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Significant class of reactions: R,
for the production of fine chemicals, pharmaceuticals, flavors and X5,
fragrances, the conversion of biomass and the processing of raw food

But several issues:

fast reactions, thus prone to mass transfer limitations
highly exothermic reactions (AHgz = -100-130 kJ/mol.), resulting in

possible thermal hazards
selectivity constraints, due to consecutive reaction scheme

and parallel side reactions (e.g. cis-trans isomerization)
ex. in food industry: C183—>C182—>C181—>C180
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Drawbacks of conventional three-phase reactors:=" =
Fixed bed reactor Slurry reactor

TRICKLE BED

Suspinsinn

e - Uneasy catalyst separation, attrition

e - Low &g & high mixing

(e nd runaway (TBR) *  Reduced productivity

e SS trans *  Reduced selectivity (promotion of
o | use for viscous/foaming fluids homogeneous side reactions & Ilower
- Plugging, high AP f | bea intermediate yields)

i ARRE B - High energy costs (mechanical stirring) @

N innovative reactor for three-phase <

atlon HYDROMORe project (anr cp21 2012)
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SIS Pro -t'
LGC & C'R'T’t”‘mg“‘ul posed.

& equipped with in situ heat removal system  J&ua=

Expected features: mpregrates 3
- Low AP T 4
- Low diffusional limitations (thin catalytic layer)
- Good G-L & L-S mass transfer (Taylor Flow)
- Plug flow.in channels (TF, ' selectivity)
- Fast draining in case of run
+ Efficient temperature contr

uniform
coating
thickness
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Kreutzer et coll., 2006
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Ceramic nggwol/th with external cooling Heat-exchanger Monolith Reactor
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. . [ s —— Catalytic channel walls: =
EEPRRPRREE < heat conductive scaffold .
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 Conception of such a reactor with millimeter size
channels and metal scaffold?
» Manufacture by selective laser melting (Al alloy)

« Catalytic layer adherence, activity & stability?

Insulated walls Oone = 40 KW/m?2 Voot = 433K

m 433,6K
* Reactor design for efficient heat exchanqe’? \i e
Simulation of thermal behavior e

433 K

low regime? —

e
® Taylo ﬂwln channels simultanecusly

sitable GL distributor 7 (iE
al characterization of "
nel hydrodynamics
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8 CIRIMAT Method

“LGC Bg " mu =, '
- = “dlowe Catalytic objects & rez *

o Continuous reactor | &
- Efficient heat removal

> Single channel as relevant scale for the proof of concept Sji¥
ke A

with coated jacketed tubes m‘: & |
L20 cm SR v .

* Is it enough? |
» Overall monolith performance strongly linked to the catalyst activity/selectivity

& the hydrodynamic / mass transfer behavior of individual channels
> Need for a model that could discriminate involved phenomena

with coated plat?lyets © more representative of monolith washcoat

need to be recycled for kinetic study
(deactivation?)
@ more difficult to characterize (M content)

with catalytlc powder
, © homogenous lot, can be extensively characterized ¥
\J © size and amount easily modified for kinetic regime ~

same activity as washcoat? 6
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« Sol deposition on the reactor walls (controlled filling and draining of the channel)

« Thermal treatment

« Impregnation with active metal precursor

- 50

H nanoparticles

33

200

Mesoporous alumina

Specific surface area : 300-500 m? g! @
Average pore size : 5-40 nm =

Université

Pore volume : 0.3-2.6 cm3g?
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1 - Selective impregnation of Pd p

« Pd acetylacetonate (Pd-ac

(NH,),PdCl, in water

t 250°C

UUUUUU

ysis, 16 (1983) 123.
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. C|R|MAT Characterization oL@ajyfsf ‘i(ero gel & .,:2:18%1121;

= Bulause propene hyﬂrog‘eﬁatleﬁ\%'
q: a:;.% Foeir
CiHg + H, < CzHg  AH =-124 kJ/mol
Conditions :
 Gas phase, P =1 atm
« Composition: 1% C;Hg + 1.5% H, in Ar
* Flow rate: 100 mL/min, temperature: = 20°C
Thermocouple

* Mass of catalyst = 10 mg mixed with 90 mg of alumina
* Analysis of outlet gas by mass spectrometry

MS
| > analyzer

Parameters :
» Active metal (Pd, Pt, Ru)
- Catalyst support (alumina vs. TiO,) -
» Addition of Pd (direct addition in sol vs. impregnation)
 Pd precursor : (NH,),PdCl,, Pd-acac in acetone, Pd-acac in toluene
» Thermal treatment temperature for decomposition (none to 300°C) N
 Thermal {y{éﬁé’;tfhent atmosphere for decomposition (Ar, O,, H,) T
SN CsHg + Hy + Ar
 Results:
i ft‘ *  Activi talysts prepared by impregnation >> direct addition in sol
BIsl ) To better solvent for Pd-acac than acetone &
/es more active alumina supported catalysts than (NH,),PdCl,
cac precursor TiO, and alumina are equivalent o
rmal decomposition conditions = H, at 250°C 9
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LGC & CIRIMQJ Cha

1%Pd/alumina from Pd-acac
1%Pd/alumina from (NH4)PdCls
alumina
Pd lines

Sger and V. are determined fra

adsorption isotherms of N, at 77 .4

Xerogel SgeT Wisam
(m?/g) )

Alumina 320 + 20 1.2+0.1

1%Pd/alumina 320 + 20 1.2+0.1

from Pd-acac

1%Pd/alumina from 310 + 20 1.2+0.1

(NH,),PdCl,

1 1 1 1 I 1
40 60
2theta (°)

Crystallite size of Pd <5 nm

Universi
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® CIRIMAT Characterization of ef

age STEM : dark field images

a8 8 &

e 8 8 % @

Catalyst : 1%Pd/alumina (from Pd-acac)

[ E
/888888

activated in H, for 30 min at 250°C
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Catalyst : 1%Pd/alumina (from (N
Microscope JEM-2100F

EDX analysis
gives 1.7%Pd
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i C|R|MAT Characterization of coatings: SEM =~ 7

LGC &% Toulouse = B ol e iA PR
Determination of uniformity and thickness of the coating R e X
1 - Filling the tube with epoxy resin .

2 - Inspection by SEM of cross sections
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Coated amount of alumina (m/S) was evaluated by weighting

m m
Substrate Coat(?r(]jg) ass (g /r/nS?)
AI3003 platelets 3.6+£0.3 26+0.2
AISi10Mg platelets (SLM) 9.1+0.3 3.8+0.1
AISi10Mg monotubes (SLM) 17+ 5 14 + 4

~ Surface area V\;/ag\':s:determined from adsorption isotherms of Kr at 77.4 K

o0

Ve Substrat Coated mass | Measured Specific
s (mg) Surface (m2) | Surface Area
3 (m?/g)
BEEREREEEEEEE AL3003 platelet 4 1.2 300
e 0Mg monotube (SLM) 4 1.1 280 )
S 14

-------
........
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e @ CIRIMAT Characterization of
LGC .. Toulouse o

- Check if the coating was damaged by the catalytic test
- Element analysis of Pd and S

Ltz s susEEE R

c = s s e e

EDS analysis S (wt.%) Pd (wt.%)
Plate #1 0.33 + 0.01 1.2+0.3
Plate #2 0.0 1.6+0.1 @
Plate #3 0.0 1.6 £ 0.3 &

Université
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“LGC &

oc-pinene hydrogenation:

c H

H, il
cls-pinane @

+ -

H CH

-\""\ }
trans-pinane

.."4‘

an: | :ESIS of L samples (product speC|at|on)

»»»»»»
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CIRIMAT Appllcatlon

Toulouse

ra B-pinene

|

\,—a‘ =

Typical operating conditions:
Pyo = 1-100 bar, T = 50-200°C,
pure or diluted pinene (P),
Ni or noble metal catalyst

cis/trans selectivity reduced by an
increase in temperature, but favored

6@ O-pinene

_Kinetic investigation:

",,,fred autoclave reactors (100 & 250 mL)
 gas ballast & addition funnel

I ‘ II cooling

, damping screw
support

by increasing hydrogen pressure up to
10 bar (negligible effect beyond)

[Il'ina et coll., 2002; Simakova et coll., 2009; Wang et coll., 2015]

Data Data

acquisition P acquisition

Gas
outlet

g
\j/ Sampling
valve
€ 62

Gas Pressure !
inlet regulator
Gas reservoir
H

v, Gas inducing
2| stirrer Universice
u de Toulouse
Filter [ Se—x |
/ — Cooling coi[
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Preliminary tests (catalytic platelets):

® CIRIMAT Appllcatlo

09 > Deactivation during the reaction

W | e s under recycling (---)
__.Z: | > Sulfur compounds and water traces
% . initially suspected,
5. but S content < 0.4 ppm V pretreatment
E s of pinene, and molecular sieve not
% 02 ctive

0.1

0

PRI S o & o &
vessee-aeseees
i s aeses0® )00
<.a;ot.sgpa\

—— ’_<‘_
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s after dlstltlatlon of raw pinene

100 200 300 400 500 600
Time (min)

2 9 8 & 8 &
&8 8 8 & v

;f"provement of catalyst
h multi-stage distillation

H, comsumtpion (mol)
o
= o
(9] N

rotavapor

= . . O T T
pinene  oxidation . 2 20 60 %0 100

N/ = . s

..........

. ris v s s s e 8B E

....... e 8 - x:’ . Time (min) 17
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“loc ® CIRIMAT Pinene hydroge

Toul ) ' %
- — T — negligible hmxtatron by mtemai AR
0.1 diffusion for d,5 < 50 um .“
Kinetic study (with powder): £ @ o S
. e . . : S o
» Experimental verification of kinetic regime £ oo
(G-L mass transfer & internal diffusion) 3
= 0.001
1.E-05 1.E-04 1.E-03

dsz (um)

» Experimental database: T = 100-160°C, py, = 10-30 bar, C; = 1.5-6 mol/L,
50 mL liquid, 25 mg cata (d,; = 30 ym) — 18 experiments
» Parameter study: “apparent” E, & react® orders in accordance with literature values
» Reaction selectivity: < 5% of B-pinene, cis-pinane selectivity: 60-70%
_,,_Evolutlon with T & p,, in accordance with literature trends

,,,,,

aaaaaa
444444

7
‘ ,_qd%elllng.gf‘mtrmsm hydrogenation rate: =Y
1’,, /00808 £
crimination & parameter estimation 5° + eoarimenta
; 2then complete kinetic curves g* -« model

...... ‘ ; .
U e e o kKHzKPPHZCP 52
W S 2 e 21
........ 3| =
. AT S T _ (1 + I{I_IZPI.I2 +KPCP) n_o

il A i , 0 10 20 30 40

F Vi e e Time (min) 18

W _mmg step) Journée thématique SFGP & SCF, 29 Juin 2018, Lyon
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CFD model:

uout»'cj,cuthj,out

——Real bubble shape -oe1s

---- Simplified bubble shape  .0.0002

-D*grad(c) (mol/m?/s)

-0.00025

.....

" -plug flow model with transfer coef. from CFD#*
—CFD simulation*

Pinene conversion (%)

163°C, 21 bar

* not accounting for gas consumption
1 2 3 4 5
Tube length (m)
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5o @ ClRIMAT Comparison
LGC @ wououse & op en

100 - g
> Too optimistic predictions %0 - &
vS. measured conversion S 80 - plug flow model: gas consumption accounted for Y

| 1 ! .é 70 4 plug flow model: catalyst activity reduced by 10-fold**
:E o1 @ experimental
s 50 4
L
e 40 4
5
£ 30 -
-+ 20
101/.® 163°C, 21 bar
0 **{gas consumption accounted for) ’
0 1 2 3 4 5
Tube length (m)
S \ T ‘ T
,,{ : f,Zi,ZZ? :::: """ ?_' ' bubble a:sp.ma_'
egime? ( mtlal high gG’? effect of wall roughness?) .
oo 00e 5t
' __.,va,lue? (geometry effect, arbitrary L ;) g ol
; . ’ i s :sﬂ 0.1 |- slug  dlug- annular-{
q’ i | plug nnutar
0.02 | o
001 |- e § o
0005 b—o—1 1.1
001 003 01 03 1 3 10 30 100
m“ Ugs (MIs)
20
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