production of furfuryl alcohol was found
to be the formation of the -CH2O bound species from the adsorbed furfural. The rate limiting

step for the production of 2-methyl furan was found to be the formation of the adsorbed -CH
species from the -CHOH intermediate.
The initial rate kinetics have further been integrated with the kinetics of the acid-derived
furanic side reactions and the evaporative separation of the 2-methyl furan to provide a more
comprehensive view of the implications that pH and initial concentration of furfural has on the
overall mass balances and product yields. Despite the high rates of acid-promoted side
reactions, pH 0 is still the most desirable condition for the production of 2-methyl furan. If
furfuryl alcohol is desired, higher pHs should be utilized to lessen the impact of the acidpromoted side reactions on furfuryl alcohol.

a)

b)

Figure 1. a) Review of furfural ECH selectivity pH dependence from the literature. Solid
symbols: 2-methyl furan. Open symbols: furfuryl alcohol. Cross symbols: hydroforoin.3 b)
initial rate study at 25C on copper for furfuryl alcohol (FA) and 2-methyl furan (MF)
production. Lines are non-competitive Langmuir-Hinshelwood model fits.5
How the findings from the investigation of the ECH of furfural can be expanded to
other hydrogenation and hydrogenolysis reactions, and electro-organic reactions in general will
be discussed as well.
Significance
Electrochemical hydrogenation and hydrogenolysis offers an alternative to traditional
thermochemical processes and may lead to decarbonization of the reactions. ECH of furfural
serves as a good model to illustrate the challenges and opportunities for the electrochemical
reactions.
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Introduction
Organic acids derived from sugars are ubiquitous in nature and perform a number of
important functions in biological systems. D-glucose is a low-cost carbohydrate feedstock that
can be oxidized in aqueous solutions to form mono- and dicarboxylic acids – namely: gluconic,
guluronic and glucaric acids [1]. These can be used directly, or further upgraded toward higher
value feedstocks such as adipic acid. The lactonization of organic acids and hydrolysis of the
corresponding lactones are important chemical transformations that are sensitive to experimental
conditions such as composition, temperature and pH of the solution. The composition of an
acidic aqueous solution of organic acids is a complex mixture of open acid chains and ring
lactones that can exist in a five- (gamma) or a six-member (delta) ring configuration [1,2]. In
this work we report a combination of experimental and computational findings on lactonization
kinetics of C6 carboxylic acids and the hydrolysis of the corresponding lactones. The
energetically-preferred mechanism of lactone formation was elucidated with electronic structure
calculations. A microkinetic model was assembled and parametrized based on potential energy
landscapes obtained from electronic structure calculations. The model was found to capture the
time-resolved kinetics as well as concentrations of relevant species evolving toward equilibrium
for gluconic, guluronic and glucaric acids, across different sets of conditions. Such models can
be a useful tool in analysis of complex mixtures of carboxylic acids, toward estimating the
fractional concentrations of the different constituents.
Materials and Methods
Electronic structure calculations were carried out using the Minnesota hybrid functional
(M06-2X) implemented in the Gaussian 16.B.01 package, with the Def2TZVP basis set used for
C, O and H atoms. Reaction pathways were mapped by scanning the potential energy surface of
the reaction coordinate. Energy maxima were fully relaxed to a saddle point to locate the actual
transition states. All transition states and local minima were obtained by full optimizations and
verified by vibrational frequency calculations. The effect of aqueous solvation on the reaction
energetics was evaluated using an explicit cluster of 6 water molecules as well as the PCM
solvation model. The microkinetic model was assembled as a series of reversible elementary
steps with the rate coefficients formulated in Arrhenius form, with a pre-exponential factor (A)
and activation energy (Ea) specified for each reaction.
Experimental data for glucose-derived lactones were collected and assembled from
several literature sources [3,4] and include the effect of experimental conditions on the
composition of aqueous solutions of gluconic and glucaric acids and their corresponding
lactones.

Results and Discussion
The energetically-preferred mechanism was found to be acid-catalyzed and consists of
two reversible elementary steps, initiated by ring closing and formation of a geminal diol
intermediate. The intermediate structure readily undergoes water elimination in the second step
and forms the lactone molecule. The energetics of the forward and reverse steps were obtained
from electronic structure calculations and used to obtain Arrhenius parameters (A, Ea) as input
for the microkinetic model.
The model was able to accurately match experimental data on lactone hydrolysis, with a
sample concentration profile for the hydrolysis of 1,4 D-glucaro lactone at pH of 3.5 and 300 K
shown in Fig. 1. The model explicitly tracks the concentrations of all reactants, intermediates
and products, including organic acid dissociation equilibria and hydronium ion concentration in
solution. The utility of such a model is apparent, as it allows one to predict the composition of a
mixture of carbohydrates for a given set of conditions, including the rate of species formation
evolving towards equilibrium.
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Figure 1. Sample concentration profile of lactones, open acids and hydronium ion in an aqueous
solution during hydrolysis of 1,4 D-glucaro lactone as a function of time. Experimental data
points are denoted with markers and model results with lines.
Significance
This microkinetic model provides insights into the composition of aqueous solutions of
carboxylic acids derived from D-glucose for a range of experimental conditions. The effect of
temperature, pH and initial reactant concentration was captured, thus reducing the need for costly
and time-consuming experimental studies.
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Introduction
Electrochemistry offers novel processes to decarbonize the chemical industry by directly
utilizing renewable electricity to convert renewable feedstocks into fuels and chemicals.
Additionally, electrochemical systems are amenable for small scale processing as they operate
at near atmospheric pressure and temperature. This makes them a more sustainable technology
for distributed manufacturing operation.
In this work, we evaluate the use of heterogeneous electrocatalysts and electrocatalytic
reactors to produce fuels and chemicals from biomass-derived organic molecules. In particular,
we evaluate the use of Ru-, IrO2-, and Pt-based heterogeneous catalysts for the electrocatalytic
oxidation (ECO) of carboxylic acids into fuels and chemicals. Our results show that carboxylic
acids can be electrochemically decarboxylated (ECDX) into paraffins, olefins, and alcohols via
the Kolbe and non-Kolbe mechanisms. The obtained decarboxylation rates (TOFs) of the
electrochemical route at room temperature and atmospheric pressure is one order of magnitude
higher than the TOF of thermocatalytic decarboxylation at 300 °C and 37 bar.[1-3] We
demonstrated this technology using real biomass-derived feedstocks and showed
decarboxylation of carboxylic acids present in bio-oil as well as wastewater while
simultaneously generating H2.[4]
Materials and Methods
The cathode catalyst was prepared by incipient wetness impregnation of palladium(II)
nitrate dehydrate, (Pd(NO3)2·6H2O, Sigma-Aldrich) dissolved in DI water on a graphitic
carbon felt (Alfa-Aesar #43200). The anode catalyst was prepared via incipient wetness
impregnation of ruthenium(III) chloride hydrate (RuCl3·xH2O, Sigma-Aldrich), hydrogen
hexachloroiridate(IV) hydrate (H2IrCl6·xH2O, Sigma-Aldrich), and chloroplatinic acid
hexahydrate (H2PtCl6·6H2O, Sigma-Aldrich) dissolved in an acetone (Sigma-Aldrich): DI H2O
mixture on a 4 cm2 Titanium (Ti) foil (Alfa Aesar).
The electrocatalytic reactions were performed in a batch and a continuous flow
electrocatalytic cells. NafionTM 117 was used as membrane to separate the anode and cathode
chambers. Two Cole-Parmer gear pumps were used to feed anolyte and catholyte to the system
at constant flow rates of 2cm3 min-1. An AMETEK® VersaSTAT 4 Potentiostat Galvanostat
was used to operate the cell and monitor the full- and half-cell potentials (WvC). A leak free 1
mm OD Ag/AgCl reference electrode (Harvard Apparatus 6237653) was placed in the anode
compartment to monitor the half-cell potential (WvR). The gas products were analyzed with an
Agilent GC 3000 A equipped with Mol Sieve and Plot U columns and a thermal conductivity
detector was used for the detection of H2, O2, CO, and CO2, and N2. Under the reaction
conditions operated in this work, H2 was the only gaseous product generated in the cathode.
The liquid phase was analyzed by high-performance liquid chromatography equipped with a
Waters 2414 refractive index detector. A Bio-Rad Aminex HPX-87H ion exclusion column

(300 mm × 7.8 mm) was used for analyte separation. Sulfuric acid (0.005 M) was used as
eluent at a flow rate of 0.55 cm3 min-1.
Results and Discussion
Our experiments show that the ECDX activity, product selectivity, and current efficiency
depend on operation potential and anode composition, Figure 1. Increasing the applied potential
improves the rates of ECDX and oxygen evolution (OER), changing the current efficiency.
Additionally, the product selectivity also changes with applied potential and electrode
composition. We also found that the ECDX performance depends on the metal particle size and
composition. Pt foil was active for ECDX, but Pt nanoparticles were only active for OER.
However, RuO2 nanoparticles had higher ECDX activity than RuO2 thin film (TF) while
preserving the product selectivity.[5] We demonstrated that electrochemical reactions can be
uses to process real biomass-derived biocrude and wastewater generated during the
hydrothermal liquefaction of biomass at room temperature and atmospheric pressure while
simultaneously generating H2 as a valuable side product.

Figure 1. a) Areal rates of electrocatalytic decarboxylation (ECDX), oxygen evolution (OER),
and current efficiency, and b) product selectivity of valeric acid ECDX as a function of applied
potential over RuO2-TF, IrO2-TF, and Pt foil electrodes.
Significance
We identified a viable electrocatalytic process to convert biomass-derived molecules
into fuels and chemicals with no externally supplied dihydrogen at normal conditions.
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the kinetic and adsorption parameters. An advanced diffusion-reaction model confirmed the
assumption of ideal flow in the microchannels. The experimental trends were successfully
predicted as shown in Figure 2.
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Materials and Methods
Gold nanoparticles supported on gamma-alumina were used as the catalyst. A slurry containing
catalyst particles was prepared to coat the reactor microchannels. In the microreactor setup,
systematic kinetic experiments were designed to reveal the intrinsic kinetics of alcohol oxidation
within the temperature range 200-350°C, residence time 0.02-0.08 s and oxygen-to-alcohol ratio
1:4. The stability of the catalytic coating was investigated, too. The product distribution was
analyzed with an on-line gas chromatograph equipped with TC and FI detectors.
Results and Discussion
The catalytic coating was revealed to be stable during the experimental campaign (Figure 1).
Therefore, the obtained kinetic results were not affected by catalyst deactivation. Gold
nanoparticles efficiently converted the alcohols to the correspondent aldehydes, with low
concentrations of by-products formed (alcohol condensation to give the correspondent ether was
the dominating side reaction). A decrease of the catalytic activity with the alcohol chain length
was observed, probably because of the lower electrophilicity of the hydroxyl group as the carbon
number increases. Kinetic modelling based on mechanistically sound rate expressions was
carried out. Both adsorption and desorption of the reacting species were assumed to be rapid
while the surface reactions were taken as the rate limiting step. The flow pattern in the
microreactor can be regarded as an ideal plug flow because of the micrometric dimensions of the
channels; therefore, the pseudo-homogeneous plug flow model was implemented to reveal both
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Figure 1. Result of the stability test of ethanol oxidation on nanogold.
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Introduction
Partial oxidation of primary alcohols to produce aldehydes is one of the key reactions in organic
chemistry. Molecular oxygen represents a clean alternative to the traditionally employed
chromium-based stoichiometric oxidation reagents, which are harmful for both human beings
and environment [1]. Gold nanoparticles are promising catalysts for selective oxidation
justifying a growing interest in this material in both academia and industry. Microreactors have
emerged as an exciting technology in process intensification. Their high area-to-volume ratio
enables very efficient heat transfer, allowing quasi-isothermal operations in the presence of
highly exothermic and endothermic reactions. Diffusion of the molecules is very rapid, leading
to suppression of mass-transfer limitations. Therefore, the application of microreactor
technology in the production of aldehydes from bio-alcohol is of great industrial interest. In this
work, the possibility to conduct selective oxidation of methanol, ethanol, propanol and butanol
in a microreactor in the presence Au/Al2O3 coated catalyst was explored. The oxidation of
alcohol mixtures will be investigated in the future.
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Figure 2. Effect of alcohol concentration and oxygen-to-alcohol ratio on aldehyde selectivity
in a) ethanol b) propanol oxidation.
Significance
Microreactor is a valuable technology for the synthesis of aldehydes from bio-based alcohols.
Gold nanoparticles showed promising features in partial oxidation of primary alcohols. The
catalytic coating was stable during the experimental campaign, allowing very precise
investigation of the reaction kinetics. The proposed kinetic expressions enabled a good
description of the experimental data
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Introduction
Abundant methane has been produced with the boom of shale gas. Industrial
methane valorization proceeds via two steps: methane reforming to produce syngas, and further
conversion of syngas to methanol or hydrocarbons. This process is energy and capital
intensive, which necessitates a large scale to make it economically feasible. However, methane
production is distributed at drilling sites and biogas generation facilities. Ideally, the methane
produced can be collected and transported to centralized methanol plants, but methane is
difficult to be stored and transported, which results in an annual global 570 million tonnes of
methane emission.1 In many cases, methane is directly flared to CO2, another major greenhouse
gas. It is thus desirable to directly transform methane to liquid products such as methanol with
molecular oxygen via a one-step partial oxidation.
Methane to methanol conversion has been achieved using H2O, O2 and H2O2 as
oxidants. For example, van Bokhoven et al. used a cyclic process including methane oxidation
and Cu oxidation by water at different temperatures on Cu exchanged zeolite to produce
methanol, mimicking methane monooxygenase in nature.2 In-situ H2O2 generation was
achieved on a hydrophobic zeolite supported bimetallic AuPd catalyst, which was then used insitu to oxidize methane with a methanol yield of 90 mmol/(h*gAuPd).3 There are several studies
directly using methane, H2O and O2 for partial oxidation to methanol on Cu exchanged zeolite
and ceria-zirconia supported FeO, CuO, NiO, NiCuO and NiFeO in continuous flow reactors.4,5
However, the low activity (<0.004mmol/(h*gcat) limit these processes for further application.
A recent DFT study suggested that Rh-doped graphene supported on Ni could be active and
selective for methane partial oxidation to methanol.6 We investigated this hypothesis
experimentally and found good activity, selectivity and stability during continuous flow partial
oxidation of methane to methanol.
Materials and Methods
A high-pressure (<700psi) continuous flow system was constructed with a custom-built
stainless-steel reactor. The reactor is equipped with a furnace and temperature control
capabilities up to > 700ºC. An online Agilent GC 8890 system with a Hayesep DB packed
column coupled with TCD and FID detectors was used for product identification. A Rh-doped
graphene supported on Ni catalyst was synthesized for the reaction testing. The catalyst was
loaded into the steel reactor by sandwiching with quartz wool. In-situ H2 reduction was
performed on the catalyst at 200°C for 30 min before reaction.

Figure 1. Rh-doped graphene supported on Ni favors methane C-H bond breaking over
methanol C-H bond breaking from computation (left figure).6 Experimental catalytic yield of
methanol, ethane and CO2 on the synthesized 1% Rh-doped graphene supported on Ni catalyst
with time on stream at 450°C, 690 psi and GHSV of 120000 sccm/(h*gcat) (right figure). The
yield was calculated based on initial methane concentration.
Based on DFT calculation, Rh-doped graphene supported on Ni was proposed to be
able to activate oxygen and methane via facile tuning of the electronic property of the Rh
dopant through the Ni and graphene support.6 This catalyst favored methane C-H bond
breaking instead of methanol C-H bond breaking. Based on this prediction, Rh-doped graphene
supported Ni catalyst was synthesized and tested in a high-pressure flow reactor. The catalyst
was made using a modification of Pajarito Powders platform for making Atomically-Dispersed
heme-like or pyrrolic Fe-N-C active sites, with substitutions of the metal center for Ni,
modifications of the carbon matrix formation conditions, followed by Rhodium Chloride
deposition and reduction. As shown in Figure 1, about 0.6% methanol yield, 1.0% CO2 yield,
and 0.03-0.04% ethane was observed at 450°C and 690 psi during 20 hours of reaction time on
stream. High pressure and space velocity was found to be beneficial for methanol production.
Optimum temperature was determined to be at 450°C based on measurements conducted over
a range from 200°C to 500°C. Methanol yield was 281.6 mmol/(h*gcat), which was higher
than literature reported values.
Significance
The Rh-doped graphene supported on Ni was synthesized and tested in a high-pressure reactor
for methane partial oxidation to methanol and was found to yield good activity, selectivity and
stability. This will provide more fundamental understanding on methane activation and
potentially find some industrial application for methane valorization and reducing methane
emission.
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Introduction
By virtue of their isolated state, single atom catalysts (SACs) can exhibit altered
selectively as compared to nanoparticulate supported catalysts. In biomass conversion, for
example, limiting the size of catalytic site to single atoms, could prevent ring hydrogenation
and promote selective hydrodeoxygenation of lignin-derived biomass. While typical syntheses
of single atom catalysts employ anchoring sites such as oxygen deficiencies in ceria, or
nitrogen dopants in carbon [1], we have striven to develop a synthesis method which does not
require such anchoring sites.
The ultimate goal of the work is to understand the deposition mechanisms of the various
methods to as to achieve move precise control of the size of deposited metal species. Incipient
wetness impregnation does not give such control (Figure 1a), as without any metal-support
interaction the metal precursors remain in solution and are brought to the drying surfaces,
resulting in many cases in large, polydisperse particles. While electrostatic adsorption
provides a strong precursor-support interaction during the metal adsorption step, our
hypothesis is that during drying, surface tension forces take over as the surface dries, and nano-

droplets form which gives rise to small nanoparticles (Figure 1b). We hypothesize further that
nanodroplet formation can be prevented by substituting water with a solvent having a dipole
moment larger than water, so as to displace the hydration sheaths around the metal precursors,
and which has low surface tension and wets the support surface. With a wetting solvent which
eliminates all water from the support surface, the metal precursors will remain in place as the
solvent is removed, even without anchoring sites (Figure 1c).
Materials and Methods
We have termed this method “Switched Solvent Synthesis” or SwiSS. The method
involves a first impregnation to incipient wetness with an aqueous metal precursor solution,
followed by adding acetone to the slurry in a volume four times that of the water used in the
metal solution. (Using aqueous metal solutions to begin with assures the solubility of most
metal precursors at high concentrations.) The slurry is then heated in a reducing atmosphere.
The catalysts are characterized by aberration-corrected STEM, XPS, and CO-TPD. The
method can be applied to a wide variety of metals and carbon and oxide supports. Examples of
carbons and oxides will be shown, for a number of noble and base metals.
Results and Discussion
Representative STEM images of the three types of preparations for a Pt on a standard
carbon black material (VXC72) are shown on the right-hand side of Figure 1. Large,
polydisperse particles are produced by DI, smaller particles (sub-2 nm average size) and a
much narrower size distribution stem from SEA, and isolated atoms are produced by SwiSS.
Preliminary reaction results (Figure 2) for Pt/silica catalysts show single-atom catalysts
can achieve complete selectivity for HDO of the model biomass reactant benzyl alcohol,
whereas Pd nanoparticle catalysts (2 – 4 nm average size) promote some ring hydrogenation of
benzyl alcohol.
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Figure 2. Summary of SAC versus nanoparticulate catalyst reactivity.
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Significance
A simple method to synthesize isolated atom catalysts without the need for anchoring
sites allows for the study of a wide range of metals and supports.

Figure 1. Synthesis methods of a) incipient wetness or DI, b) SEA and c) SwiSS.
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Introduction
Metal / metal oxide catalysts have proven to be efficient to perform hydrodeoxygenation
(HDO) of chemicals derived from biomass. Vanillin, anisole, 1,2,6-hexanetriol, among others
are some of the compounds for which HDO has been successfully performed by such catalysts
[1,2]. However, for the ring opening HDO of furanic compounds, the selectivity towards the
product of interest and yield are not yet satisfactory. Tetrahydrofuran 2,5-di carboxylic acid
(THFDCA) has been previously studied as a potential renewable feedstock to produce adipic
acid (AA), an important monomer used as a precursor for Nylon-6,6. High THFDCA
conversion and AA selectivity have only been obtained using harsh reagents such as HI or
ionic liquids to cleave the C-O bond. Accordingly, further investigations of metal / metal oxide
catalysts to perform HDO are needed to overcome selectivity challenges and achieve a more
sustainable process. The present work presents optimization of a metal / metal oxide catalyst
and operational parameters to successfully perform the THFDCA ring opening HDO to AA
using different Pt-MOx/TiO2 catalysts (MOx: WOx, MoOx, ZrOx) (4 wt% Pt). The amount and
type of oxyphilic metal loaded and reaction conditions were systematically evaluated to
demonstrate that metal / metal oxide catalysts can efficiently produce AA from THFDCA.
Materials and Methods
Three different types of Pt-MOx/TiO2 catalysts (MOx: WOx, MoOx, ZrOx) were prepared
by the incipient wetness method following the procedures in [1–3]. The Pt concentration was
kept at 4% weight with respect to TiO2, while the metal oxide-metal molar ratio (MOx:M) was
varied (0.5, 1, 1.5, and 2). In a typical run, the reaction vials of 1.5 mL are loaded with the
substrate solution, the PTFE stirring bar, and the catalyst to be tested to a stainless-steel
rectangular base reactor. Next, the sealed reactor is purged with N2 and H2 and pressurized to
the desired pressure with H2. Finally, the reactor is heated to the reaction temperature, and the
stirring is activated to initiate the reaction. After reaction, the samples are filtered and
measured in a HP 1100 series HPLC chromatograph using a Bio-Rad Aminex HPX-87H (300
mm × 7.8 mm) column with a flow of 0.5 mL min-1 of 5 mM of H2SO4 solution as mobile
phase. The column and RID temperature were 50 °C and 35 °C, respectively.
Results and Discussion
Pt-MOx/TiO2 catalysts at 1:1 MOx:Pt molar ratio were prepared for the
hydrodeoxygenation THFDCA at 140°C and 350 psi H2. It can be observed in Figure 1a that
the highest conversion was obtained by the Pt-MoOx/TiO2 but Pt-WOx/TiO2 achieved the
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highest selectivity and yield towards AA. The higher selectivity of Pt-WOx/TiO2 over the rest
of the catalysts may indicate a higher electronic effect between Pt-WOx that regulates the
catalyst surface chemistry. This regulation favors the formation of oxygen vacancies that lead
to the activation of the C-O bond in the furanic ring via reverse Mars-Van-Krevelen
mechanism [1,4]. The different performance at the same MOx:M molar ratio also indicates that
the type of oxyphilic metal loaded and its interaction with Pt influences the content of those
oxygen vacancies responsible for O cleavage as reported by Fan S. et al [2].
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Optimization of a metal/metal oxide catalyst for the
hydrodeoxygenation of tetrahydrofuran 2,5-dicarboxylic acid to obtain
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Figure 1. Influence of different parameters in the hydrodeoxygenation of THFDCA. a) type of
metal oxide. b) metal oxide loading.
Since Pt-WOx/TiO2 displayed the best performance, the subsequent experiments were
performed using this catalyst and varying the amount of WOx and temperature. Figure 1b,
shows the conversion, AA selectivity, and yield at 140°C and at the four W:Pt molar ratios
evaluated. It is observed that increasing the amount of metal oxides increases the conversion,
AA selectivity, and yield. On the other hand, the THFDCA conversion increased where the
metal oxide is increased at higher temperatures than 140°C but the selectivity and yield
decreased significantly (data not shown). This different reaction behavior and the decrease of
the carbon balance in the liquid phase (data not shown) indicates that decarboxylation reactions
become predominant over HDO at high temperature. The decrease of the carbon balance when
the amount of W is increased at a fixed temperature suggests that the WOx-Pt interaction also
promotes the C-C cleavage that could possibly be assisted by the strong bonding between the O
atoms in the reactant and the W in the surface [5]. Therefore, the selectivity towards a target
product may depend on the orientation of THFDCA during adsorption and the difference in
activation energy required to transform the reactant into different species.
Significance
We demonstrated that the efficient ring opening hydrogenolysis of THFDCA to target
AA is possible using a bimetallic catalyst where the proximity between WOx and Pt plays an
important role. However, this WOx-Pt interaction also increases decarboxylation.
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Introduction
Latex has been widely used in applications, such as organic coatings, film fabrication, drug
and gene delivery, conducting materials, paper and textile manufacturing, and impact modifiers.
In the past decade, there has been an increasing interest and research into the design and
preparation of thermodynamically stable nanosized latex. Various methods have been reported
for preparing nanosized latex, and most of them are based on new surfactant systems and
efficient polymerization processes. Among free radical polymerizations, the emulsion
polymerization exhibits distinct advantages, such as high molecular weight and high
polymerization rate, which can be achieved simultaneously. The ultrasonic microemulsion
polymerization is one of the emerging process, which has been reported to be a facile
technique featuring fast polymerization rate and high conversion.
Recently, many efforts have been made to investigate the effects of different parameters
including ultrasound, initiator, surfactant and so forth on the ultrasonic microemulsion
polymerization. However, the development of robust and economically viable processes to
produce nanosized polymer latex (below 50 nm) has been challenging. Thus, in this study, we
examined the synthesis of nanosized polymer latex with a narrow size distribution (PSD) using
various dispersion modes of the reaction mixtures during the polymerization process. The
proposed approach could contribute to new insights into the ultrasound-controlled
microemulsion polymerization process and offer an efficient strategy to prepare small latex in
an economical and sustainable manner.
Materials and Methods
The emulsion polymerization was conducted under a nitrogen atmosphere. A total of 1.4 g
SDS was dissolved in a flask containing distilled water (100 mL) to prepare a homogeneous
solution. The monomer 14-g MMA was then added to the solution, and the mixture was
subjected to magnetic stirring. In a separate container, KPS was dissolved in 20 mL of
deionized water. After removing dissolved oxygen, they were heated to the desired temperature
of 70 °C, and 30 min later, KPS solution was added to the reaction flask and sonicated for 60
min. After the reaction, 1 wt% NaOH solution was added to adjust the pH for storage. In total,
five different dispersion methods, namely magnetic stirring, bath ultrasound, probe ultrasound,
combination of bath ultrasound and probe ultrasound, and the combination of magnetic stirring
and probe ultrasound, were used in the emulsification and polymerization steps. During the
entire polymerization, the variations in the particle size and dispersity were monitored as the
polymerization was progressing from the time. The average particle size and PSD of the
PMMA latex were measured with a Zetasizer Nano ZS Particle Sizer. The molecular weight
and polydispersity index (PDI) were determined by GPC.

Results and Discussion
Dispersion modes of monomer may play an important role on the particle size and PSD of
the latex nanoparticles. Table 1 shows the polymerization conditions used to prepare the
PMMA nanoparticles. For different dispersion modes, our results have shown that the
ultrasound could assist to lower the particle size with a narrow distribution. Meanwhile, the
traditional magnetic stirring method could not even convert all monomers into nanoparticles,
which indicates that there is always some MMA monomers being consumed to form rigid
floating subjects during the reaction. However, experiments also revealed that a too powerful
emulsifying force would lead to implosion, which significantly increased the reaction rate and
the particle size. The combined emulsifying methods are much easier to cause implosion than
an individual emulsifying method.
Table 1 Polymerization conditions for the preparation of PMMA nanoparticle latex.

Figure 1. Z-average particle size (a) and PSD (b) of PMMA nanoparticles prepared using
different dispersion modes. Polymerization conditions: MMA = 14 g, KPS = 0.14 g, SDS = 1.4
g, deionized water = 120 g, T = 70 °C, polymerization time = 60 min. The magnetic stirring
rate was 200 rpm; the probe ultrasound was carried out at 60% amplitude (~8 W); and bath
ultrasound was operated under power density ~ 0.5 W/cm 2.
Significance
A series of PMMA latices were prepared using different dispersion modes, i.e., magnetic
stirring, ultrasound, and the combination of ultrasound and magnetic stirring. The probe
ultrasound-assisted microemulsion polymerization is the most efficient route to prepare
PMMA latices of small particle size and narrow PSD.
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Introduction
Lignin is present in sugar-cane bagasse and most industries use this lignocellulosic
waste in cyclic processes for energy generation. However this material can be used as a source
of fine chemicals. For the valorization of lignin to fine chemicals, β-O-4 linkages have been
shown to be a key aspect in depolymerisation experiments [1] and much research is focused on
optimizing extraction methods to enhance the quality of the obtained lignin. A suitable metal
catalyst with a lignin abundant in β-O-4 bonds could present a promising system for
hydrogenolysis with selective production of alkyl-phenolic monomers. In this work, the
depolymerisation of a lignin extracted from biomass waste (sugar-cane bagasse) was
investigated.
Materials and Methods
Sugar cane bagasse was treated using a modified organosolv process. A Parr batch
autoclave reactor (300 mL, 316 stainless steel) equipped with a digital temperature controller
(±1 K) was used for the depolymerisation experiments. Four catalysts were studied, 1 %
Pt/alumina, 1 % Rh/alumina, 4.7 % Ni/alumina and 4.5 % Fe/alumina. Sugar-cane lignin (0.5
g) was added to the reactor with catalyst (0.1 g), and 100 mL of acetone (99.88 %, Fisher
scientific) with distilled water in a 50:50 v/v mixture. The reactor was purged with hydrogen 3
times, pressurised to 20 barg and sealed. The reactor was heated to 573 K and held at this
temperature for 3 hours. Products were extracted with dichloromethane (DCM). Product
identification and semi-quantification was done by using a Shimadzu GC-MS QP2010S
coupled to a Shimazu GC-2010 equipped with a ZB-5MS capillary column (30 m x 0.25 nm x
0.25 µm) with He as carrier. It was possible to identify and semi-quantify 16 monomers
Results and Discussion
The molecular weight distribution (Mw), molecular number (Mn) and dispersity (Ip) of
SCL was obtained by GPC, while elemental analysis determined its carbon, hydrogen and
nitrogen composition (Table 1). SCL exhibited smaller molecular weight (2292 Da) compared
to technical lignins such as soda and Kraft indicating that there was a lower depletion of ether
bonds compared to those lignins. The Mn of 731 Da was associated to the total weight of the
SCL biopolymer and the number of polymer molecules, while dispersity values close to 1
indicated a more uniform polymer, thus, SCL was a relatively branched polymer with an Ip
value of 3.

Table 1. Sugar-cane lignin GPC and elemental analysis.
Gel Permeation Chromatography
Elemental analysis (%)
Mw

2292 Da

C

54

Mn

731 Da

H

5.6

IP

3

N

0.9

The activity of the catalysts was found to be Rh > Pt > Ni > Fe with rhodium twice as
active as iron. However by altering the catalyst the product distribution could be altered to
favour different monomers (Fig 1). Monomers reflecting the basic S, G and H motifs were all
detected with a preponderance of syringol-based monomers generated as expected from the
characterization. Note that this is a function of the metal as the same support was used for each
catalyst.
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Figure 1. Selectivity to specific monomers with different catalysts.
Significance
Sugar-cane bagasse can be used to generate a range of fine chemicals and these can be
tuned dependent upon the catalyst used.
References
[1] C.S. Lancefield, G.M.M. Rashid, F. Bouxin, A. Wasak, W.-C. Tu, J. Hallett, S. Zein, J.
Rodríguez, S.D. Jackson, N.J. Westwood, T.D.H. Bugg, ACS Sustainable Chemistry &
Engineering, 4 (2016) 6921

Development of a Granular Catalyst Library for Flow Chemistry
Applications
ShaRee M. Thomas1*, Jimmy Thorn1, Ian Harrington1, Andres Butter1,
Atish A. Parekh1, Jim Seamans2, Konrad Moebus3

1 – Evonik Corporation, 5150 Gilbertsville Hwy, Calvert City, Kentucky 42029, USA
2 – Evonik Corporation, 10200 Grogans Mill Rd, Ste 525, The Woodlands, Texas 77380|
USA
3 – Evonik Operations GmbH, Rodenbacher Chaussee 4, Hanau-Wolfgang 63457, Germany
* corresponding sharee.thomas@evonik.com
Introduction
Flow based continuous manufacturing has many advantages for fine chemicals, pharma,
and industrial and petrochemical applications. Flow chemistry has traditionally been used in
industrial and petrochemical applications, but due to the advantages (lower processing times,
lower solvent volumes, reduced waste streams, etc.…) flow chemistry has become an attractive
process for challenging pharma applications [1]. The FDA released a statement in February
2019 in support of continuous manufacturing stating that this would provide an easier way to
control quality and provide a more scalable process that could increase process efficiency and
help to reduce drug shortages [2].
For several years, pharmaceutical companies have been exploring flow chemistry
options for their processes. Examples of common reactions often explored in flow are: olefin
hydrogenation, aromatic hydrogenation, hydrogenolysis, and nitro group reduction. For
standard batch processes the reactions are typically optimized, so there is no immediate
incentive to change to flow chemistry. For new pharma applications, however, the advantages
of flow based continuous manufacturing processes can be convincing and decisive if already
considered in the development phase. [3].
Evonik currently offers a variety of Continuous Process Catalysts (CPC) for large scale
continuous manufacturing. In order to meet the needs of growing flow chemistry applications
in the pharmaceutical divisions as well as in general the Life Science and Fine Chemicals
segment, Evonik has developed catalysts on granular supports specifically for flow based
continuous manufacturing, which is now offered on pilot scale from Evonik’s Precious Metal
Catalyst product group. As part of this new offering, Evonik has established a catalyst library
with a variety of dry granular type catalysts with particle sizes between 150 and 800 µm,
utilizing precious metals such as Pd, Pt, Ru, and Rh as well as bimetallic varieties.
Materials and Methods
Supported catalysts containing a variety of (?) Pd, Pt, Rh, Ru, and combinations of
metals were prepared in-house using Evonik’s proprietary synthesis methods. Their
performance was tested with in-house model hydrogenation reactions (cinnamic acid
hydrogenation, crotonic acid hydrogenation, acetone hydrogenation) for the respective metals.
The dispersion and particle size of the active metal was measured using carbon monoxide (CO)
chemisorption using the Micromeritics Autochem 2910 unit. The morphology and the
elemental distribution of the catalysts was studied using scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS), respectively, using the Phenom Pro X
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instrument at accelerating voltages of 10 and 15 kV. The amount of metal deposited on the
carbon supports was analyzed using inductively coupled plasma – optical emission
spectroscopy (ICP-OES) on the Agilent Labs 5900 SVDV ICP-OES Spectrometer.
Results and Discussion
Catalysts for the granular catalyst library were prepared with proprietary methods
utilizing supports of different particle sizes and precious metal types. These types included:
oxidic (including Pearlman’s type catalyst), reduced, eggshell, and uniform catalysts. During
preparation, it was verified that metal leaching did not occur by visual observation and/or by
ICP-OES metal analysis of the catalysts. The CO dispersion obtained in catalyst preparations
were consistent with those previously reported of 8-15% for Pd catalysts and 45-50% for Pt
catalysts, regardless of metal loading [4]. Although there is no apparent correlation between
CO dispersion and activity, a notable maximum is observed (figure 1). Interestingly the
catalyst at this maximum point, gave max performance in a model hydrogenolysis reaction in a
flow process.

Figure 1. Comparison of CO Dispersion and Activity for Pd/GC-1 (left). SEM image of
catalyst on granular carbon 1 (GC-1) (right).
Significance
Evonik is now offering this new library of granular catalysts for lab and pilot tests for
flow chemistry in pharmaceutical applications as well as other industries. In addition to the
granular catalyst library, Evonik can prepare custom designed catalysts for flow applications
based on the client’s specific reactions and process requirements on a case-by-case basis.
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Results and Discussion
Activity of the developed catalysts was studied in the process of carbon dioxide
conversion of methane to synthesis gas using a gas mixture of 33% CH4 + 33% CO2 + 34% Ar
(CH4 : CO2 = 1 : 1) in the temperature range 600 - 900°C at various space velocities. This
process is close to biogas reforming. As a result of varying the temperature, it was found that
carrying out the process at 900°C makes it possible to achieve the highest values of both the
conversion of the initial substances and the selectivity by H2 and CO. The effect of space
velocity is more important for the conversion of CH4 than for CO2 conversion and since
methane is the source of hydrogen in this reaction. The H2/CO ratio decreases with increasing
the space velocity. This phenomenon can be explained by the fact that the size of CH4
molecules (3.99 Å) is almost twice as large as CO 2 molecules (2.3 Å). Therefore, the
adsorption and desorption of CH4 molecules is more limited than that of CO 2 molecules under
reaction conditions at high space velocity.

Introduction
In the face of the global climate crisis, the global oil and gas industry is pivoting
towards a low-carbon future. The current level of technology does not allow abandoning the
use of traditional energy sources. However, it is already possible to increase the efficiency of
their use in order to reduce emissions. The reforming of alkanes and biogas, which are carried
out at high temperatures, has attracted much attention of researchers in recent years. Resistance
to temperature changes and thermal shocks is one of the most important requirements for used
catalysts.
The aim of the work is to develop modern composites for the production of "blue"
hydrogen, which contributes to solving the problems of decarbonization and achieving carbon
neutrality.
Materials and Methods
A series of Ni–Cr–Al-Mg catalysts with different loadings of the active components was
synthesized by the SCS method. The nickel content in the composition of catalysts varied from
5 to 35 wt.%.

Figure 1. Initial, burning and finished catalyst sample.
The catalysts were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM). Morphology and particle sizes were evaluated by transmission electron
microscope (TEM). The catalytic reaction was carried out at 600 - 900°C using СН4 : CO2 gas
mixtures in various ratios as a feed.
Effective catalysts for the production of synthesis gas from light alkanes of natural gas
as a result of studies have been developed.

Figure 2. Methane conversion on the 25% Ni - 5% Cr - 10% Al - 10% Mg - 50% glycine
catalysts at various space velocities (a) and influence the composition of catalyst on conversion
of methane at 600 - 900°C (b).
The effect of nickel content in catalyst composition on methane conversion in the
temperature range from 600 to 900°С at GHSV = 2500 h-1 was determined. The best catalytic
characteristics were observed for the 25% Ni - 5% Cr - 10% Al - 10% Mg - 50% glycine
sample on which high CH4 conversion (up to 98%) values were obtained. The H2/CO ratio in
the reaction products is 1.8 – 2.2. An increase in the reaction temperature leads to an increase
in the H2/CO ratio due to the growing proportion of the dehydrogenation reaction.
Effect of process temperature on selectivity by hydrogen and carbon monoxide was
investigated over the 25% Ni - 5% Cr - 10% Al - 10% Mg - 50% glycine catalyst. It was found
that the selectivity by hydrogen was above 87% already starting from 600°C and retained its
values (87-92%) up to 900°C.
Significance
Highly active and thermally stable catalysts have been developed for the process of
carbon dioxide conversion of methane and a model mixture of biogas, which is important for
solving the problems of decarbonization and achieving carbon neutrality.
The work was supported by the Ministry of Education and Science of the Republic of
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