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PROJECT TOPICS:

ÅOxidative coupling of Methane (Memere)

ÅMethane dehydroaromatisation (ZeoCAT)

ÅCO2+H2 to Dimethyl Ether (CO2FOKUS)

ÅFischer-Tropsch (GLAMOUR, CARBIOW)

ÅCO2-free methane cracking (STORMING)

ÅFlow chemistry for Pharma (SusPharma & 
GREENDIGIPHARMA)

ÅThermo- and electrocatalytic production of 
ammonia (ORACLE, AELECTRA)

ÅH2 production (NOUVEAU)
NOUVEAU

Project portfolio materials for chemistry and energy
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ÅNovel CMRs for Oxidative coupling of Methane (OCM)

ÅXRD-CT chemical imaging operando experiments 

Å3D printing of catalysts

Å3D printed catalytic reactors in continuous multiphase flow

OUTLINE
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Novel CMRs for OCM - 5D operando tomographic diffraction imaging

O2/He

A.Vamvakeros, S.D.M. Jacques, M. Di Michiel, D. Matras, 
±Φ aƛŘŘŜƭƪƻƻǇΣ Χ !ΦaΦ .ŜŀƭŜΣ нлму bŀǘǳǊŜ /ƻƳƳΣ фΣ 4751, 
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Novel CMRs for OCM - operando XRD-CT chemical imaging of NaMnW/SiO2 in BSCF

A. Vamvakeros, D. Matras, S.D.M. Jacques, M. di Michiel, V. Middelkoop, P. Cong, S.W.T. Price, C.L. Bull, P. Senecal, 
A.M. Beale, Real-time tomographic diffraction imaging of catalytic membrane reactors for the oxidative coupling 
of methane, Catalysis Today, 364, 2021, 242-255, https://doi.org/10.1016/j.cattod.2020.05.04
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In situ X-ray diffraction computed 
tomography studies examining the thermal 
and chemical stabilities of working 
Ba0.5Sr0.5Co0.8Fe0.2Oоҍɻ membranes 
during oxidative coupling of methane
D. Matras, A. Vamvakeros, S.D.M. Jacques, V. 
aƛŘŘŜƭƪƻƻǇΧΣ !Φ aΦ Beale, Phys. Chem. 
Chem. Phys., 2020, 22, 18964-18975,
DOI:10.1039/D0CP02144J

OCM followed by progressive increases in CO2 concentration followed by OCM

Novel CMRs for OCM - operando experiments - CO2 impact to BSCF 

https://doi.org/10.1039/D0CP02144J
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Tuned formulations:
Å oxide ceramics (e.g. Al2O3, SiO2, ZrO2, CeO2, mixed metal oxides, nanocomposites)
Å metals (e.g. titanium, copper, aluminium, silver) and alloys (e.g. stainless steel)
Å non-oxide ceramics (e.g. silicon carbide, carbon, carbon nitride, boron nitrate)
Å other functional materials: zeolites, polymers, MOFs, graphene oxide)

Ready-to-use, scalable:
Å catalysts, adsorbents and metal scavengers for flow through applications
Å multi-channel supports and carriers, fillers, conductive components
Å electrodes for photo and electro-chemical cells

Structured materials for chemistry and energy applications by 3D printing
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3D printing ς variety of functional materials and geometries



Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + Al2O3 porous tube

MgO or



Region-of-interest at the catalyst-
membrane interface and formed 
Mg2SiO4 and MgWO4 phases

 

Mg2SiO4

MgWO4

Mn W Mg W 

Mg Si 100 µm 

20 µm 
Mg Si Mg W 

Mg SiMn W 

Mn W 

Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + MgO porous tube

MgWO4



Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + Al2O3 porous tube

Silica support under OCM 
operating conditions at 
840° C for a duration of 
5.5 hours and at 950° C 
for a duration of ca 1 hour

T. Karsten, V. Middelkoop, D. Matras, A. Vamvakeros, S. Poulston, N. 
Grosjean, B. Rollins, F. Gallucci, H. Godini, S.D.M. Jacques, et al. 
Multi-Scale Studies of 3D Printed MnςNaςW/SiO2 Catalyst for 
Oxidative Coupling of Methane.Catalysts2021, 11, 290. 
https://doi.org/10.3390/catal11030290

https://doi.org/10.3390/catal11030290
https://doi.org/10.3390/catal11030290


Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + Al2O3 porous tube

under OCM operating conditions at 840° C for a duration of 5.5 hours and at 950° C for a duration of ca 1 hour

T. Karsten, V. Middelkoop, D. Matras, A. Vamvakeros, S. Poulston, N. Grosjean, B. Rollins, F. Gallucci, H. Godini, S.D.M. 
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Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + Al2O3 porous tube

Mn grains that increased 
during the reaction and Na 
and W species that were 
co-located 

T. Karsten, V. Middelkoop, D. Matras, A. 
Vamvakeros, S. Poulston, N. Grosjean, B. 
Rollins, F. Gallucci, H. Godini, S.D.M. 
Jacques, et al. Multi-Scale Studies of 3D 
Printed MnςNaςW/SiO2 Catalyst for 
Oxidative Coupling of 
Methane.Catalysts2021, 11, 290. 
https://doi.org/10.3390/catal11030290
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Novel CMRs ς OCM operando experiments - NaMnW/SiO2 + Al2O3 porous tube

CH4:O2:N2+ 30% CO2   

4:1:5 2 for both PB of
3D structures 4:1:5 (longer calcination)
total flow 200 mls/min
4:1:5:0 (later 4:3:8:7 for MPB with 
powdered catalyst 
total flow 300 mls/min, 840°C, 
GHSV = 2400 mlCH4 g

-1
Cat. h

-1, 
12h on stream 

T. Karsten, V. Middelkoop, D. Matras, A. Vamvakeros, S. Poulston, N. Grosjean, B. Rollins, F. Gallucci, 
H. Godini, S.D.M. Jacques, et al. Multi-Scale Studies of 3D Printed MnςNaςW/SiO2 Catalyst for 
Oxidative Coupling of Methane.Catalysts2021, 11, 290. https://doi.org/10.3390/catal11030290
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Novel CMRs ς OCM operando experiments - NaMnW/SiO2 SBA-15 catalyst

100h of OCM XRD-CT 

volume data as a function 

of z position in volume



XRD-CT of 3D printed Ni/Al2O3 catalysts under CO2 methanation

2019CO2 + 4 H2 Ҧ CH4 + H2O

78.5 keV focused to a spot size of 30 ˃ Ƴ x 30 ˃ ƳΣ 10 ms per step  
XRD-CT scans, each scan comprised 39,600 diffraction patterns.  

V. Middelkoop, A. Vamvakeros, D. de Wit, S.D.M, Jacques, S. Danaci, C. Jacquot, Y. de Vos, D. Matras, D., S.W.T. 
Price, A. Beale , 2019, Journal of CO2 Utilization, 33, 478ς487, https://doi.org/10.1016/j.jcou.2019.07.013

https://doi.org/10.1016/j.jcou.2019.07.013
https://doi.org/10.1016/j.jcou.2019.07.013


XRD-CT of 3D printed Ni/Al2O3 catalysts under CO2 methanation

V. Middelkoop, A. Vamvakeros, D. de Wit, S.D.M, Jacques, S. Danaci, C. Jacquot, Y. de Vos, D. Matras, D., S.W.T. 
Price, A. Beale , 2019, Journal of CO2 Utilization, 33, 478ς487, https://doi.org/10.1016/j.jcou.2019.07.013

Å crystalline Ni species seem to be less 
homogeneously distributed

Å Ni species are less crystalline with 
smaller crystallite size

400°C under methanation 
operating conditions

https://doi.org/10.1016/j.jcou.2019.07.013
https://doi.org/10.1016/j.jcou.2019.07.013


XRD-CT of 3D printed Ni/Al2O3 catalysts under CO2 methanation

Å Effect of geometry and 
macro porosity 

Å ǇǊƻŘǳŎǘƛǾƛǘȅ Ҩ                   
CO2 consumption 
attributed to the 
simultaneous 
occurrence of reverse 
water gas shift 
(unreacted CO2 and H2 
forming undesired 
product, CO)
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3D printed catalytic reactors in continuous multiphase flow

Impact of 3D printed design in flow reactor for selective oxidation of benzyl alcohol into benzaldehyde 

C. Jacquot, V. Middelkoop, A. Köckritz, A. Pohar, R. Bienert, S. Kellici, I-A. .ŇǊŇƎŇǳ, B. Venezia, A. Gavriilidis, B. Likozar, A. M. Beale, 
3D printed catalytic reactors for aerobic selective oxidation of benzyl alcohol into benzaldehyde in continuous multiphase flow, 
Sustainable Materials and Technologies, 2021, https://doi.org/10.1016/j.susmat.2021.e00329

https://doi.org/10.1016/j.susmat.2021.e00329
https://doi.org/10.1016/j.susmat.2021.e00329
https://doi.org/10.1016/j.susmat.2021.e00329
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Reaction conditions: 
0.1mL.min-1 of 0.2mol.L-1 benzyl alcohol in DMF solution 
saturated in K2CO3 at 100°C in co-flow of air 85mL.min-1 reactor 
through 3D- printed catalytic structure. 

Conversion % XBA(ƴ) 

Selectivity % SBZ(ƴ) 

Turn over frequency TOF () in h-1

BA BZ

Å High Productivity through 3D printed structure comparable to 
batch condition and higher than packed bed design
Å lower selectivity -> Over performing to successive secondary 

reaction due to high activity of Pd

Å FeCo combination competitive and more sustainable (price, 

environmental impact) !
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3D printed catalytic reactors in continuous multiphase flow

C. Jacquot, V. Middelkoop, A. Köckritz, A. Pohar, R. Bienert, S. Kellici, I-A. .ŇǊŇƎŇǳ, B. Venezia, A. Gavriilidis, B. Likozar, A. M. Beale, 
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Sustainable Materials and Technologies, 2021, https://doi.org/10.1016/j.susmat.2021.e00329
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Å Reproducibility of experiments Å Optimal use of catalytic material: 
Graphene Oxide support combined 
with Fe15@Al2O3 

Å Effect of fiber diameter and interfiber 
distance: TOF for lower size due to 
higher surface area -> internal diffusion 
experiments ʊ

aŀŎǊƻ ŘŜƴǎƛǘȅ Ғпл҈
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3D printed catalytic reactors in continuous multiphase flow

C. Jacquot, V. Middelkoop, A. Köckritz, A. Pohar, R. Bienert, S. Kellici, I-A. .ŇǊŇƎŇǳ, B. Venezia, A. Gavriilidis, B. Likozar, A. M. Beale, 
3D printed catalytic reactors for aerobic selective oxidation of benzyl alcohol into benzaldehyde in continuous multiphase flow, 
Sustainable Materials and Technologies, 2021, https://doi.org/10.1016/j.susmat.2021.e00329
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Retention Time Comparison
Experiment Conditions:
1mL.min-1 liquid flow, co-flow 85mL.min-1 He gas
Room Temperature, 1atm
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Verified by modelling
Åeffect of geometry on performance
Åprocess energy properties
Åoptimal condition set-up

Impact of 3D printed design

3D printed catalytic reactors in continuous multiphase flow

C. Jacquot, A. Vamvakeros, A. tŀǾƭƛǑƛőΣ S.W.T. Price, H. Dong, D. Matras, L. Protasova, B. Likozar, S.D.M. Jacques, A. M. Beale, V. Middelkoop, A multi-scale study of 
3D printed Co-Al2O3 catalyst monoliths versus spheres, Chemical Engineering Journal Advances, 2023, https://doi.org/10.1016/j.ceja.2023.100538

https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538
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Velocity distribution for 
superficial velocity of 1 mm/s

Pressure drops for various 
superficial velocities

CFD tracer test for superficial 
velocity of 1 mm/s

Å Monoliths: average residence time is higher
      which leads to higher conversion rates

Å Spheres: the residence time of the initial signal 
is shifted to later time than monolith

      Ҧ spheres have higher tortuosity than 
monolith and consequently more inertia losses.

3D printed catalytic reactors in continuous multiphase flow

C. Jacquot, A. Vamvakeros, A. tŀǾƭƛǑƛőΣ S.W.T. Price, H. Dong, D. Matras, L. Protasova, B. Likozar, S.D.M. Jacques, A. M. Beale, V. Middelkoop, A multi-scale study of 
3D printed Co-Al2O3 catalyst monoliths versus spheres, Chemical Engineering Journal Advances, 2023, https://doi.org/10.1016/j.ceja.2023.100538

https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538
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Determine liquid/vapor phase 
ratio and fluid flow regime 
inside reactor
PengςRobinson equations of 
state in Aspen Plus

a) computational domain, 
b) close-up, 
c)  number of channels stacked 
tetrahedral mesh

velocity fields inside the 
monolith (left);  
concentration fields at the inlet 
of the channels: reactant 
(middle); product (right) 

3D printed model geometries for multi-phase flow reactions 

C. Jacquot, A. Vamvakeros, A. tŀǾƭƛǑƛőΣ S.W.T. Price, H. Dong, D. Matras, L. Protasova, B. Likozar, S.D.M. Jacques, A. M. Beale, V. Middelkoop, A multi-scale study of 
3D printed Co-Al2O3 catalyst monoliths versus spheres, Chemical Engineering Journal Advances, 2023, https://doi.org/10.1016/j.ceja.2023.100538

https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538
https://doi.org/10.1016/j.ceja.2023.100538


Å3D printing is a versatile powerful tool to 
tailor functional materials and answer the 
needs for chemistry and energy applications:

Å precise and uniformdistribution of active 
material over a high surface area

Å highly adaptable and well-controlled design 
for optimal flow pathways

Å low pressure drop; improved mass- and 
heat-transfer

Å easy (in-situ) regeneration and cost-effective 
product removal

Å improved productivity per cubic meter of 
reactor volume

Conclusions and outlook
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