-

3D PRINTING Ol
STRUCTURES F

Multi-scale studies
of membrane

reactors and CHEMISTRY
3D printed AND ENERGY
reactors APPLICATIONS

Vesna Middelkoop
Materials and Chemistn
MatCh

VITO

Winter School
1CUBE, Eindhoven
25 February 2026

oty B
\',',. ; Y <
\'\ - - )
" ) ) - A “' - N
§ ~
N 4 g v
‘.\ 3 ’ {
& Ml B ~-
F; N :
7 A S 3
* - !
_— VH 3 '
e . > p ' ]
\ - : R o r—
=2
v
s 203/208%

©VITO¢ Not for distribution

i

vito




CENTER

0 = P TN : T
- .‘1'-».‘ ] - - P -
. e AL = b ) E s 1 d ey —
R o {1 1 : =
Al == s 5 . »
v I o h 2 & I 3 ‘
AT 3 % £ 1 (4 = —
A S sl e | VITO DATA
- i ny b ‘ 0 + &
5= ) : 5 » i 2 : =
. = i —
» | ¢ —
{ ey
=
)

1048 47

employees nationalities

HOT a e 11/.3 Ll TN ENERGY LAB
11 sites on 5 .

revenues 3 continents GEOTHERMAL

PILOT
281 24

publications  patents/year

7 2] ENERGY o | v MATERIALS

LAB
CHEMISTRY

N HEALTH LAB

HEALTH

2 Stateof-the-art infrastructure



Project portfolio materials for chemistry and energy >~ Vvito
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Novel CMRs for OCMbsD operando tomographic diffractionmaging

Catalytic Membrane Reactors

Phase distribution volumes Average crystallite size volumes

20
l 15
10

5

A.VamvakerosS.D.M. Jacques, M. Richiel, D. Matras,
+® aARRSf (1221l X ! ®dad 4789t ST wamy bl dd2NBE /2YYZI ¢
https://doi.org/10.1038/s41467018070468



https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8
https://doi.org/10.1038/s41467-018-07046-8

Temperature 660°C 720°C 780°C 780°C 780°C 780°C 780°C
Gas mixture Air 5% CHy/He 20% CH,/He 50% CHyHe 100% CH,/He
-.’, -~ - -"" \ ~"‘3 \
> 4 v & 3 o & 3 L AT
Cristobalite-high °, ¥ ladsry TegSy TedSy e ‘? ladey
g Q . . . / \'. -~ \i -~ < S < .‘\A
g_/ BSCF Tridymite-high : » Yas® ed ® ’b‘% ,.e‘i
membrane ' ' : o o & @F ?
:"5 o i v é - S
o
—a
T Na-Mn.W/SiO
G catalyst
_{ QOuter side gas strean
T
’ = Mn,O; / Mn,SiO;,
Bz

A. VamvakerosD. Matras,SD.M. Jacquesa\. di Michiel,V. Middelkoop,P.Cong SW.T. PriceCL Bull,R. Senecal,
A.M. Beale Realtime tomographic diffraction imaging of catalytic membrane reactors for the oxidative coupling
of methane Catalysidoday 364,2021,242-255, hitps://doi.org/10.1016/j.cattod2020.05.04



https://doi.org/10.1016/j.cattod.2020.05.04
https://doi.org/10.1016/j.cattod.2020.05.04
https://doi.org/10.1016/j.cattod.2020.05.04

@ENovel CMRgor OCM- operando XRBECT chemical imaging &faMnW/SiQ,in BSCF % VIto

Temperature RT 780° C RT
Gas mixture 100% He 100% CH, 100% CH,

‘_' »
E=lgt
;/: e

b

Cristobalite-low . g '-:

-
W AT

Tridymite-low

5 ~ . N o 4
BSCF
membrane
— :\.:‘-'.
T Na-Mn-W/SiO
G catalyst

_{ Outer side gas strean

] ———
Mn,0;/ Mn;SiO,,

NaLa(WO,),

A. VamvakerosD. Matras,SD.M. Jacqueda\. di Michiel,V. Middelkoop,P.Cong SW.T. PriceCL Bull,R Senecal, Tl getis Fi n d E n sl
A.M. Beale Realtime tomographic diffraction imaging of catalytic membrane reactors for the oxidative coupling P 4 3 ’1* *:
of methane Catalysi§oday 364,2021,242-255, https://doi.org/10.1016/j.cattod 2020.05.04 SRF &



https://doi.org/10.1016/j.cattod.2020.05.04
https://doi.org/10.1016/j.cattod.2020.05.04
https://doi.org/10.1016/j.cattod.2020.05.04
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Structured materials for chemistry and energy applications by 3D printing 7= VIto

Tuned formulations:

A oxide ceramics (e.g. A&, SiQ, ZrQ, CeQ, mixed metal oxides, nanocomposites)
A metals (e.g. titanium, copper, aluminium, silver) and alloys (e.g. stainless steel)
A non-oxide ceramics (e.g. silicon carbide, carbon, carbon nitride, boron nitrate)
A other functional materials: zeolites, polymers, MOFs, graphene oxide)

Readyto-use, scalable:

A catalysts, adsorbents and metal scavengers for flow through applications
A multi-channel supports and carriers, fillers, conductive components

A electrodes for photo and electrohemical cells
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3D printing¢ variety of functional materials and geometries

D, et o

‘!Eﬁﬁﬁhkkk;kh Q
M 4TIl AN
AEEEEEELEEEEEEEEEL | AN
e B s 1 AN
EEELLEEAEEEELELAEEEE LGS 4 NN
SBEELEEEELEEEEEEEEEEEEREE. | N

EEEEEELLLLEELLEEELEEEEES

T L
s SEsEELEELBAGEEEEEEEEE

PO O 0PN A
O 60,0044

OO,

rerr

-
BEAEEEELAEEELEEEEEEEEREEE
/ hhhhhbhhhhhhhhhhhhhhhhh
.bhbhbhhhhhhhhhhihhhihhh
.hmmthhhhhhhhbhthhhhhhhh
-hjhh%h.hhhhhhihhhhhhhhh
Ihhhhhbthhhhthhhhhhhhlih
,hhhbhhhhhhhhhhhhhhhhihhh
,.ﬁhmtmthhhllhhhhhhhihilhh
.mhhhhhh.bhhhhhh-hh.hi--i
.mlmlmihh-hh.hhh-hh.l...l
Immmlmlhtthhl.-hhhhbl 1711
Immmthhthhthhhl..l.llll.--I T
' DlﬂlmhmlthhhhhhllliliillIll-I'
et T T T T L L L L L L L L
i T T T DL L L L L
Ilm.ﬂltﬂhlllﬂlilll IIII-ly
T T T T T T I T I T L L L L
T T T T L L L L L L LY
Q.aullluluu--uulunnnnl'
N T I T L L L L
S AAEEEENENEEES
ﬁwEllll!lIlll!’
S 1111 1) L)~
N TN

rEFer

FrErEry
l'l"::’r’rr
Err
S s

-
.
-
-
-
-
-
.
-
-
-
-
.
.
-
»
-
-
-
.
-
-
.
.
-
.

11



Multi point
thermocouple
CH4 ——qMFC
02 —MFC JJ_L 5IC — protective Al;0; tube
catalyst
N? —JMFC
TIC SiC
1:1)

3

MgO or
Al,0; Membrane
(permeable 60mm)

_L_l_ Al,O; Membrane

— (impermeable)

micro-GC — Reactor wall

TECHNISCHE
UNIVERSITAT
BERLIN

K
v .finden

ST AR
e <0%%"%" .
:se I
e ol " b
*elg0,"

O o) *

sonr I

* X %




Novel CMRg OCM operando experimentsNaMnW/SiQ, + MgO porous tubg* VIto

Regionrof-interest at the catalyst
membrane interface and formed
Mg,SiQ and MgWQphases
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Novel CMRg, OCM operando experimentsNaMnW/SiQ, + ALO, porous tubg? VIto

3% 40 §0
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@ @ 69 5.5 hours and at 950 C

for a duration of ca 1 hour

Si02 cri ' : form at 840°C and 950°C

T.Karsten V. Middelkoop D.Matras A.VamvakerosS.Poulston N.
GrosjeanB.RollinsF.GallucciH. Godinj S.D.MJacqueset al.
Multi-Scale Studies of 3D Printed §iegW/SiO, Catalyst for
Oxidative Coupling of Methan€atalyst2021, 11, 290.
https://doi.org/10.3390katal11030290
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quartz is present in the higher symmetry hexagonal form at 840°C and 950°C.



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

@E Novel CMRg OCM operando experimentsNaMnW/SIO, + ALO, porous tubg#= VIto

under OCM operating conditions &(0° Cfor a duration of 5.5 hours and at 950C for a duration of ca 1 hour
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Novel CMR§ OCM operando experimentsNaMnW/SiO, + ALO, porous tubg? VIto
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Novel CMRg OCM operando experimentsNaMnW/SIQO, + ALO; porous tube
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f@ﬂ Novel CMRg OCM operando experimentsNaMnW/SiQ, SBA15 catalyst = VIto

Middle — volume data
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XRDBCT of 3D printed Ni/&03 catalysts under COmethanation >~ Vvito

CQ+4HIHbCH+HO

100

CO, conversion (%)
8

78.5 keVfocusedto a spotsizeof 30> Yx 30> Y 2D msper step
XRDBCTscansgachscancomprised39,600diffraction patterns.

V. Middelkoop, AVamvakerosD. de Wit, S.D.M, Jacques, S. Danaci, C. Jacquot, Y. de Vos, D. Matras, D., SW.T.
Price,A. Beale , 2019ournal of CO2 Utilizatip83,478¢487, https://doi.org/10.1016/j.jcou.2019.07.013
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XRDCT of 3D printed Ni/&O3 catalysts under COmethanation 7= Vito
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XRDBCT of 3D printed Ni/&03 catalysts under COmethanation = Vito
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3D printed catalytic reactoren continuous multiphase flow % Vito

Impact of 3D printed design in flongactorfor selectiveoxidation of benzyl alcohol into benzaldehyde

A
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50 mm
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PC Control
A 4
(TN
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7 6

) Chromatography 21,6mm

Analysis

C.JacquotV. Middelkoop,A. Kéckritz A. PoharR Bienert S Kellici,l-A.. N NNB WedeziaA. GavriilidisB. LikozarA. M. Beale atalvsis
3Dprinted catalytic reactors for aerobic selective oxidation of benzyl alcohol into benzaldehyde in continuous multiphase flow m ‘,\Lsim_mmxl(mw ol
QustainableMaterials and Technologie2021,https://doi.org/10.1016/].susmat.2022200329
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3D printed catalytic reactors continuous multiphase flow >~ Vvito

100% 0.050

90%

OH o)

80% 0.040 /
70%
o0% 0.030 Conversion %B)(()f ) [Fe/Co/Pd] i
o0 Selectivity % (/) 0,
40% 0.020 Turn over frequency TOF finht g a B7
30%
20% 0.010

10%

0% 0.000 : - :

A High Productivity through 3D printed structure comparable to

%"“’a e(fw 3’“’0; 1“015 “C% batch condition and higher than packed bed design
I IREC) 400,1@ @, @y, @y, . . ,
" Soy 20 %0 %0 %0 A lower selectivity-> Over performing to successive secondary

reaction due to high activity of Pd
Reaction conditions:

0.1mL.mint of 0.2mol.E benzyl alcohol in DMF solution A FeCacombination competitive and more sustainable (price,
saturated in KCQ, at 100°C in ceflow of air 85mL.minA reactor environmental impact)

through 3D printed catalytic structure.
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3Dprinted catalytic reactors for aerobic selective oxidation of benzyl alcohol into benzaldehyde in continuous multiphase flow m ',\_L et .YK .
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3D printed catalytic reactors continuous multiphase flow >~ Vvito

Conversion %B?,{()/)

Selectivity %330/ )
Turn over frequency TOF | in ht
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A Reproducibility of experiments A Optimal use of catalytic material: A Effect of fiber diameter anthterfiber
Graphene Oxide support combined distance: TOR for lower size due to
with Fe@ALO, higher surface aree> internal diffusion
C.JacquotV. Middelkoop,A. Kéckritz A. PoharR Bienert S Kellici,l-A.. N NNB WedeziaA. GavriilidisB. LikozarA. M. Beale experlmentsu
3Dprinted catalytic reactors for aerobic selective oxidation of benzyl alcohol into benzaldehyde in continuous multiphase flow @ f\ata |y$|$
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3D printed catalytic reactors continuous multiphase flow >~ Vvito
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3D printed catalytic reactoren continuous multiphase flow > Vito

Impact of 3D printed design

120%

g 100% _— ® _aed Start (Co,0,) :LS End (CoO) start (Co,0,)  SF  End (co0)
— x .
c X3 E o e 1-1
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(G e)) )
O “— o° 1-3
O ® Target
— 20% o
A'd
— 0% “eoeC-“3
0 50 100 150 200 250
Time [min]

Verified by modelling Retention Time Comparison

A effect of geometry on performance Experiment Conditions:

A process energy properties 1mL.mint liquid flow, coeflow 85mL.mirt He gas

A optimal condition seup Room Temperature, latm

O -

C. JacquotA.VamvakerosA.t | @t SWD PricéH. Dong,D. Matras,L ProtasovaB. LikozarSD.M. JacquesA. M. Beale V. Middelkoop A multi-scale study om
3D printed CeAl203 catalyst monoliths versus sphet@semicaEngineering Journal Advan¢@923,https://doi.org/10.1016/|.ceja2023.100538
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3D printed catalytic reactoren continuous multiphase flow % Vito

pressure (Pa)

150 200 250, A Monoliths: average residence time is higher
which leads to higher conversion rates

A Spheres: the residence time of the initial signal
is shifted to later time than monolith
Hspheres have higher tortuosity than
monolith and consequently more inertia losses.

Pressure drops for various CFD tracer test for superficial Velocity distribution for
superficial velocities velocity of 1 mm/s superficial velocity of 1 mm/s
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3D printed model geometries for mukphase flow reactions >~ Vvito
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Determine liquid/vapor phasea) computational domain,

ratio and fluid flow regime  b) closeup,

Inside reactor c) number of channels stacked
PengRobinson equations of tetrahedral mesh

state in Aspen Plus

velocity fields inside the
monolith (left);

concentration fields at the inlet
of the channels: reactant
(middle); product (right)
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Conclusions and outlook >~ VIito

A 3D printing is a versatile powerful tool to
tailor functional materials and answer the
needs for chemistry and energy applicatior

A precise and uniforndistribution of active
material over a high surface area

A highly adaptable and wetlontrolled design
for optimal flow pathways

A low pressure drop; improved massnd
heattransfer

A easy (insitu) regeneration and cosdffective
product removal

A improved productivity per cubic meter of
reactor volume
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