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2017 Summary

2017 was a year of increased visibility and
innovation from iCSlresearch efforts We
have publishedin high impact catalysis
journalssuch aslournal of CatalysiandACS
Catalysis as well as mar generic chemistry
journalsincludingthe prestigiousJournal of
the American Chemical Society The
Industrial Innovation Areas (4A4 and 5 are
leading the way, buthigh-quality research
resultsand publications are in the pipelinfer
all llAs (36). Even more important is that
new directions for future innovation
developments for the industrial partners are
emerging Our industrial partner Inovyn is
already taking selected results to
implementation.

The whole iCSI team had the opportunity to
meet and interact duringhe 2017 Annual iCSI
Seminarin November, this time at a venue
next to the idyllic lake of Hurdalsjgen.
Students, academics, researchers and
industrial partners (49 participanty were
mixed in a tweday, hardworking scientific
and socidevent. For the first timgall three
members of theScientific Advisory Committee
were present, sharing their experience and
ideas with the iCSI members.

iCSkecruiteda large number of MSc students
in 2017 11 completed their Master thesis in
2017, with another 25 in progresghe family
of young iCSI scientists walsoincreased by
one new Phlzandidateat NTNUHongfei Ma,
who will work on catalyst deactivation and-by
product formation in the oxychlorination

exchanges for iCSI PhD studenit$ take place
in 2018!

The ICSI researchers have giverd9
presentations at national and international
conferences in 2017. See the publication and
presentations lists on p4855 for a full
overviewovei CS|1 researchers
including cepublications with many of the
institutions mentioned as international
partners (p.42. Some iCSI principal
investigators had particularly  high
international visibility during 2017. Prof. Unni
Olsbye (UiO) wasnvited for the SUNCAT
Summer Institute at Stanford University, the
Gordon Research Conference on Nanoporous
Materials and their Applications, and the
Catalysis for Fuels Faraday Discusdtwof De
Chen (NTNU) has established a major
networking and reseah collaboration arena
between Norway and China during his
sabbatical at the Key Laboratory of Chemical
Engineering, East China University of Science
and Technology, with invited lectures many

of the key Chinese research institutions and
events.

Finaly, the ICSI Boarchas seen
some changesKarina Mathisen
has replaced Tor Grande for
NTNU and we thank Tofor his

Board Terje Fugleruds the new gt
representative  from Inovyn
Steinar Kvisle retired from
Inovyn aftersevenl decadesof

GASSAKS program board &
TOTRL/UOPMTO demo plant
@ Feluy, Blgium, Fall 2011

processWe also had the pleasure to weloe
our 18t iCSlexchange studentMaster student
Luca Altavilldrom University of Torino (ltaly)
spent two months aHaldor Topsgén Lyngby
to perform operando Raman experimentsn
the Optical spectroscopy laboratoriesnder
the supervision of Dr. PablBeata Industrial

significant contributions and
active involvement in
Norwegian and international
research projects collaborations and
technology developments. Steinar was
instrumental to establishing iCSI, and wish
him all the bestin the years to come!



Master students from UiO and NTNU together with iCSI PhD
students and Scientists. More information available on pagé-46!
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Towards Innovation!

Another year has passed in iCSI. T
research activities are starting tc
produce really nteresting results and
publications arecoming out The PhD
students are experieficg a steep
learning curve, and are about to go fro

unexperienced to experts in their field ™

. . .. Odd-Arne Lorentsen (iCSI Chaffarg, Henrik Jensse@remmetsen
In other words— everything is as it (Master student,NTNU),Svein Tore HolsaethdCEO Yara)Signe
should! Marit Hyrve (Master student, NTNU)

In an academic worlgheoplealwaysfind interesting things to studysome galeep into theory others
scrutinizeevery detail of atopic. Arisk is however,that at youendup “ k nimgwverything about

n ot h Explgiriingcomplicatedtheory and scientific results to someofressskilled isalsodifficult,

and theremay bea tendency to ovesimplify things to make it easier to grasp. As a student and a
teacher itis important tomaintainscientifically correctvhen presentingresearch but in a way that

the recipientssee relevance fahemselvesGaining knowledge and insight is a cornerstone oi @&
research, but it is still only a tool to get further.

Value-creationis aboutputting theory into practice, and to make business outitofAs a student it
mayseem difficult to see th path fromfundamentalto applied sciencebut the aspect ofnnovation
should not be forgottenThePhDstudentsmaynot experience itvithin the durationof their project,
but shouldbe challenged to discuss the&iew knowledgén a contextof industrid applicationas well
as environmental footprintin order to obtainresults thatcanbe applied in the engdt is extremely
important to keepatight link between the academia and the industry. In i@ industrial partners
have invested significantfeirt andtime to developrelevant topics to exploreandall havefrequent
and good contact with both the academic staff and the students.

In order to ensure international scientific standard of the work, the Board has established a Scientific
Advisory Comittee (SACvith 3 professors from Politecnico Milano, University of CalifoiBekley

and Cardiff University. They all participated in the gathering helduatialsjgenast November with
valuable insight and questions as well as suggestions for funtbek. There is no doubt that thEAC

can and will contribute to improve the outcome of the work in iCSI even imdle future The Board

will facilitate good interactions between them and thy@ung researchers

To summarise, the iCSI Centrew has eerything it needs in order to ensutggh quality work for

the industrial partners as well as educating skil8ic and Phbandidatessuitable for careers both

in academia and in the industrhrough theCentre they wilklso establisimportant networksacross

di sciplines and industries that wil!/l be valuabl
the iCSresearchresultsmay leadio valuable insight and innovatipboth for the industry in Norway

as well as for the students involved! Thigan for Yara is worthiting as the final punchline:

“Knowl edge Grows”! W
//%‘L Orendyer

Odd-Arne LorentseniCSI Board Chair
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Organization

TheNorwegian University of Science and Technolgi NU) ishe Centre Host and Manager of iCSI
The iCSiesearch partnersNTNJ, SINTERdustryand the University of Oslo (UiO) represent the main
research groups involved in heterogeneous catalysis research in Norway, located in Tromdhelh (
and SINTBFand OsloWiO and SINTEFTheindustrial partners, Yara, KA Rasmussen B$nea,
Inovyn and Haldor Topsge A&8lsoconductsignificantown R&D. The collaboration enables optimized
use of complementary competence and a shared, highly advaesgarimentalinfrastructure that

is beingutilized, expanded and developed within iCPhe research is organized énIndustrial
Innovation Areas(llA16), each with 34 work packagesach IlAhas 23 research partners and-2
industrial partners]lA6is generic and involves all partners.

iCSI Centre Board

ICSI Scientific
Advisory Committee

iCSI Research iCSI Host & Project iCSI Industrial
Partners Management Partners

Management Industrial
Group committee
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ICSICentre Board

o

Odd-Arne Lorentsen Pablo Beato Lars Axelsen Terje Fuglerud ~ Johan Skjelstad

Yara Haldor Topsge Dynea INOVYN KA Rasmussen AS
(Chair) (Vice-Chair)

< Y

Duncan Akporiaye Karina Mathisen Vebjorn Bakken Aase Marie Hundere
SINTEF NTNU Uio (RCN Observer)

The Board is the decisianaking body for the execution of iCSI, with functions and mandate as
described in the i CtheCditerBeaodrshall emsure thay theitentomstand “
plans underlying the Contract for the Project are fulfilled, and that the activisessbed in the Project
description and the working plan are completed within the approved time frame. The Centre board will
further ensure that the interaction between the Centre, the Host institution and the other Consortium
participants functions smooth éEach partner is represented (perment + deputy) and has one vote.

The Research Counoil Norway is represented by an observer.

|CSI Management and Administration

Hilde J. Venvik Dr. Estelle Vanhaecke Torgrim Mathisen
Professor Senior Engineer Senior Executive Officer
Dept. Chem. Eng. NTNU Dept. Chem. Eng. NTNU Dept. Chem. Eng. NTNU
iCSI Centre Director Coordinator iCSI iCSI economy advisor
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TheScientific Advisory Committee

Prof. Enrique Iglesia Prof. Graham Hutchings

CARDIFF
POLITECNICO B k 1 UNIVERSITY
MILANO 1863 GI' € ey

UNIVERSITY OF CALIFORNIA CAERDY@

The appointmentto the iCSI Scientific AdvigorCommittee (SAQ was finalized in 2017. Three
renowned scientists from prominent institutions who have excelled within iCSI relevant areas of
heterogeneous catalysis have committed to contribute to iCSI and act aisatiap for the iCSI
researchers Ther main tasks is to advice the iCSI Board on the ongoing work in the Centre, to
participateand interact with the young researcheas the iCSAnnual Seminar, and to promote iCSls
internationalization and recognition.

The Board and whole iCSI tehad theprivilege to meethe SAC membegt theiCSAnnual £minar
in November 67 at Hurdakjgen Norway.Theygavetheir first advice and critics during the seminar
and gave verynspirationalpresentations

Towards more accurate descriptions of reactivity acid and oxidation catalysis on metal
oxides,by Professor Enrique Iglesia.

Catalysis using Goldhy Professor Graham Hutchings.

New challenges in the SCR technology for stationary applications: a focus on Hg oxidation,
by Professor Alessandra Beretta.

More information on the seminar is availalde pages 13-14.
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An overallobjectiveis to strengthen the competitive position of the industrial partner by securing
their technological lead with respect to selected catalysts and psageerations, and enabling
further reduction in environmental footprint. In addition, certain Norwegian industrial operations and
industrial core competences can be secured and developed.

Yara International AS#s a Norwegiatbased chemical company wit@rtilizer as its largest
(« business area, but with industrial gases, catalyst production and NOx abatement solutions
Y7.Y-Y§ for industrial plants, vehicles and vessels also in its product portfolio. In addition to being
present in more than 51 countries, Yara ogies 2 industrial production sites in Norway,
Porsgrunn and Glomfjordvith approx. 700 employeedn iCSI, Yaraims to furtherstrengthen its
global competitiveness through innovation.

% K.A.Rasmussen KA RsmusserASis arefiner of precious metagsdsupplier of catyysts
Norway and products based on precious metals located in Hamar, Norway
among other places in Europ€A Rasmussen has specialized in technology for producing structured
catalysts for the Ostwald process, and silver particles for oxidation of metHamn@B, KA Rasmussen
wants to expand its catalyst market base, contribtdemeeting emissions targetand reduce the
consumption of noble and scarce metals in their product range.

Dynea ASis a Norwegiarowned company for wood adhesives productiomgustrid
CI near coatings and licensing of Silver Formaldehyde plaiitis productions sites in Norway,

9 Denmark and Hungary.yDeaholds several unique technologies for licensiagd its
further technology R&D is based in Norwdg.iCSl, BPnea aims to continue its teatmological
leadership in formalin production for improved plant operations and reduced cost, as well as increase
its licensing.

inc vyn INOVYNs aleading producer ofhlorvinys andassociated productsyholly owned by

INEOS. INOVYN t&Buropean productiositesand 4300%employees, of which INOVYN
Norway constitutesbout 300 employees itwo sites; the chlorine/VCM production Rafnesand the
PVC planat Hergya ThroughiCSI, INOVYants to further improve the VCM technology achieve
world class energyral raw material efficiency.

HALDOR TorsoE [ Haldor TopsgéSis a catalyst producer and process plants technology
developer based in Denmarkopsges known for its emphasis on research and scientific excellence
as a basis for its businedn.iCSI,Topsgeaims to exploe new, direct routes from lower alkanes to
bulk chemicals, thereby expanding their technology range and potentially reducing the energy
consumption and emissions associated with such production.
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Highlight 2017

An importantiCSlachievement irc017,wasthe paperfrom Industrial Innowation Area 5Sreleased in

Journal of the American Chemical Society (JAQ@gthane to Methanol: StructureActivity
Relationships for GCHA by Di mi tri os K. Pappas, El i sa Bor fe
Kirill A. Lomachenko, Andrea Martini, Matteo Signorile, Shewangizaw Teketel, Bjgrnar Arstad, Gloria
Berlier, Carlo Lamberti, Silvia Bordiga, Unni Olsbye, Karl Petter Lillerud, Stian Svelle and Pablo Beato.

In this study, Ciexchanged SSE3 zeolites were used taleave the €4 bond of methane at

t emper at Wy enabling iz Gdective partial oxidation to methanol.daeshers from UiO,
Haldor TopsgeSINTEF and the University of Torino combined activity tests aag absorption
spectroscopy (XAS) to inviggite the influence of reaction parameters and material elemental
composition on the productivity and Cu speciation during the key process steps.

It was found that the active CGumoietiess are formed in @ preferably at high temperature and at
prolongedactivation time. The reducibility of the materials and their methanol productivity correlate
linearly. By optimizing the process conditions and material composition, a methanol productivity as
high as 0.2 mol GBH/mol Cu (12%m/g) was reached, the highest value reported to date for Cu
SSZ13. Cliis preferably located in 2Al sites in 6r at low values of both Si:Al and Cu:Al ratios and is
inactive for the conversion of methane. Z[Oi] are identified as the precursors to theethane
converting active sites. A critical examination of the reported catalytic and spectroscopic data enabled
the proposal ofdifferent route for the activesite formation.

*parts or functionabroups

Reference: J. Am. Chem. S2817Z Mo b Z 49%51 obc Mmb ™

UiO ¢ Universitetet i Oslo HALDOR TOPRPSOE m Sl NTEF

10
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SAC portrait
ProfessorAlessandra Beretta

Professor Alessandra Beretiarksat the Laboratory of
Catalysis and Catalytic Processes at Politecnico
Milano. Since June 2016, she is also one of our thr
prominent iCSScientificAdvisors We had the privilege &
to meet her during our Kieckff meeting in November
2016 and the iCSI seminar 20Here she gives us the
chance to know her betterboth as a person and a
scientist.

POLITECNICO
/ MILANO 1863

Adwell, | have dense dsX

Inevitably a large part of my time and engy is devoted
to research orto my job in general (many time
consumingactivities at the university are not necessari
& NB a Sand\gidKikg in age antesponsibilitybrings
more of them).

My family occupies largepart of myheart and my thoughtd have a husband, Aldo, an environmental
engineer working in the field of soil remediation (there is a lot to do in this field inhiatipecessarily

new chemistry, butvery importanj. He loveskiingand hikingthe mountain,and this tends taffect

our weekends and vacations. But we met on a boat while sailing in the Mediterranean. We have two
kids Emanuelé14) and Marta(11).KA R& | NJof Xya® & yi /Sy Goukdeppibuddiniedery,
feelingsandS FF2 NI X dodzi (G KS& | NB ySGOSNI FdzZ £ HH

As Caholics we are well integrated in our church communityhich means time for being together
whilegiving help and supporttothersa @ K200ASaK L R2y Qi |katathssic A YSH
educationin sports and music an@lthough | cannot play snguitar any longer, from time to time |

am able to join a polyphonic choir and sing. | do love it. And of course | love cooking. Hilde once told

me that in Norway bread ia staplefood: impossible! How can you live happifyfot of my time is

related tothe choice of raw material, theecipes the LINS LJI Nl-stiohgdy yoelieve in the healing

power of food For me sincecookingis therapy, for whomit is prepared¢sincefood is an excellent

vector of loveand healthé

I never recommend enoughstudy theresearchiterature. | myself suffer from having leg
and less time to do it. For the specific case of the iCSlI, considering thesiohsgmuli to
which the students are exposed, | would recommtergrasp them and squeeze from thi
experienceas much asthey can, from the own and other advisors, the variol
laboratories, the industrial partners, the advisory board members!

11
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GThe mat exciting thing in catalysis i
understanding what is going on, mor
properly which surface mechanisms a
physical factorsthat can explain the
observables Then translating this
understanding ito engineering
correlations that describe mathematical
the phenomena, and eventualtp apply
the knowledge to design new improve
solutions a different reactor design, &
change of operating conditions, a ne|
experiment that demonstrates a concept
a systematic trend.

In my daily workalsq | feel motivatedoy
the relationship with the students and th
colleagues.

The research group s secondamily.€

ICSI Sciettific Advisoly Committeemember

Alessandra gives us her point of view abiiSbndh e privilegedposition asa SAC membér

The first time learned ofCSl, | was struck by the field and objectives of the research projects: industrial
chemistry with pecific improvement godlg his is somewhat unigue the presen European context
TheCentrehasthe courage to rexaminectextbool€ industrial processes, in the acknowledgement of
their pivotal role in the economy of the company and thus of the courdtling for new ideas that

can improve the efficiency and lower the costs. Well, this has been the topical driving force for the
chemical engineering since ever. iCSI has also room for a -deaation, like methane selective
oxidation, but again startinfrom the recognition of its industrial potenti?dCShas the potential o&
formidable example for Europe, also considering the attention that Norway and its approach to
industrial innovation attracts.

| observe the progress ttie researchactivitiesthat engagethe forces of several individuals with
different competences and background (the PhD student, the WP leadexeaimt reseacherghe
industrial partner, the iCSI board). A very comprehensive picture, where so many aspects and
approaches are irolved. | can learn a lot.

| feel honored by having this privilege and committed to give myribation, where my competence
and previous experience permit. | magoadmit, thatbeingin theSAQI 2 ISGKSNJ 6 A G K (KS
colleagues makes the wholexhy 3 S @Sy Y2NB SEAGAY3AH . dzi F3IFAYyI A

The risk? Well, | hope that the industrial partners will be able to be courageous to the very end;
industrial implementation of new ideas has an incredibly high activation energy.

12



The iCSI Seminar closed 2017 under the best ausparethe first timethe three members of the
Scientific Advisory Committee (SA®gre present with the students, researchers, academics and
industrial partners. In totafl9 participants shared their experience and ideas at a venue next to the
idyllic lake of Hurdalsjgen.

It was ceorganized with theNorwegian Catalysis Symposiu(NKS) with parallel sessions, making the
seminar as an outreach to other research groups in Norway. Rolddi Tsakoumis and Prof. Hilde
Johnsen Venvik were the organizers agtwvent.

The SAC members gave excellent lecsuethe inspiration of every researcher and provided high
valuable input during the seminar. Their ability to quickly understand antbghe core of each

research activity was striking, and as such, they are already clears &39€1SI. They also proved
themselves as harxbn scientists, preferring direct interaction on the science and with the

researchers.
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The feedbak from all the participants was very positive with respect to the venue, the organization
andthe seminar content. There is still room for improvements and already some input will be taken
into account in the next seminar edition!

The SAC members judgdie Centreas running well, with potential for lifting the research from
“good” to “excellent” while at the same ti me

To sum upthe iCSI seminar 2017 was a success and contribiatedore efficient cenmunication
between iCSI members!
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Researcher s’ COoOr ner

This yeaywe challengedsomeof the researchers involved to present their job, their collaboration and
their perspectives and ambitions f@€SIThe first teanconsists olYaraKA Rasmussethe University

of Oslo,SINTERNnd NTNUwvorking together in Industridihnovation Areal (IIA1). Tie second team
workswithin [IA3 to improve the silver based formalin technology and invohesgarchers from K.A.
Rasmussen, DyngldTNUand SINTEF.

Nitei ¢ wWworl d
@ UiO ¢ Universitetet i Oslo ﬁéﬁ;iﬂsmussen SINTEF B NTNU

==

UiO-SINTEFraraKA Rasmussen team during the iCSI seminar in Nov 2017: Silie Fosse Hakonsen, Arne Karlstsak
Skau, Asbjgrn Slagtern Fjellvag, hielr Fjellvag, David Waller, Johan Skjelstad, Anja Olafsen Sjastad, Oleksii Ivasher

Anja Olafsen Sjastai$ Professor ahe University of Oslo in the Inorgamuaterialschemistrysection

of the Department of Chemistr{der research is directed towards synthesis and characterization of
inorganic solids,n-situ studiesof metalon-support catalysts and surfacesyith emphasis on
developingmproved catalystsShe is also the leadef IIA1, where the reseechers from industryand
acadeniaw o r k unalerstafiding how we can improve catchment of noble metals lost duryg hi
temperature ammonia oxidatigrand recent and excitingesults from this activity can be found on
page2l.

GTo understand the potential we should be aware that in a medium pressure (NI Acid)
plant, about 0.2 g of platinum (Pt) is released from the catalyst per tonsigh@uced. In the
current Pt catchment technology, palladium @Rdkel (Ni) gauzes are capable of recover
about 70% of this. Duringt catchment, however, significant quantities of Pd is also releaseo
if we understand the mechanism of the catamhof the PtQ (platinum oxide) species and th
associated Pd losge may come in position to significantly improve the cost and efficiency
precious metals recovery §Anja Olafsen Sjastad).

15
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Anja obtained her PhD in solid state chemistfijom the University of Oslo. Her PhD work was on
“Structure and st alrbonates- Yroperfies of dld basedcRuddteddeopprri d e ¢

t ype oTheredftesshe.joined SINTER 1999 din SINTEHR worked on projects spanning from

catalyst development to productiasf silanes and polgrystalline silicon. My keen interest in silane

silicon production resulted in that | joined REC Siiic2606. In RE@ne of my most important duties

was the startup of the new silane plants the! { | Y R -02KiSi SRS SO AyIé¢ 2F &2
chemistry issues connected to the production ulRtturning to academiwas not a planned carrier

move but | have not regrettedt and | enjoy interacting with young people aoadllaborating with

industry and otheresearch groupsationally and internationall.

David Wallerwas born and educated ithe United Kingdom
with a B.Sc. in Chemistry "hiversityCollege, Cardifa M.Sc.

in Surface chemistry at the University of Bristold a Ph.D. at

t he Uni ver ByPAhD. work, onBethandl synthésis
catalysts was in collaboration with the tayst group of
Imperial Chemical Industries (ICl) Agri Divisiehich was
subsequently spuaff and then purchased by Johndgiatthey.

I then undertook a number gbostdoctoral fellowships at
University College, Londoiin the Davyaraday Research
laboratory of the Royal Institutigrat Imperial College. These
positions involved the development of lighdsed computer
circuits in-situ Xray diffraction and absorption spectroscopy of
catalystsand ionconducting membranes faolid oxide fuel cell
andgas separation applications. These periods of study and research led to my interest in the synthesis
and characterization of materials, catalysis,-mmducting materials and materials transport (selid
state and vapour).

Yara team:Mohan Menon, David Waller

I havehad various positions iitndustry including the production of paint with |@le production of

superhard metalceramic composites at Sandvik Hard Materials AB, and research irtorduncting
membranes and catalysts with Norsk Hydvar@prior to 2004) Now, at Yara Technologg€entrein

Porsgrunn| am employed as Senior Catalyst Expert and based in a newly established group called New
FrontEnd Technology & Process Intensification. The remit of this group is to evaluate and develop new
processes for the production of ammoniadanitric acid; with time perspectives€sand~H p & S| NBR ¢ ®

Anja thinks the cattment challenge is exciting: ¢ K N2 dz3 K S E L#8MeJuMi& e dysiem
we are able to mimic plant conditions and reproduce the reconstruction and material degrac
of PdNi gauzes, as well as studying the deposition of; Bt these.We obtain Pt diffusion

profiles in the catchment alloyésee also p 249nd combine variougx-situ and operando analysis
methods to image morphology and to map compositional gradients and phases preséfd.are

convinced that this systematic approach, developadljowith our industry partners, will bring ne\
insight- information may in the next step be cleverly used to optimize materials properties ¢
OF 6OKYSyYyild GSOKy2f238 d¢

David i s al s o Thisesubject is litthe studied; with fess than 2@ademic articles
published in the last 40 year3.he Yara facilities (laboratory and pilot), along with plant data ¢
knowledge complement those of the University of Oslo,Rhecess Chemistry and Functior
Materials group of SINTEF in Catwl our otf8 NJ A Y Rdza 4 NB  LJ NI Y SN Ay
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Mohan Menonstudied Ceramics materials for his Bachelor Tech in lIT, Varanasi in India and took his

PhD in Materials SciencetateUni ver si ty of Mi clhavegworked with meessiAg bor , |
and characterization of materials to enhance their performance. | have worked with structural
materials, electrochemical devices, catalysts, Si wafers for solar power, exhaust cleaning and other
environmental technologiés. Hi s |j ob oigry Ya&ma r freddicindevelopohentsfor “

Yara Industrial that sells environmental solutions, optimizing processes in Yara Production to minimize
emissions, map and assess status of emissions from various Yara plants and to help achieve Yara its
envirormental commitments and goals”

David Waller and Mohan Menon work witRTNUand SINTEF in Trondheiom developing a
heterogeneous catalyst for the oxidation of NO to N®ofessorMagnus Rgnningpads a WP team
of one PhD student and tw&INTEF senior searchers with several specialization and master

students engaged.
é‘#i a
v

YaraNTNUSINTEF meeting at NTNU (left to right) Bjglhristian Enger, Rune Lgdeng, Magnus Rgnning, Davi
Waller, Arne @ygarden, Mohan Menon, Ata al Rauf Salman

“¢ KAa Aa | 1Sé& aidSLI Ay GKS LINE RdzO (exgajfs Badfids ¥ KENRA O |
aim is to replace a homogeneous oxidation process, which requires heat remoadbagdesidence

time, with a catalyzed process coupled with heat exchangéris will yieléd more intensified process,

with the added bonus of additional energy recovery. In this activity, Yara has prBViDestudensta

ul Rauf Salmaat NTNUwith information on the NO oxidation reaction from an industrial perspective,

along with information on our experienciestK S | y I f @aAa 2F yAGNR3ISY 2EARS

Both Yara researchers are confident in the continuation and the development of this project. Mohan
emphasizesthat in order to succeed in iCSI weed to“strike the right balance between basic research
and industrial application of catalytic processes. In my opinion, we are dealintheithallenge very
gStf YR 6S aK2dzZ R {SSL) GKAa T20dz d¢

GThe greatest challenge for us in iGSto ensure thatundamental knowledge gained through ot
academic partners is translated to a real world solution that can be implemented in our. Ql&iets
in an industrial research environment, a task is completed using the minimum level of infarr
2NJ RIFGF NBIdZANBR G2 O2YLX SGS GKS GFrajlo 2 ¢
O2YL) SGS GKS 220 Ay I alFFS I yR NE{justifighie B a
commercial environmentis quite different from academia where kmledge itself is a product witk
high value.Collaborations, such as iCSl, give the industrial partners an opportunity to gain nr
in-depth knowledgefrom our skilled and webdquipped academic partnebgfDavid Waller)
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Silver at itdest

O
dynea’ SINTEF Eéﬁ;gzyasmussen ONTNU

IIA 3 team meeting: (from top left to down right) Stine Lervold, Hilde J. Venvik, Rune Lgdeng, Thomas By, Jasmina Hafiz
Cavka, Johan Skjelstad, Kamilla Jenssen, Kristin Bingen, Herdis Petersson, Roman Tschenscher

Who is in the team?

Jasmina Hafizovic Cavkalds a PhD from the Department of Chemistry, University of Osldhegis,

defended in2008,wa s a ®yothesis, characterization and testing of meiadanic frameworks

(MOFs) for applicationwithin catalysis and gas separatiof She has since ,been w
first “asa research scientistithin development of catalysts and adsorbentsvarious reactions and

processes, thehgot promoted taResearchManagerin 2013 For thetime bang, our research group

"Process Chemistry and Functional Materials" consists of 20 peoumleve cover broad range of
O2YLIS(SyO0Sa ¢AGK GKS FAY G2 &SNISasnigaiako leadsi A 2 y I f
Industrial Innovation Area,3n which he partners collaborate to improve the silver base formalin
process.‘Since iCSI gathers the main industrial and academic partners within catalysis in Norway,

think it is time to leverage further. By that | mean that that we should generate more irallystri
relevantspi®@ T¥ | OGAQGAGASad LYy || o0dzaeé RIAf& fAFTS GKAA

Thomas Byholds a Master degreim Materials Science and Engineering from NTAkJa student, he

was actively engaged through tiséudent organization for Material Scies, Petroleum andeology

at NTNU( Bergstuderendes forenirig) to ensure a good soci al env
newcomers in particulatHi s j ob at K .m& first fRllEinserjoly sviseee i workson the

challenges withithe hydre and pyrometdlurgyfields,and also on the finished product side
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Kristin Bingenobtained her Master degree in Mechanical Engineering from thepartment of

Thermal Energy andHydrgpower at NTNU.She worked five yearsvith application support in

simulation of chemidal systemsat COMSQLbefore joining Dynea eleven years ago. Kristin has two

main responsibilitiesas a Senior Engineer in Process Developraent D ylnverlato imgrove the

Dynea Silver Formaldehyde process, wheréQlsé project for improvement ofelsilver catalyst is an

important part InadditoE L R2 LINRPOS&aa yR SySNHé& 2LIGAYATLFGAZ2
LX FydG G [Aftf SaiNDydé

Rune Lgdendholds a PhD fronDepartment ofindustrial ChemistryNTH (now NTNU) His PhD
researchwa s  &inetic‘mmdel forconvertingmet hane directly to met hanol
reactions and model building. He wacruited toSINTEF by Professor Anders Holmen and has been

wor ki ng t hhave beersciimbingethe hdtizontal career ladideé8INTEF and am now Senior

Scientisin the Kinetics and Catalysis group, now part of the Process Technology department at SINTEF
Industry | contribute to building strategic competence, delivarojectresearch results and solving
valueadding problems fothe industry.l try to keepup practical work in the laboratory as often as

possiblé Achallenge for SINTEF is to stick to its maingtéehnologyg andmaintain strong strategic

relations with national industry. It @lsoa responsibility to give the be(realistic) advice to society.

We can becomevenbetter than today”

Challenges at each side

[IA3involves two industrial partnerynea and ’
K.A. Rasmussenand two research partners,
NTNU and SINTEFasminaconsider hettaskas
“makingsure that ve have smooth collaboration
between all partners and that weursuethe
goals we have setdThrough iCSIwe have
learned to know each other and to bettel
understandthe industrial challenges. Moreover,
we have been lucky to have several NTN
students invaled in this project, both master,
PhD and Postdocs. This has been a very posi
experience that resulted in several interesti
scientific findingsnd discussion 8-4 meetings are held every yearbut there are frequenemail
andtelephone discussigsnwhenever questions or probleragse andeveryone is contributing

The industrial partners knowaeh other since long as Dynea is a customer of K. A. Rasmusse
they have been collaborating on the refining and regeneration of the silver catalyst by electrc
Bot h have hi gThe geatgstechatieage with alveays be'deliver the bes possible
catalyst productss ¢ KA &a Aa GKS NBlFazy 6S 22AYSR sayg
Thomas I n Dy n‘etalbgea ¥aormealdehyde Silver technology is today the prefe
formalin technology due to lower operational cost witlspect to energy and catalyst. Btay

competitive, it is important that we also reduce the raw material consumption of methahlah

iCSI we aim to deliver the best catalyst and process technolbdy i K NI & LISa@siKristin2
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The Team 2017

Anja Olafsen Sjastad uio

David Waller YARA

Terje Pedersen KA Rasmussen

Helmer Fjellvag uUio
Asbjarn Slagtern Fjellvdg  UiO
Martin Jensen uio
Galina Tenkova Yavasheva UiO
Oleksii lvashenko uio
Maximilian Warner YARA

Johan Skjelstad KA Rasmussen

Thomas By KA Rasmussen
Arne Karlsson SINTEF
Silje F. Hakosen SINTEF
Spyros Diplas SINTEF
Barge Holme SINTEF
Magnus Rgnning NTNU
Rune Lgdeng SINTEF
Ata Al Rauf Salman NTNU
Henrik Jenssen NTNU
Beate Meisland @stradt NTNU
Signe Marit Hyrve NTNU
Mohan Menon YARA
Bjarn Christian Enger SINTEF

Oralcontribution

industrial Catalysis Science and Innovation

Centre for
Research-based
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sfi

The Research Council of Norway

lIA leader, PhD supervisor and WP responsible (WP1.
advisor (WP1.2)

Industrial senior (YARA), PhD supervisor (WP1.1),
industry researcher (WP1-2.3)

Industrial senior, indusy researcher (WP1:1.2)
Advisor (WP14L.2)

PhD candidate (WP1.1)

Master student (WP1.1)

Master student (WP1.1)

Postdoctoral fellov (WP 1.1)

Industry researcher (WP 1.2)
Industry Researcher (WP1112)
Industry Researcher (WP1112)
Researcher, WP responsible (WP1.2)
Researcher (WP1.2)

Researcher (WP1.2)

Researcher (WP1.2)

PhD supervisor, WP responsible (WP1.3)
PhD supervisor, researcher (WP1.3)
PhD andidate (WP1.3)

Master student (WP1.3)

Master student (WP1.3)

Master student (WP1.3)

Industry researcher (WP1.3)
Researcher (WP1.3)

Salman Ata ul RaufEnger Bjagrn ChristianLgdeng Rune Menon, Mohan; Waller, David R@nning
Magnus Catalysts forattaining NO/NG; equilibrium, iCSI seminar, November7 Hurdasjgen

Norway

Poster contribution

Fjellvag AsbjgrnSlaytern; Waller, David Warner, Maximilian Sjastag AnjaOlafsen Reconstruction
of PdNi catchment gauze during high temperature ammonia oxidatjo6SI| seminar, November 6

7, Hurdasjgen Norway
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Motivation

Nitric acid production is a threstep process aindustrial scale. NHSs first oxidized to NO over a-Pt

Rh gauze catalyst at high temperature, and this is followed by a homogeneous gas phase oxidation of
NO to NQ@at moderate temperatures. Finally, the nitric acid is obtained by absorption pirNkter.

A major technological challenge is loss of Pt and Rh in the highly exothermic first step. To avoid
permanent los®r costly recovery, an optimized recovery system is required. This is targeted in WP1.1
and WP1.2 through investigating the fundamentsphects of PGM species volatilization and transport,

as well as the surface decomposition, absorption and diffusion into the solid phase catchment system.
WP1.3 concerns the development of new catalyst technology for oxidation of NO,fevRioh would

the capital investment and increase the energy recovery by replacing the bulky homogeneous
oxidation by a compact, heterogeneously catalyzed process.

Recongruction of PdNi catchment gawzs during high temperature ammonia
oxidation- PhD projec{WP1.1)

The exothermic nature of the ammonia oxidation reaction results in large quantities of platinum loss
in form of PtQ vapor. Evaporated PtQOs transported downstream before capture by a-Rid
catchment gauze. In &situ lab scale experiments, performed inrmew sixzone furnace system, we
are recreating plant conditions with the aim to understand the underlying mechanisms for the
reconstruction of the PdNi catchment gauze. Preliminary results indicate fast oxidation of Ni to NiO,
mainly along grain boundaes. Furthermore, in presence of steam, tRdNiwire is depleted in NiO,
probably leaving the wire as volatile Ni(@HJotably, reconstruction of grains and pore formation is
observed only when Pt(s present in the gas stream (see imagelow). Thepresent results show
that we through these simple lab scale-&ku experimentsnow are able to reproduce the
reconstruction observed in the industrial & catchment gauzes. We are thus in position to harvest
data that provide us with key information @ghe reconstruction mechanism.

Left panel, sixzore furnace system suited for rereating relevant plant conditions. Right panel, electron microsc
samples images (overview and cresection closeup) obtained by focused ion beam sample preparation from a-Ri
wire treated for 1 month with Pt upstreamn a wet oxidizing gas.
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Experimental investigations of Pt/PtRh volatilization and catchniéR1.2)

A dedicated skzone reactor system is used for generating volatile ;Ptfaecies and subsequent
catchment on pure Pd and FRt alloy materials. Thaufnace is optimized to provide temperature
gradients in the range 860200 °C, representative of those that margvailbetween the locatiorof
Pt volatilization in the ammonia oxidation and the catchmegatizein the industrial process.

An analysis "todbox" includingeBSD, SIMS, WLI and Skbds established and put into operation by
evaluating a series of polycrystalliRel andPt-Pd alloy model samples. The methodolatgveloped

is currently utilized for evaluation of Rfiffusion profiles inthese model catchment materials. The

surface crystallographic orientatiaf fresh sampless firstmappedby EBSDCatchment experiments

are thereafter performed, and diffusion profiles a@btainedon grains with different crystallographic

orientation. Recent radts show overall consistent fiffusion profiles for the Pd and 60Pd40Pt
(wt.%) model samples. Improved methodology for studying high Pt contdpt&toys is in progress.

10 o
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e "g o Crater h
? Crater i
% a Crater j
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8 © ¥ .
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Catalysts for attaining NO/N@quilibrium- PhD projet(WP1.3)

Replicating the demanding conditions of industrial NO oxidation in a laboratory reactor is challenging.
NO oxidation is a homogenous gas phase reaction favored by high concentration of NO. In order to
study the kinetics of the catalytic reactianjnimizing contributions from gas phase reaction is crucial.

An experimental setup capable ioivestigatingcatalysts for NO oxidation under boéimgineexhaust

and industrial conditions has been designed and validated.

Catalytic oxidation of nitric ox@over supported platinum catalysts using a dry feed (10% NO26% O
was studied. A kinetic model has been established, and apparent activation energies and reaction
orders were determined. A reaction mechanism is proposed based on observed experimsulial re

and the rate expression.

Several catalytic materials are currently under investigation for NO oxidation. Transition metal oxides
and perovskites are being explored and compared to noble metal catalysts. The most promising
catalysts are currently begntested in presence of water (15%).

Vent

Catalytic NO Oxidation —
Filters vt Water

Absorber

Catalytic NOx
abatement

7-12 bar

7-12 bar

Weak acid
(45-50 wt % )

Evaporator ED BFW 1=

Steam

Nitric acid Product

[ | ! ](52-65 wt % )

Stripping
air

Stripper

Step 1: NH, Oxidation Step 2: NO Oxidation Step 3: NO, Absorption
4NH,;+50, 4NO +6H,0 2NO+0, 2NO, 3NO, + H,0 — 2 HNO, + NO

Process flow diagram of a single pressure nitric acid plant indicating substitution of gas phase NO oxidation wit
compact catalytic converter.

Manuscriptin preparation

SalmanAta ul RaufEnger,Bjgrn ChristianAuvray,Xavier Ladeng,Rune Menon, Mohan, Waller,
David RgnningMagnus Catalytic oxidation of NO to N&for nitric acid production wer a Pt/AbOs
catalyst
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The Team in 2017

Jasmina Hafizovic Cavka SINTEF lIA leader

David Waller YARA Industrial senior YARA, industry researcher (WP2.1)
SiljeF. Hakonsen SINTEF Researcher and WP responsible (WP2.1)

Roman Tschentscher SINTEF Researcher (WP2.1)

Arne Karlsson SINTEF Researcher (WP2.1)

Knut Thorshaug SINTEF Researcher (WP2.1)

Patricia Almeida Carvalho SINTEF Researcher (WP2.1)

Joachim Graff INTEF Researcher (WP2.1)

Martin F. Sunding SINTEF Researcher (WP2.1)

Karl Isak Skau YARA Industry researcher (WP2.1)

Oral contribution

HakonsenSilie F.SkauKarl IsakWaller,David Arstad,Bjarnar SundingMartin F; Graff,Joachim S.;
Tschentscar, Roman Diplas,Spyros Karlsson Arne Cavka,JasminaPoisoning of vanadidased
catalysts for selective catalytic reduction (SCR) of N@&I seminar, Novembef76 Hurdasjgen
Norway

Motivation

Selective catalyticeduction (SCR) is a core teclogy in the treatment of
Nitrogenoxides NOXx)in exhaustfrom stationary power generation (coal, oi

N NH;
and gas), nitric acid production, and heawad vehicles. The application i J
marine machinery is an emerging market due to stricter emission regulatir . > ey

Ox
The most common SCR catalyst technology for power and marine applica

is based on vanadium oxides combined with other oxides; typically suppo

on monolithic structures to allow high throughput and minimum pressure di :

for the reduction of NOx witammonia (NK). Catalyst lifetimes may be as lon \‘ l I/
as 5 years, but vary due to differences in their exposure to poisons, dust N2

soot. In oil and marine applications, sulphur levels may be high (up to 5%),
increasing the risk of degradation of the catalys per f or mance.

H.0

It is therefore desirable to rejuvenate or regenerate the SCR catalysts. The former typically involves
dust removal and washing to remove surface particulates and soluble degmgiimplies difficulties

with respect obtaining full recary of the activity. Regeneratiomayinsteadinvolve the addition of

an active phase to recovenore ofthe original activity. It would be highly beneficial if the catalyst
activity coutl be recovered in a simpler waihis is targeted in WP2.1 throughsii gaining a deeper
understanding of catalyst deactivatianechanismdyy thorough characterization of the catalyst at
different stages of the its lifetime, and then translating this knowledge into new measures.
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Resultsand conclusions

The studied SCR edigst consists of anatase Ti@s a support material, W{@s a promoter for activity

and stability, and MDs as the active redox species. The monolith itself also contains significant
amounts of binder materials used in the extrusion process of the stredtgatalyst. A toolbox
consisting of a range of different characterization techniques has been developed in order to gain
better understanding of the structural and chemical changes in marine SCR catalysts during operation.
These changes will in the nestep be linked to the performance of the catalyst.

The spent SCR catalysts have been studied by eloggon microscopy (EM) combined wiimergy
dispersive Xay spectroscopYEDSPn a crosssection of the monolith wall. The results from a SCR
catalyst used in a marine application are presented below. EDS analysis from different areas of the
crosssection reveals that the concentration profile through the wall is relatively uniform for most of
the elements present. An exception is Ca andl8chdisplayenrichment towards the surfac&oth
scanning (SEMDS) and transmission (THWDS) electron microscopy analysi®wthat these two
elements are associated, amday diffraction KRD confirmsthe presence of Ca3('he catalysalso
showed some emchment of vanadium (Mgt the surface that most likely originates from the fuel.
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Concentration profile through the monolith wall.

Xray photoelectron spectroscopyXP$ was performedon a spent SCR catalyst from a marine
application Analygswere made of both the entrance side and exit sidéh@ monolith to see if there
were any differences in the vanadium oxidation state

relative to how heavily the catalyst has been poisoriEue
V2p2 spectra were then compared to theorresponding
spectrum of a fresh catalyst and the spectra from tv
vamadium oxide references. The results show that all thr
catalyst samples contain a mixture of°*vVand V4 A
surprising result is that the fresh catalyst sample contain
higher amount of V" than the used samplesThe used
entrance sample also displays additional contribution

Vs 4

Athitry Units

(shoulder) on the high binding energy side (marked vaitr  |used exit i
blue arrow) Thisindicates formationof vanadium species //
other than \(Os and \4O. resh ] vl

sls
Rinding Frerzy (6V]

XPS V2g, spectra
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lIA 3Frontier formalin technology development

The Team in 2017

Jasmina Hafizovic Cagk SINTEF [IA leader

Kristin Bingen DYNEA Irr;:;(s)tr:gllﬂsee(n;ozr) industry researcher (WP3.2-3.3), WP
Hilde Venvik NTNU PhD supervisor, WP responsible (WP3.1), advisor (WP3.:
Terje Pedersen KA Rasmusser Industrial senior, industry reseeher (WP3.1)

Johan Skjelstad KA Rasmusser Industrial senior, industry researcher (WP 3.1)
Thomas By KA Rasmusser Industry researcher (WP3.1)

Herdis Petersson DYNEA Industry researcher (WP323)

Jia Yang NTNU PhD ceadvisor (WP3.1),

Stine Lervold NTNU PhD student (WP3.1)

Rakel Johanne Ekholt NTNU Master student (WP3.1)

Nicolas Beck KITNTNU Master student (WP3.1)

Kamilla Arnesen NTNU Master student (WP3.1)

Rune Lagdeng SINTEF PhD supervisor (WP3.1), researcher (WR33)

Roman Tschentscher SINEF Researcher (WP3.2.3)

Oral contribution

Lervold, StineBeck, Nikolas; Yang, Jia; Ladeng, Rune; Bingen, Kristin:
Pedersen, Terje; Venvik Hilde JohnsRaactor for investigatin of ~ “The reaction data illustrate tha
the Ag based MTF proces€S| seminar, Novembei7g Hurdasjgen ~ we can run methanol partia

Norway oxidation experiments at low
o conversion (kinetic regime) whil
Poster contribution maintaining a formaldehyde

Ledeng, Rune; Yang, Jia; Lervold, Stine; Bingen, K.; Venvik, & St SOGA OAG& Bdm:HE
JohnsenGlobal models for predicting methanol téormaldehyde
(MTF) performance,iCSI seminar, November-7% Hurdasjgen
Norway

(PhD student, Stine Lervgld
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Motivation

Formalin is a baseéhemical that is widely used for adhesives and resins applied in the wood industry
and as an important intermediate for several specialty chemidaleduction proceeds by catalytic
oxidation of methanol to formaldehyde, in excess air over a mixed metdematalyst or excess
methanol over a silver based catalyst. Dynea is owner of both these catalyst technologies. The silver
process is assumed to have the highest economic improvement potential, due to lower energy
consumption and possibility for increagithe formaldehyde yield beyond $2%. K.A Rasmussen is

a manufacturer of silver catalysts used in this process.

Improving selectivity is the main target, and because of the fast and exothermic nature of the reactions
involved, it requires control of thieeat and mass transfer phenomena as well as the surface chemistry
proceeding on the silver. Gas phase chemistry alscsplaple atoperationtemperaturestypicaly
exceeding 600°C, where also structural changes occur in the Ag catalyst that are kradfgnttboth

the reaction chemistry and the catalyst stability. The lifetime of the catalyst in industrial operation is
in the order of months, and depends on parameters such as particle morphology, size distribution,
and structure of the catalyst bed irddition to the reaction conditions. Further developments are
achievable by detailed understanding of the reactienvironment and tuning of the silver
particle/bed morphology, thus controlling both selectivity and stability.

The three work packages are ggiintegrated through addressing the nature of the (oxide) Ag species
affecting the reaction chemistry (WP3.1), the effect of reaction parameters under industrial operation
(WP3.2), and kinetics for further development of mechanistic and reactor mod&8.G)\

Resultsand conclusions

Two complementary experimental seips havebeen established for acquirirttigh precision data.
One is optimized for kinetic studies at laboratory sceda¢torl) and targesclose control of the heat
and mass transfemyhile the otheris designedor screening of parameters at industrial conditions
(reactor2). The figure below shows the conversion and selectivity obtaineshictorl as a function
of time on stream in a selected period upon reacting methanol with oxygef826C.
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The reaction data illustrate that the Reactor 1 concept can be operated at low conversion (kinetic
regime) while maintaining a high selectivity to formaldehyde. The formation of CO is suppressed and
the continuous restructuring of the Ag edyst at pseudo steadstate is also captured.

Systematic investigations of structural changes in the silver catalyst due to the reaction conditions
have also been performed. These changes can be linked to catalyst performance and reaction
mechanisms takig place on the silver surface.s&anning electron microscop8EN) image of the

silver surface after 15 days under reaction conditions is shown at the bottom of the page, illustrating

a high degree of material restructuring and {siale formation.

Reacto 2 was optimized to give high precision data at most demanding industrial conditions. The
effect of various process parameters was studied, as for instance reactant molar ratio, bed geometry
and gas velocity. Finally own data in combination with literatdata were used to establish global
models for predicting methanol to formaldehyde performance. These initial models will be refined
and improved as more data are being generated. The results are of high value for the industrial partner
Dynea and will besed for finetuning of formaldehyde process plants.
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The Team in 2017

De Chen NTNU [IA leader, PhD supervisor, \W#3ponsible (WP4:4.2-4.3)
Industrial senior, industry researcher (WP4.2-4.3), PhD

Terje Fuglerud INOVYN supervisor (WP4.1)

André Urke Kvamme INOVYN Industry researcher (WP44.2-4.3)
Endre Fenes NTNU PhD student NTNU (WP4.1)

Hongfei Ma NTNU PhDstudent NTNU (WP4.3)

Erling Olav Sollund NTNU Master student (WP4.1)

Kumar R. Rout SINTEF Researcher (WAR2), advisor (WP4:4.3)

Published papers:

1) Baidoo, Martina Francisca; Fenes, Endre; Rout, Kumar Ranjan; Fuglerud, Terje; CharthBeffects ¢
K and La cg@romotion on CuCl+-AlOz catalysts for the oxychlorination of ethyleneCatalysis Today
2017, 299, 16471
2) Rout, Kumar Ranjan; Baidoo, Martina Francisca; Fenes, Endre; Zhu, Jun; Fuglerud, Terje; Chen, De,
Understanding of potassium promoteeffects on oxychlorination of ethylene by operando spatitine
resolved U\VVis¢NIR spectrometryJournal of Catalysi2017, 352, 21228

Oral contributions:

1) Fenes, EndreBaidoo, Martina Francisca; Rout, Kumar Ranjan; Fuglerud, Terje; ChRajiDegl Design of
CuCJ/Al0s based Oxychlorination CatalystiNAM25 | North American Catalysis Society Meeting, 2017,
June 49, Denver, USA

2) Fenes, EndreBaidoo, Martina Francisc®out, Kumar RanjarFuglerud, Terje; Chen, Diéiyst lonization
Energy as a Desiptor of Alkali Metals promoted Oxychlorination Ghased Catalyst] 3" Europacat 2017,
August 2731, Florence, Italy

Motivation

The CuGly-AkQ:; catalyst is commonly used in the oxychlorination process. It is generally agreed that
the oxychlorinationnvolves a redox process in which copper cycles betweéra@uli Ctlstates.

The oxidation state of the Cu catalysts at steathte depends on the kinetic balanbetweenthe

rates of reduction and oxidationA main challenge this process is that Gulue to its low melting
temperature and volatilitycauses aggregation and loss aftivesurface Compounds of alkali metals

like Kand Na and/or rare earth metals like La and Ce are often used as promoters to increase the
activity, selectivity and stality of the Cubasedsystem For the Cu based fixed bed catalysts, KCl is
always present to improve the stabiljitwhile other alkali and alkaiinetal chloridesmay beused as
co-promoters.

An operando fixed bed reactor sap combined with UV/Visand mas spectroscopy has been
established at NTNU to measure spaand time quantitative kinetics of the reactionvhile
characterizinghe activecatalystcomponent involved. A strategy of combined transieard steady
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state kineticinvestigationds usedo obtainkinetic modeldor prediction ofthe reaction rate and the
copper oxidation stateindersteady state conditions.

Another aim is to develop or@nd two-dimensional norisothermal moded in order to predict the
impact of reactor parameters on tempature profiles andproduct formation. The ate expressions
canbe usedhereinto predict the profile of Cu oxidation state. Equations and parameters for heat and
mass transferand pressure dropwill be evaluated

Ethylene Oxychlorination to 1,2 dicht@mthane (EDC), kinetic investigations, modeling
and insitu characterization PhD projec(WP4.1)

The work package focuses on additive effects, i.e. the impact of alkali, alkali earth and lanthanide
elements on turnover frequency, catalytic activity,esgivity and stability of the CuZI+ALO; based
catalyst.Theanalysis capabilitgf our in-house developed operando setup, combining massl UV
VisNIR spectrometryhas significantly increased during the last yed corrosion resistant gas
chromatograptas been added alongsiitecreased capacity for temperature programmed reduction.
Application of additional characterization technigues such as infrard®man and xray
photoelectron spectroscopy was also implemented in an effort to investigate the nature of oxygen in
the catalyst.

Mapping theCuY/ Curatio of the oxychlorination catalyst byrdy absorption spectroscopy (XAS) will

be performed duringoeam time at ESRF. An operando stusiyng XAS techniques (XANES and EXAFS)
will be done in order to further validate our novel appich of kinetic rate diagram used for rational
catalyst designof CuGl oxychlorination catalysts Both transient andsteadystate reaction
experimentswill be performed to improve the understanding of the distribution of Cu valence states
during the readbn, and promoter (K, La, Cs and La) effects on the Cu oxidation states using XRD and
XAS. Efforts will be made to investigate the oxidation state of the promoteisgteaction,of which

little is known this far

Responsible for particle
agglomeration

2Cucl,

®ence

TOF [mol/mol,:«5)

. O s CH,C
- K content [wt%] 27412
2HCI- = reduction A oxidation @ steady-state
C2H4 + ZHCl + 1/202 = C2H4C12 + H20
—
Promotes C,H, Cu,OCl, Cu* oxidatidﬁ\“‘\\ 2CuCl  Responsible for
oxidation 1/2‘ 0, Cul* migration
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Reactor ModellindwWP4.2)

Amaste studentis currently workingn collaboration withSINTEF on kinetiand multiscale reactor
modelling based on laboratory kinetic dafehe aim iso reproduce temperature profileprovided by
INOVYNrom an industrial reactor. We have developetiDheterogeneous reactor model to predict
temperature, concentration and Cu oxidation state profil€srough comparisoto the experimental
resultsavailablefrom the industrial reactorsfurther tuning of the modeis enabled

Ethylene Oxychlorination t&,2 dichloroethane (EDC), deactivation andpbgduct
formation- PhD projec{WP4.3)

Inthis research activitywe will establish a method for in sitavestigationsof Cu migration and carbon
formation on the CuCl based catalystsThrough couplinghe characterizationdatawith the kinetics

of Cu migration and coke formation,detailedunderstanding of the deactivation mechanisman be
established Furthermore, the effects of promoters such as K, Li, Ce, Mg and La on the Cu migration
and carbon and bypaduct formation will be studied Eventually the aim is toperform kinetic
modeling ofthe Cu migratiorthat incorporates therelationship of C#/Cu*.

This part of the project was initiated during the lpsirt 2017. Since the work will pay special attient

to copper mobility and fixation on the support, we are designing a new setup with larger catalyst
capacity This will bebetter suited for mapping spatial copper oxidation state variations within both
fixed bed reactors and individual catalyst pelleisingone or morein situU\-Vis spectrometers. Since
water is formed during the reaction, l0 feed will be added to investigateossibleeffects on the
reaction kineticsWe have beerpreliminary limited toHClfree experiments due to the extremely
corrosive nature of humidhydrochloric acidAdditionally, recognizing that our existing methodology
for quantitative UWis analysis and prediction of catalyst steathte performance might have
application to several catalytic systems with cyclic redoxcgsses, we have opted to extend the
number of connections in the new setup to accommodate both-i@8tl external research
cooperation on related systems. We expect the setup to be fully functioning during 2018.

Manuscripsin preparation

1. FenesEndre Baidoo,Martina M.; Ma, Hongfej Rout,Kumar R Fuglerud,Terje Chen De, New
approach of kinetic modelling and analysis of catalytic cycle: evolution of production and
catalyst composition in ethylene oxychlorination on Cul-Al,Os

2. Rout,Kumar R FenesEndre Ma, Hongfej Fuglerud,Terje Chen,De, Modelling and Simulation
of oxychlorination Fixed bed reactor: Effect of process parameters
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The Team in 2017

Stian Selle uio IIA Leader, PhD supervisor, WP responsible (W8)5.1

Pablo Beato HTAS Industrial senior, Industry researcher (WRB)1 PhD supervisor (WP5.1)
Unni Olsbye uio PhD supervisor (WP52)

Dimitrios Pappas uio PhD student (WP5:2)

Michael Dyballa uio Postdoctoral fellow (WP5:3)

Karoline Kvande uio Master student (WP5:2)
Lars Fahl Lundegaart HTAS  Industry researcher (WP5.1)
Ton Janssens HTAS  Industry researcher (WP53)
Bjgrnar Arstad SINTEF Researcher (WP5.3)

Published papers

1)

2)

PappaspDimitrios; BorfecchiaElisa Dyballa,Michael Martin Pankin llia A; LomachenkoKirill A; Martini,
Andreg Signorile Matteo; Teketel,ShewangizanArstad,Bjgrnar, Berlier,Glorig Lamberti,Carlg Bordiga,
Silvig Olsbye,Unni; Lillerud, Karl Petter Svelle, Stian Beato, Pablg Methane to methanol: structure
activity relationships for CeCHA Journal of the American Chemical Sogigf17, 139, 42, 149614975

Pappas, Dimitrios; Borfecchia, Elisa; Dyballa, Michael Martin; Pankin, llia A.; Lomackéhka, Martini,

Andrea; Signorile, Matteo; Teketel, Shewangizaw; Arstad, Bjgrnar; Berlier, Gloria; Lamberti, Carlo; Bordiga,
Silvia; Olsbye, Unni; Lillerud, Karl Petter; Svelle, Stian; Beato, P&h®,reveals structuractivity
relationships for the Methane-to-Methanol conversion over Gaeolites,ESRF Highlights 2042-51

Oral contributions

1

2)

3)

Pappas, DimitrigsBorfecchia, Elisa; Dyballa, Michael Martin; Pankin, llia; Lomachenko, Kirill A.; Berlier, Gloria; Arstad,
Bjgrnar; Lamberti, Carlo; Bordig3ilvia; Beato, Pablo; Olsbye, Unni; Svelle, Siep,Reaction Steps in the Partial
Oxidation of Methane to Methanol over G&SZL3, NAM25 | North American Catalysis Society Meeting, 2017, June 4

9, Denver, USA

Berlier, Gloria Borfecchia, Elisa; Neg(C; Bordiga, Silvia; Beato, Pablo; Lomachenko, Kirill A.; Pankin, llia; Lamberti,
Carlo; Pappas, Dimitrios; Dyballa, Michael Martin; Olsbye, Unni; Svelle, Gtimparing small and large pore €u
zeolites for the partial oxidation of methane to methanoloperando spectroscopic studyCongress on Oxidation
Catalysis; September& Krakow, Bland

Pappas, DimitrigsBorfecchia, Elisa; Dyballa, Michael Martin; Lomachenko, Kirill A.; Signorile, Matteo; Berlier, Gloria;
Lamberti, Carlo; Bordiga, Silvia; Olsbyeni; Lillerud, Karl Petter; Svelle, Stian; Beato, P&garching for the Active

Sites Responsible for the Gltb CHOH Conversion over GOhabazite Materials Norwegian Catalysis Symposium
2017; November 4, Hurdalsjgen, Norway

Poster contributions

1)

2)

3)

Dyballa, MM.; Arstad, B Pappas, D Svelle, $Olsbye, U Beato, P, Bordiga, S Borfecchia, EOn the preparation of
Cucontaining Zeolites- How to avoid comparing Apples to OrangeAM25 | North American Catalysis Society
Meeting, 2017, June-8, Denver, USA.

Kvande, K Direct conversion of methane to methanplNorwegian Catalysis Symposium 2017; Novembé&r 6
Hurdalsjgen, Norway

Pappas, D Borfecchia, EDyballa, MM.; Lomachenko, KA.; Signorile, M Berlier, G.Lamberti, C Bordiga, S Olsbye,
U.; Lillerud, KP.; Svelle, SBeato B, Searching for the Active Sites Responsible for thes @HCHOH Conversion over
CuChabazite MaterialsNorwegian Catalysis Symposium 2017; NovembgrHurdalsjgen, Norway
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Motivation

Researchers at Oi and Haldor Topsge AS join forces for developing new nanostructured catalyst
materials. Therefore, they try to reveal the mechanism of the direct conversion of lower alkanes to
chemicals or liquid fuels over coppdoped zeolite catalysts.

The low tempeature activation and transformation of methane as well as other lower alkanes directly
into valuable chemicals, such as methanol, is commonly considered "a dream reaction” due to its
enormous industrial potential. Haldor Topsge AS supplies essential teglgrto most existing routes,

but is monitoring potential extensions for the current portfolio and the application of zeotype
materials.
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Synthesis of new zeolite -catalysts-
Postdodtoral fellowship

H MAS NMR
a) — b) ——
As a followup to 2016we thoroughly investigated the o P
developed catalyst library in terms of physicochemical __{ /" \_so /Jm
properties and catalytic performance. This included . |  3® {38
use ofoperandoXAS measurements during multiple
stays at the European Synolmon Radiation Facility
(ESRF) in Grenoble, France, with our externgi— -
cooperation partners from Torino, Italy and from G f pPM Siw / pPmM
Haldor Topsge, Denmark. The collaboration with
SINTEF in terms of MAS NMR (Magic Angle Spiani | MAS NMR spectroscopy performed at SINTE
Nuclear Magnetic Resonance  Spectrosgoj Oslo, NO. Use of a neinstalled setup for probe

loading zeolite catalysts useful for example for the
spectroscopy was further extended and the tool ust quantification of acidity. Here ammonia loaded on
for the characterization of acid properties of catalys copperexchanged SUZ catalysts.
as well as the zeolite framework stability. SUZ
catalysts were investigated in terms of their reactivity in the methane oxidation reactionlowhe
activity of the topology could be assigned to partial pore blocking and an unfortunate strong copper
binding in paired aluminum sites in thendembered rings of the SZR topology. For 2018, additional
studies on the reaction mechanism of the methanenwersion reaction are planned. These
measurements will includen situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) available through the cooperation partner SINTEF in Oslo, Norway.
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Catalytic performance PhD project

Our newy synthesized catalysts were successfully tested &ouhd active in the conversion of
methane to methanol. First results on €xchanged SSI3 zeolites that were supplied by Haldor
Topsge AS or synthesized at UiO were successfully summarized and publisi®dd.irAl2o the
catalytic performance of Mordenitbased copper catalysts was evaluated. The results are currently
evaluated with respect to the catalyst properties amill be finalized in 2018.

During2018, the focusf further investigationswill be on cgper exchanged Ferrieritbased catalysts
as well as SAR8BX catalysts (CHA topology) synthesized by varying approaches.

a) s = o SiAl

Rationalization of the effect of composition (Cu/Al and Si/Al ratios) on the productivity for the methdaoemethanol
conversion oer CuSSZL3 as part of combined catalytic angperandoXAS measurements.

Paper coming soon

Dyballa,Michael PappasDimitrios K. Borfecchia,Elisa Beato, Pablg Olsbye,Unni Lillerud, Karl
Petter, Arstad,Bjgrnar Svelle,Stian Tuning the materialand catalytic properties of SUZ zeolites
for the conversion of methanol or methaneMicroporous and Mesoporous Materiafsjbmitted.
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Spyros Diplas
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Hilde J. Venvik
Oleksii lvashenko
David Waller
Helmer Fjellvag
Yanying Qi

Terje Fuglerud
Kumar R. Rout
Rune Lgdeng
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Patricia Almeida Carvalho

Martin F. Sunding

Ragnhild Brokstad Lundohansen
Helene Marie Eng Granlund
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uUio
NTNU
SINTEF
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uUio
Yara
uUio
NTNU
INOVYN
SINTEF
SINTEF
SINTEF
SINTEF
SINTEF
NTNU
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The Research Council of Norway

lIA leader, PhD supdsor and WP responsible (WP6.1)
WP responsible (WP6.2)

WP responsible (WP6.3)

WP responsible, researcher (WP6.4)
WP responsible, researcher (WP6.4)
PhD candidate (WP6.1)

Master student (WP6.1)

Master student (WP6.1)

PhD supervisor (WP6.1)
Postdoctoral fellow (WP 6.2 )
Industrial senior,ridustry researcher (WP6.2)
Researcher (WP6.2)

Postdoctoral fellow (WP6.3)

Industry researcher (WP6.3)
Researcher (WP6.3)

Researcher (WP6.4)

Researcher (WP6-6.4)

Researcher (WP6.4)

Researcher (WP6.4)

Master student (WP6.4)

Master student (WP6.4)

Ivashenko, Oleksizheng, Jian; Fjellvag, Helmer; Sjastad, Anja OlaBeerando Investigations of
Surfaces for NQAbatement Catalysisinternational Conference on Advances in Functional Materials,
2017, January-8, Chennai, India

Motivation

Some iCSI work packages have been allocated to research unspecific to a particular technology, with
the intention of moving the research forefront and providing a methodological basis for the industrial
innovation areas IIAtb 5. In particular, advancespectroscopic and microscopic investigations under
conditions highly relevant to industrial operati@ne targeted. The second pillar in this effort is to
advance atomistic and kinetic modelling of metals and oxides, as well as reactor modelling, to
eventually enable an integrated, multiscateodellingapproach.
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Advanced operando characterization of heterogeneous catalysts for sustainable
process industries PhD projec{WP6.1)

Theaim of this researchis to study heterogeneous catalytic systems, comigjronth the acquisition

of kinetic and structural information in the same setup at the same time. Such an approach, although
challenging, could bring more mechanistic insights to kinetic modelling and subsequently make more
accurate predictions of the relewt kinetic steps. The key characterization techniques in this project

— Xray absorption spectroscopy andray diffraction with synchrotron radiation, Fouriansform

infrared spectroscopy and Raman spectroscepgn be combined for simultaneous cheterization

of the bulk and the surface of the catalyst during reaction at industrially relevant temperatures (473
723 K) and pressures (up to 20 bar). New insight on the active sites of the catalysts and the respective
kinetics of the chemical reactionar guide towards favorable compositions and conditions, thereby
enabling processes with higher efficiency, lower cost and reduced emissionpordicts.

In 2017, three visits to the Swiskrwegian Beamlines (SNBL) at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, with a total of 54 shifts, allowed collection of data on a number of
heterogeneous catalysts for NO oxidation as wethasselective catalytic reduction (SCR) of NO and
NG.

Two master students araffiliated with the research. They amorking on challenges with operando
DRIFTS studied ammonia SCR over mesoporous alumina based catafystsyith in situ Raman
spectroscopy of perovskites for NO oxidation.
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Figure 1Example 6 DRIFTS study (right panel) of time resolved in sitisorption and desorption of carbon
monoxide in helium on Ni on a hydrotalcite derived support at different temperatures over time with monitoring ¢
downstream gas composition using mass spectrometsft(panel).
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Advanced synthesis and characterizatiemovel thn film preparation and reactor
STM- Postdoctoral fellowshigwP6.2)

In this work package we are developing nanostructured surfédtasmimic catalysts relevant for
industrial processes. The obtained model catalysts are subsequently utilized in swefeitve
operando studies by means &eactorSTM(Scanning Tunneling Microscomnd (near) ambient-
pressurephotoelectron spectroscopy (APPES)

Currently we have recipes at hand that provide vagifined bimetallic C&Ret and PtRh nanoparticles
supporied on AIOs/NiAI(110) The surfaces are suited as model catalysts for Fisbiugrsch synthesis

and ammonia oxidation, respectivelgomerecent results obtainedor Pt-Rh/AbO:/NiAl(110) are
presentedin the figure below Another effort has beentowards the preparation of PtRh/Pt(111)
surfaces for exploring the role of Rh in the PtRh alloy for intermediate temperature ammonia
oxidatior?. This includes STM imaging at UHV aleyatedoxygenpressure £2 bar). Obtained model
surfaces were also studied usiA§PESt the Advanced Light Source at Baey, in collaboration with
international partners atundUniversity/MAXIV and Leiden University.

An important decision in2017 isto hostan international meeting orOperando Surface Catalysis
Methodsin Oslo athe beginning of 2019%unding has beeabtainedfrom the Research Council of
NorwayNANO202program and an international scientific committéms beerappointed
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Sequential deposition of Pt and Rh on28k/NiAl(110) can yield two distinct morphologies observed using React
STM. Top: Rh followed by Pt gives two types of particles pure Pt (smaller, 0.6 nm) and Rh mixed with Pt (lar
1.5 nm). Bottom:Pt followed by Rh results in a uniform morphology containing mainly-Q.8m clusters.

Papes coming soon

IMom, R.; Ivashenko, O.; Frenken W.M.J.; Groot, |.M.8kt8j, A.O.The Nucleation, Alloying, and
Stability of CeRe Bimetallic Nanoparticles on AD/NiAl(110), Journal of Physical Chemistry C,
Accepted

2Zheng, J.; lvashenko, O.; Fjellvag, F.; Groot, I.M.N.; SjastadNalDefined RhPt/Pt(111) Model
Surfaces for Ammonia Oxidatiorin preparation
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Reaction mechanism investigation by combin®d density functionatheory (DFT)
calculations and microkinetic modellirg?ostdoctoral fellowshigWP6.3)

Density functional theory (DFT) calculati@re based on he fundamentamathematical description

of howatoms interact; the Schrodinger equation. Assumptions and approximations are required to be
able to model complex systems, but thanks to modern computer technology, this has reached an
advancedstage. DFT cape used to describe surface reactions and provideated descriptors of
catalytic activity and selectivity Microkinetic modelling is utilized tanvestigate the reaction
mechanism and predict information about surface coverages and relaige of vaious elementary
steps under reaction conditions. Bye two methodologiesthe projectaimsto bridge the gap from

the atomic level to macracale kinetic analyste be able to tailor catalysts atom by atorfhis is
currently being employedto understandthe details of the alkali and/or rare earth promoter
mechanismin the oxychlorination reactio(see 11A4, p30). With respect toformaldehydeformation

(see 1IA3, p27), the interaction between the Asurfaceandoxygen surface speciésbeing modelled

to find akey tofurther tuning of the selectivity of the process.

The adsorption energies ttie main species ithe reaction of
methanol and oxygen ttormaldehydeoveron Ag (211) and Ac
(111)were obtained fromDFTandit was generallyound that
the adsorption on Ag (2119 stronger. Moreover, microkinetic
modelling was performed to investigate the reactio
mechanism and predicthe relevantsurface coverages anc
relative rates ofdifferent elementary stepsunder reaction
conditions It isfoundthatadsorbedoxygenfacilitates boththe
reactionrate andthe selectivitytowards the desired product,
compared to direct dissociation of methar(sthematic figure,
right). The effect of water onhe selectivityto formaldehyde
will be studiednext.

Regarding oxychlorination of ethylene, tl@Cl catalystpromoter (i.e.potassium K) and sodium
(Na) effect on ethylene adsorptiohas beerinvestigated FromBadercharge analysis and analysis of
charge density difference durirtg orNa
adsorption on a Cud (100) surface

010, = surfaceit is found that adsorbed Kr Na
l change the electronic distribution dfie
0.08+ u Cud surface and slightly enhance
006- ethylene adsorption. The adsorption
T ™ energy of ethylene with cadsorbed
0044 K/KCI correlateto the charge change of
1 K coadsorbed suface Cu rather than Qfigure, left)
0.02 The K/Na promoter effect on
] K inserted : CCL: oxychlorination of ethylene will be
0.00 - R Cl cends investigated further. Moreover, the
1 interaction between the support (i.eg
-0.02 - . - T - T - ALOs) and CuGMwill also be studied.
-0.32 -0.30 -0.28 -0.26
Eads (eV)
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SNTEF Fundamental Catalysis Investigations

The SINTEF activity in ti@SlassociatedEmX project RCNTransport 2025 program, contract no.
246862) is focusingn CH slip. The lowtemperature catalytic combustiokinetics of Cklhasbeen
addressed for abatement of slip from LNG fueled machinery, though the challenge has wider
perspectives.

Materials synthesized include qwecipitated mixed NCo oxides of different metal ratios, witind
NiO and CgD, aslimits (NiO, NiCoQ, NiCoQ, NiCaQs, Nb.75C@ 2504, Nb.sCa 504, CaOs). Noble metal
based catalysts, i.®.. 2 and 2wt . %-AkOEtwer ohcluden ds rdfetence mateyialSso
subsequent impregnain 0.5wt.% Pd on NiGQs spinel has been studied. Tlwemplete oxidation
reaction was studied in a fixdaked quartz reactor performing temperature heatiagd cooling cycles
in the range 106-550°C, covering the relevant temperawirange, at GHSVs of 24000 ml/g.h. and
58800 ml/gh. Feed compositiongepresentative of methane containing exhausiso relevant for
marine LNG enginegiere used TheCH concentrationwas in the rang&000—20000 ppmyith 10%

0., 10-15% HO, and Mas balanceln a pursuit ofn-depth understanding ahe origin ofthe catalytic
activity, the morphology, structure and composition of tlmatalysts have been characterizeg a
range oftechniquesincluding N-physisoption, Xay diffraction (XRD), Raman spectroscopyart
CO chemisorption, -Kay fluorescence (XRF), temperature programmed reduction (TPR), and
scanning/transmissioalectronmicroscopy (SEMTEMELS).

Theobsened order of performance was 2wWb Pd/ALO; > 0.5%Pd/NiCQ, > mixed CeN i oxi des =
Ca0s> NiO > 2wt.%R1t/ALCs. Activation energies (Ea = 80 + 4 kJ/mol, for oxides and 0.5%Pd¥)CO

were estimated. Dependencies of ipon the Chand HO concentrations have been found.(in

the feed caused significaméduction in the activity (Figurebelow). Thiswas however,a reversible

effect andcould beexplained by competitive adsorption. Kinetic parametersd/Az) were estimated

by fitting a simple power rate law with first order dependence i, @htl second ordein G to

experimental dataPromising catalysttability was showrin a test with duration oveone month.
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Figure: A comparison of catalytic combustion behavior at dry condition and with 10
H.O in the feed for the NiC&, and 0.5wt.%R/NiC0,04 catalysts.
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Sabbatical leave

Professor Magnus Rgnning (NTNU), Stanford Universitfrggsyuly 2016 to June 2017.
ProfessoiDe Chen (NTNUKey Laboratory of Chemical Engineering, East China University of Science

and Technology, Shanghai, Chiran July 2017 tduly 2018.

Overview of international collaboratior{gstitutes and companies)

=

Ghent University, Belgium

1 School ofChemistry and Chemical Engineering,
Shanghai Jiao Tong University, China

1 East China University of Science and
Technology, China

1 Dalian Institute of Chemical Physics, Chinese

Academy of Sciences, China

Technical University of Denmark, Denmark

University ofHelsinski, Finland

SwissNorwegian Beamlines at ESRF, France

Karlsruhe Institute of Technology KIT,

Germany

University of Torino, Italy

Utrecht University, the Netherlands

Instituto Nacional del Carbén, INGARBIC,

IMDEA Energy Institute, Spain.

Lund Uriversity, Sweden

Chalmers University of Technology, Sweden

Linné University, Sweden

University of Manchester, UK

Washington University in $fouis, USA

Boreskov Institute of Catalysis, Russian

Academy of Sciense

University of Stuttgart, Germany

CNRS, Frae,

ECN, the Netherlands

University of St Andrews, Scotland

University of Porto, Portugal

Leiden University, the Netherlands

= =4 =4 = =4 -4 =

=A =4 =4 -8 -8 =9

= =4 =8 =4 -8 =9

European research projects

=

E R R N T T B R R I B B I R I R B R |

University of Cape Town, South Africa

Saint Gobain, France

ENI S.p.a., Italy

Johnson Matthey, UK
Repsol SA, Spain

Process Desigre@tre BV, Netherlands
B.T.G. BV, Netherlands
Arkema France SA; France
Biosynthis, France
Fraunhofer, Germany
ICN2, Spain,

Axcel One, France

Engie Lab, France

SICAT Sarl, France

ACM GmbH, Germany
Linde, Germany

Borealis

Endurance Technologies, Canada
SABIC

UOP LLC

DOW chemicals

LOGE AB, Denmark
Novozymes, Denmark
NeoZeo, Sweden

BTGBTL, Belgium

Steeper, Denmark
Unilever, India

1 ZeoMorph FPATNEID, 5 PhD projects, iCSI Partners involved: UIO/HTAS
1 FASTCARBP?/NMP2017-LARGHE,ICSI Partners involved: SINTEF/NTNU
9 Horizon 2020 Projects: PrintCr3dihd ProDIA, iCSI Partner involved in both: SINTEF

Research Council of Norway projects with international collaborations:

1 EmX 2025TRANSPORT 2025, iCSI Partners involved: NTNUF SINTE
1 Development of Catalysts and Materials for Compact Steam Reforr@&SSMAKS, iCSI Partners involved:

NTNU/ SINTEF
1
1

GAFTFischer Tropsch synthesis of biofudiergiX, iCSI Partner involved: SINTEF
FutureFeedNano 2021, iCSI Partners involved: SINUEB/

1 Bio4FuelsCentre for Environmentriendly Energy Resear¢RME), iCSI Partners involved: SINTEF/

NTNU

41



1CSl

ICSI Keynotelectures

Chen, DeNew Approach of Kinetic Modeling of
Redox Catalytic CyclesStudy of Ethylene &y-
chlorination Processthe 8" AsianPacific Chemical
Reaction Engineering Symposia (APCRE 2017),
2017, November 125, China

Chen, DeKinetics and design of catalytic redox
cycles on MX (X=0, ClNational conference on
catalysis2017, October 11, Tianjin, China

ICSI associatednvited lectures

Rgnning, Magnus,n situ characterisation of
catalysts  without = compromising  process
conditions,ESRF User Meeting, 2017, Februa8y 6
Grenoble, France

Holmen Anders Rytter, Erling FischefTropsch
Synthesis on Cobalt Catalgsg On the Effect of
Water, 2539 American Chemical Society National
Meeting, April 26, San Francisco, California, USA

Chen, DePerspectives of low carbon technologies
Zhanjiang conference on low carbon Technologies,
2017, August 1, Zhanjiang, China

Spstad, Anja OlafserZacharaki, Eirini; Bundli, Silje;
Jensen, Martin; Kalyva, Maria Evangelou; Dhak,
Prasanta; Kooyman, Patricia J.; Bremmer, Marien
G.; Slawiniski, Wojciech Andrzej; Fjellvag, Helmer,
Nanoparticles for heterogeneous catalysis of
industrial  relevant processes International
Conference on Advances in Functional Materials,
2017, January-8, Chennai, India

Periyasamy, Manimuthu; Fjellvag, Helm8jastad
Anja OlafsenRole of defects on the functional
properties of mixed transition metal oxles
International Conference on Advances in Functional
Materials, 2017, January& Chennai, India

Olsbye, UnniElucidating the Influence of Process
and Material Parameters on Methylation versus
Hydrogen Transfer Rates in Zeotype Materials
Gordon Resaah Conference on Nanoporous
Materials and their Applications, 2017, August
Andover, USA
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Olsbye, Unni,Structure - composition - activity
correlations for zeolites and zeotypes as alkene
and arene methylation catalystskeynote lecture,
EuCheMS Inorganic Chemistry Conference (EJCC
2017, July 5, Copenhagen, Denmark

Olsbye, Unni,Catalysis with zeolites SUNCAT
Summer Institute 2017, August 148, Stanford
University, California, USA

Chen, DeGreen Metal free catalysts fopxygen
reduction reaction and applications in metajair
batteries, Jiangsu Universigf science and
technology, 2017, November 1, Zhanjiang, China

Yang, JiaThe Use of Multicomponent SSITKA as a
Tool to Study the Reaction Mechanism in CO
Hydrogenationover Cobalt Catalystghe 8" Asian
Pacific Chemical Reaction Engineering Symposia
(APCRE 2017), 2017, November152 China

Chen, DeNanocatalysis beyond activity, a kinetic
perspective Dalian institute of physical chemistry,
2017, November 23, DaliaGhina

Chen, DeKinetic analysis and design of catalytic
redox cycles Dalian university of science and
Technology, 2017, November 24, Dalian, China

Chen, De, Nanocatalysis beyond activity
International workshop on nanocatalysis, 2017,
October 23, Shaghai normal university, China

Chen, De, Nanostructured carbon based 3D
electrodes for energy storage: principles of
rational design SineNorway conference on light

metals and new energy technologies, 2017,
December 4, Shanghai, China

Popular Disseminatio
ESRF Rgnning, Magnus, A catalyst for

discussion ESRF News, 2017, March 15

EE—r——
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Master Theses

2016-2017 and 20172018 Specialization andddterThesis projectisn Chemical Engineering at NTNU
associatecr affiliatedwith iCSl

2017: Master thesis mjects

Martin Jensen
(201517)

Galina Tenkova
Yavashev@01719)
Rakel Johanne
Ekholt

Karoline Kvande
(201719)

Ragnhild Brokstad
LundJohansen
Stine Hansen
Jianyu Ma

Bjorn Frederik
Baumgarten
Moses Mawanga
Daniel Skodvin
Petter Kaalstad
Joakim Tafjord
Sebastian
Langfjeeran

Maria Mykland

1A 1&6
Uio
Nafuma
1A 1&6
Uio
Nafuma
1A 3
NTNU
A5
Uio
Catalysis
1A 6
NTNU

NTNU
NTNU

NTNU

NTNU
NTNU
NTNU
NTNU

NTNU
uio

Catalysis

Synthesis and Characterization of #®ck Nanoparticles and their Suitabilit
for NHs Oxidation Catalysis

Synthesis and characterization of bimetatlianoparticles for selective
catalytic conversion of ammonia

Oxidation of Methanol to Formaldehyde over Aiinetic Modelling using
Comsol

Selective oxidation of methane tonethanol over Cu loaded SAR®
catalysts

Catalysis for control of methane slip in marine machinery over a nickel
cobalt spinel.
Catalytic conversion of biomass derived oxygenates to avidiein

Metal Dusting
Onepot conversion of biomass to chemicals orQ\iZn alloy catalysts

CQ Capture using Cabased (doped and synthetic) sorbents.
Synthesis and apipations of carbon spheres

Onepot conversion of cellulose to-Bydroxymethylfurfural
Introduction of rhenium into porous supports

Synthesis and characterization of Tungsten Carbide

Synthesis and characterization of AFI zeotype materials

20162017 Master students at NTNU (from left to right): Moses Mawanga, Jianyu Ma, Leyman Maleki Béaiou

(exchange Master student-rance), Ragnhild Lurdbhansen, Sebastian Langfjeeran, Stine Hansen, Daniel Skodvin, ¢

Marit Hyrve, Bjorn Frederik Baumgarten, Petter Kaalstad. Photo: Estelle Vanhaecke, NTNU

Pictures p.3

Top left to right Kamilla Arnesen, Stine Lervold; Samuel K. Regli My Nhung Thi Tran (NTNU),

Middle top left to right 1A 5 team Terje Fuglerud (INOVYN), Endre Fenes,alianjan Rout (SINTEF), Erling Olav Sollund (Maste
student NTNU), Hongfei MAITNU iCSI PhD studenitéongfei Ma, Endre Fenes, Stine Lervold, Samuel K. Regli, Ata ul Rauf Salm
Middle down left to right Oleksii lvashenko, Asbjarn Slagtern Fjellvé@)(Wane Eiane Aarsland, Samuel K. Regli (NTNU);

Bottom from left to right UiO Master studentsKaroline Kvande; Martin Jensen, Galina Tenkova Yavasheva;

NTNU Master student$ienrik Jenssen Gremmetsen, Beate Meisland @stradt, Signe Marit Hyrve withRstaf Salman




-
ICSI industrial Catalysis Science and Innovation 3 f '

The Research Council of Norway

Centre for
Research-based
Innovation

2017:Specialization Projects NTNU

Henrik Jenssen 1A 1
Beate Meisland
Dstradt A1

Signe Marit Hyrve 1IA 1
Kamilla Arnesen IIA 3
Erling Olav Sollund 1A 4
My Nhung Thi Tran IIA 6

Jane Eiane Aarslan [IA 6

Helene Marie Eng

Granlund A6

Amalie Tysseland

Ane Sofie Lilleng
Dani Espevik
Eline Nesdal Sundli

Gaute Osaland Hadem

lon Cotordai

John Helms

Jonas Save

Karoline Aasen Nilsen
Kin Hui

Maria Oslvik

Marit Harneshaug
Najma A Abdullahi
Siri Stavnes

Efficient catalysts for achieving NO/dD&yuilibrium
Efficient catdysts for achieving NO/N@quilibrium

Tuning of perovskite composition for NO oxidation
Oxidation of Methanol to formaldehyde over Ag catalysts
Kinetic study and reactor modelind ethylene oxychlorination
In situ characterization of industrial catalysts

In situ characterization of industrial catalysts

Catalytic methane abatement for natural gagyeres

Carbon formation and catalysis in the conversion of methylchloride and
silicon into dimethyldichlorosilane

Synthesis of solid sorbents and kinetic study fos €Pture
Artifical photosynthesis Vislie-light photocatalysts for water splitting

Catalytic conversion of biomass derived oxygenates to fuel and chemical

Nanoscale investigations and modifications of catalysts and catalytic moc
systems

Direct conversion of methane

Initial stages of metal dusting corrosion

The effect of alkali on cobaltased Fischefropsch catalysts

New catalysts for lovilemperature selective catalytic reduction (SCR)
New catalysts for loviemperature selective catalytic reduction (SCR)
Synthesis of solid sorbents and kinetic study fog €&Pture
Biopolymers assister preparation of-based Fischefropsch catalysts
Catalytic combustion of natural gas

Sorbents for sulfur removal from biomadsrived syngas

20172018 Master students at NTNU (from left to right) (first raw standing: Kin Hui, Erling Olav Sollund, Eline N¢
Sundli, Kamilla Arnesen, Marit Harneshaug, Helene Marie Eng Granlund, Jane Eiane Aarsland, Siri Stavnes
Osaland Hadem; second rasitting: Amalie Tysseland, Henrik Jenssen, My Nhung Thi Tran, Beate Meisland @st
Ane Sofie Lilleng, Maria Olsvik, Najma Ali Abdullahi, Karin Wiggen Drags®mto: Estelle Vanhaecke, NTNU
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Exchange students in 2017

Exchange Master students 2@1from January to Juneat NTNU

Karlsruhe Institute

The Research Council of Norway

Nicolas Beck of Teclmology Oxidation of methanol to formaldehyde over Ag catalyHi& 8

(KIT),Germany
Maleki BakalHenou

Slowak University of
Matus Bodnar Technology in
BratislavaSlovakia

Exchange PhD students 2D&at NTNU

Sorbonne Catalytic combustion of methane on nickel cobalt based catal
University,France  derived from hydrotalcite precursors

Direct NonOxidative Conversion of Methane ta C
Hydrocarbons, Aromatics and Hydrogen

Niu Juntian Chongging Dry (CQ) reforming of methane on Ni andi-Pt surface alloy
University,China catalysts studied by experiment and DFT.
. Tsinghua Biomass conversion; Cellulose hydrolytic hydrogenation to
Fan Guifang . . . oy :
University,China vicinal diols
East China
Chen Wenyao Un_lversr[y el CO oxidation
Science and
TechnologyChina

PhD students in 2017

HongfeiMa was recruited to [IA4 in 2017. Hwldshis Master of Science in Physical Chemistry (July
2017) from Dalian Institute of Chemical Physics under the supervision of Professor Xinhe Bao.

Endre Fenes NTNU

Ata ul Rauf Salman NTNU
Dimitrios Pappas UiO- Catalysis
Samuel K. Regli NTNU

Stine Lervold NTNU
AsbjgrnSlagtern fellivag  UiO- Nafuma
Hongfei Ma NTNU

Postdocs in 2017

Michael Dyballa UiO- Catalysis
Yanying Qi NTNU
Oleksii lvashenko UiO—Nafuma
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Pakistan
Greece
Switzerland
Norway
Norway
China

Germany
China
Ukraine
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Table 1summarizes the costs in 2017 and the total budget for the period of the Centeediffarent

cost codes concern respectively:

1 NTNU costs in Payroll and indirect expenses
9 Other research partners, i.e. SINTEF and UiO in Procurement of R&D services
1 Equipment code includes rent of research equipment acquired to serve needs for the SFI
1 Other operating expensaggroups mainly research at industrial partners
\ Cost code Costs 2017 20152023 Total budget
Payroll and indirect expenses 6383 59004
Procurement of R&D services 11231 9203
Equipment 1075 7094
Other operating expenses 4488 33997
| Totals 23176 192135

Table 2presents the cost and financing per partner. Thaustrialpartners are Yara ASAyiieaAS,
INOVYN AS, KAadtusserAS andHaldor Topsgé@sS.

\ Cost and Financing per partner 2017 Accounts 20152023 Total budget
Partner Coss Financing Costs Financing
NTNU 8363 4465 76095 27914
University of Oslo 5824 1987 48539 12363
SINTEF 5407 1006 43501 7858
Industrial partners 3582 6581 24000 48000
Research Council of Norway - 9136 - 96000

| Totals 23176 23176 192135 192135

Table 3presents the costs per Indusf Innovation Area (IlIA). The iCSI Management and
administration include the overall administration of the Centre (Director, CoordinatoEaodomy
advisor, meetings, seminars, SAC compensaimhexpensesnternational eghange funding).

\ Industrial Innovation Area (I1A) Costs 2017 | 20152023 Total budget
[IA1 22 century Nitric Acid technology developmel 5542 41176
IIA2 New NOx abatement technologies 1004 7331
IIA3 Frontier formalin technology development 3359 20502
[IA4 PVC Value Chain 3073 30237
[IA5 The next step in direct activation of methane 3900 33780
IIA6 Generic projects 4609 32254
[IA7 2020 Catalysis - 7402
iCSI Management and administration 1689 19453
| Totals 23176 192135
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Publications

ICSI Publicatons

Baidoo, Martina Francisca; Fenes, Endre; Rout, Kumar Ranjan; Fuglerud, Terje; Cheith®effects of K and
La cepromotion on CuCl--Al0s catalysts for the oxychlorination of ethyleneCatalysis Today2017, 299,
164171

Rout, Kumar Ranjan; Bimio, Martina Francisca; Fenes, Endre; Zhu, Jun; Fuglerud, Terje; Chen, De,
Understanding of potassium promoter effects on oxychlorination of ethylene by operando spdimé
resolved U\Vis¢NIR spectrometryJournal of Catalysi®017, 352, 21228

Pappas Dimitrios; Borfecchia, Elisa; Dyballa, Michael Martin; Pankin, llia A.; Lomachenko, Kirill A.; Martini,
Andrea; Signorile, Matteo; Teketel, Shewangizaw; Arstad, Bjgrnar; Berlier, Gloria; Lamberti, Carlo; Bordiga,
Silvia; Olshye, Unni; Lillerud, Karl RettSvelle, Stian; Beato, PabMethane to methanol: structureactivity
relationships for CeCHA Journal of the American Chemical Sogi2f17, 139, 42, 149614975

Pappas, Dimitrios; Borfecchia, Elisa; Dyballa, Michael Martin; Pankin, Ilia A.; Lokeadkeil A.; Martini,
Andrea; Signorile, Matteo; Teketel, Shewangizaw; Arstad, Bjgrnar; Berlier, Gloria; Lamberti, Carlo; Bordiga,
Silvia; Olshye, Unni; Lillerud, Karl Petter; Svelle, Stian; Beato, RABlweveals structuractivity relationships

for the Methaneto-Methanol conversion over Gaeolites,ESRF Highlights 2048-51

Qi, Yanying; Ledesma Rodriguez, Cristian; Yang, Jia; Duan, Xuezhi:Afhuslotinen, Anders; Chen, De,
Adsorption energydriven carbon numberdependent olefin to paraffin réio in cobalt-catalyzed Fischer
Tropsch synthesislournal of Catalysi®017, 349, 11017

Venvik, Hilde Johnsen; Yang, @atalysis in microstructured reactorsShort review on smallscale syngas
production and further conversion into methanol, DME ariéschefTropsch productsCatalysis Today2017,
285, 135146

ICSI Presentations

Ivashenko, Oleksii; Zheng, Jian; Fjellvag, Helmer; Sjastad, Anja Glsfseamdo Investigations of Surfaces for
NGO« Abatement Catalysis International Conference on Advees in Functional Materials, 2017, Janua+y, 6
Chennai, India

Fenes, Endre; Baidoo, Martina Francisca; Rout, Kumar Ranjan; Fuglerud, Terje; CRextiobed, Design of
CuCJ/Al20s based Oxychlorination CatalystiNAM25 | North American Catalysis Socibtgeting, 2017, June
4-9, Denver, USA

Pappas, Dimitrios; Borfecchia, Elisa; Dyballa, Michael Martin; Pankin, llia; Lomachenko, Kirill A.; Berlier, Gloria;
Arstad, Bjgrnar; Lamberti, Carlo; Bordiga, Silvia; Beato, Pablo; Olsbye, Unni; Svellég$irasgiion Steps in

the Partial Oxidation of Methane to Methanol over C8SZL3, NAM25 | North American Catalysis Society
Meeting, 2017, June-8, Denver, USA

Dyballa, Michael Martin; Arstad, Bjgrnar; Pappas, Dimitrios; Svelle, Stian; Olsbye, Unni; Beati@drdlga,
Silvia; Borfecchia, Elis@n the preparation of Ctcontaining Zeolites- How to avoid comparing Apples to
OrangesNAMZ25 | North American Catalysis Society Meeting, 2017, Ji#heDénver, USA

Fenes,Endre Baidoo, Martina F; Rout, Kumar R.Fuglerud,Terje Chen,De First lonization Energy as a
Descriptor of Alkali Metals promoted Oxychlorination ¢hased Catalyst13" Europacat 2017, August 311,
Florence, Italy

Pappas, Dimitrios; Borfecchia, Elisa; Dyballa, Michael Martin; Lomacherkd.KBignorile, Matteo; Berlier,
Gloria; Lamberti, Carlo; Bordiga, Silvia; Olsbye, Unni; Lillerud, Karl Petter; Svelle, Stian; Beatde&abiog
for the Active Sites Responsible for the €té CHOH Conversion over GOhabazite Materials Norwegan
catalysis symposium, 2017, November,@Hurdal, Norway
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ICSI associated journalyblications
AhobaSam, Christian; Olsbye, Unni; Jens, Klaus
Joachim, Low temperature methanol synthesis
catalyzed by copper nanoparticles Catalysis
Today 2017, 299, 12-119

AhobaSam, Christian; Olsbye, Unni; Jens, Klaus
Joachim,The Role of Solvent Polarity on Lew
Temperature Methanol Synthesis Catalyzed by Cu
Nanoparticles Frontiers in Energy Resear@d®917,
5,15

Bergem, Hakon; Xu, Run; Brown, Robert C.; Huber,
Geoge W., Low temperature aqueous phase
hydrogenation of the light oxygenate fraction of
bio-oil over supported ruthenium catalystsGreen
Chemistry2017, 19, 14, 3252262

Braglia, Luca; Borfecchia, Elisa; Lomachenko, Kirill
A.; Bugaev, Alexander L.; Gudalexander A,
Soldatov, Alexander V.; Bleken, Bjgrn Tore Lgnstad,;
Jien@degaard, Sigurd; Olsbye, Unni; Lillerud, Karl
Petter; Bordiga, Silvia; Agostini, Giovanni; Manzoli,
Maela; Lamberti, CarloJuning Pt and Cu sites
population inside functionalized Ui®7 MOF by
controlling  activation  conditions Faraday
discussions2017, 201, 27298

Bremmer, G Marien; Zacharaki, Eirini; Sjastad, Anja
Olafsen; Navarro, Violeta; Frenken, Joost W. M.;
Kooyman, Patricia Jn situ TEM observation of the
Boudouard reactio: Multi-layered graphene
formation from CO on cobalt nanoparticles at
atmospheric pressurgFaraday discussion2017,
197, 337351

Buan, Marthe Emelie Melandsg; Muthuswamy,
Navaneethan; Walmsley, John; Chen, De; Rgnning,
Magnus, Nitrogen-doped Carbon Naofibers for

the Oxygen Reduction Reaction: Importance of the
Iron Growth Catalyst Phase&ChemCatChen2017,

9, 16631674

Cao, Yuegiang; Sui, Zhijun; Zhu, Yian; Zhou, Xinggui;
Chen, DeSelective Hydrogenation of Acetylene
over PdIn/AI203 Catalyst: Promabnal Effect of
Indium and CompositiorDependent
Performance ACS Catalysi2017, 7, 7835846

Chen, Qingjun; Svenum, Ingebdiglene; Qi,
Yanying; Gavrilovic, Ljubisa; Chen, De; Holmen,
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Anders; Blekkan, Edd Anders,Potassium
adsorption behavior on hcp dmalt as model
systems for the Fischefropsch synthesis: a
density functional theory study Physical
Chemistry, Chemical PhysicsPCCP 2017, 19,
1224612254

Chen, Wenyao; Li, Dali; Peng, Chong; Qian, Gang;
Duan, Xuezhi; Chen, De; Zhou, Xingdethanisic

and kinetic insights into the PRu synergy during
hydrogen generation from ammonia borane over
PtRU/CNT nanocatalystdournal of Catalysi2017,

356, 186196

Chen, Wenyao; Li, Dali; Wang, Zijun; Qian, Gang;
Sui, Zhijun; Duan, Xuezhi; Zhou, Xinggebo¥h,
Isaac; Chen, D&eaction mechanism and kinetics
for hydrolytic dehydrogenation of ammonia
borane on a Pt/CNT catalysAIChE Journaf017,

63, 6065

Chytil, Svatopluk; Kure, Milly; Ladeng, Rune;
Blekkan, Edd Ander&erformance of Mnrbased
H:S sobents in dry, reducing atmosphereg
Manganese oxide support effect§uel 2017, 196,
124133

Dadgar, Farbod; Myrstad, Rune; Pfeifer, Peter;
Holmen, Anders; Venvik, Hilde Johnsésgtalyst
Deactivation During Onétep Dimethyl Ether
Synthesis from Synthesi Gas Catalysis Letters
2017, 147, 86879

Feng, Xiang; Sheng, Nan; Liu, Yibin; Chen, Xiaobo;
Chen, De; Yang, Chaohe; Zhou, Xinggui,
Simultaneously Enhanced Stability and Selectivity
for Propene Epoxidation with Hand G on Au
Catalysts  Supported on  NanCrystalline
Mesoporous T9, ACS Catalysi017, 7, 2668
2675

Gao, Biaofeng; Zhou, Haitao; Chen, De; Yang,
JianhongPorous carbon with small mesoporesas
an ultra-high capacity adsorption mediuApplied
Surface Scienc@017, 420, 53541

Guo, XiaoyangGunawardana, Daham; Chen, De;
Vanhaecke, Estelle Marie M.; Venvik, Hilde
Johnsen; Walmsley, Johinpvestigation of metal

dusting corrosion process over UNS N08800 alloy



1CSl

NACE InternationaR017, ISBN 978510840348,
12 s.

Guo, Xiaoyang; Panditha VidgnDaham Sanjaya
Gunawardana; Chen, De; Vanhaecke, Estelle Marie
M.; Venvik, Hilde Johnsen; Walmsley, John,
Investigation of metal dusting corrosion process
over UNS NO08800 allgyinternational Corrosion
Conference Serig2017, 4, 2802813

Kalyva, MariaEvangelou; Wragg, David; Fjellvag,
Helmer; Sjastad, Anja OlafsenEngineering
Functions into Platinum and PlatinurRhodium
Nanoparticles in a Oné&tep Microwave
Irradiation Synthesis ChemistryOpen6, 2, 273
281

Lillebg, Andreas Helland; Rytter, Erlirgjgkkan,
Edd Anders; Holmen, Anderg;ischecTropsch
Synthesis at High Conversions on®@d-Supported
Co Catalysts with Different #ACO Levelsindustrial
& Engineering Chemistry ResearcR017, 56,
1328113286

Ladeng, Rune; Bergem, HakoBtabilization d

pyrolysis oils. I Direct thermochemical
liquefaction for energy applications Woodhead
Publishing Limited, 2017, ISBN 9¥88-1010297,

193247

Logdberg, Sara; Yang, Jia; Lualdi, Matteo; Walmsley,
John; Jards, Sven; Boutonnet, Magali; Blekkan, Edd
Andes; Rytter, Erling; Holmen, AnderBurther
insights into methane and higher hydrocarbons
formation over cobaltbased catalysts withi-
AlOs, "-Al20z and TiQ as support materials
Journal of Catalysi017, 352, 515631

Lukaszuk, Katarzyna Anna; RGana, Daniel;
Jien@degaard, Sigurd; Lazzarini, Andrea; Berlier,
Gloria; Bordiga, Silvia; Lillerud, Karl Petter; Olshye,
Unni; Beato, Pablo; Lundegaard, Lars Fahl; Svelle,
Stian, Zeolite morphology and catalyst
performance: Conversion of methanol to
hydrocartons over offretite Catalysis science &
technology 2017, 7, 22, 5435447

Lundvall, Fredrik; Kalantzopoulos, Georgios N.;
Wragg, David; Arstad, Bjgrnar; Blom, Richard;
Sjastad, Anja Olafsen; Fjellvag, Helmer,
Thermogravimetric Analysig A Viable Method ér
Screening Novel Materials for the Sorbent
Enhanced Wategas Shift Process Energy
Procedia 2017, 114, 22942303
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Mahmoodinia, Mehdi; Astrand, P@Iof; Chen, De,
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