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Mastering the interplay between homogeneously and
heterogeneously catalyzed reactions:

kinetic modeling and scale-up of glucose aminolysis
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Motivation

ETHYLENE OXIDE

MAY CAUSE CANCER
MAY DAMAGE FERTILITY OR THE UNBORN CHILD
RESPIRATORY PROTECTION AND PROTECTIVE
CLOTHING MAY BE REQUIRED IN THIS AREA J
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overview

experimental assessment
* batch reactor experiments
* fed-batch reactor experiments

kinetic model construction
industrial reactor simulation

conclusions
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patch reactor experiments: operating procedure

start-up shutdown
load (dissolved) glucoseand 8. cool down the reactor
catalyst and close reactor 9. vent and flush the reactor
flush the reactor 10. remove reactor contents and clean

perform pressure test

oad DMA ___property | _symbol | _range | _units _

0 initial pressure p? 45 -6.4 MPa
0ad H, (') total pressure Dot 40-75  MPa
start heating glucose feed Nueose’ ~ 03-05  mol
maintain pressure with He DMA to glucose ratio  Ngyp/Nyueose- 9-0-15.0 mol mol
(Dtot] catalyst mass W 3.0 - 45 Ocat

—

@ = . ?(Q Iﬁlxi"x
GHENT \
UNIVERSITY M B (

“an
.........
N




reaction profile
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time (s)
® DMAE A TMEDA B Glucose =T

TMEDA main product (Yield: 35 %), DMAE byproduct (Yield: 4 %)

x occurs at lower temperatures than expected (>423 K=>150°()

both TMEDA and DMAE are stable

DMAE formed earlier than TMEDA

glucose conversion during heating

- operating conditions not well defined and not suited for kinetic modelling
& |
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effect of DMA to glucose ratio
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Npma/Nalucose” (~)
m DMAE mTMEDA m DMF

Oincreases:

when nDMA/nglucose

DMAE vyield increases

-

TMEDA yield greatly increases

O
OMF yield remains the same
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effect of H, and total pressure
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Y]E Glucose (']
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10%

0%

- H, total pressure
(@) p% 45MPa p,, 6.0 MPa

(b) p% 45MPa  p,,: 7.5 MP3
() p%62MPa p,, 7.0 MPa

(a) (b) (c)

®mDMAE mTMEDA wmDMF

Pi: INCreases: slightly more TMEDA
p® increases: more DMAE and much more TMEDA, less DMF

effect p® more pronounced than p,.,.
hydrogen availability is key!
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conclusions, challenges and opportunities

experimental assessment of glucose aminolysis at temperatures below 400 K

e DMAE formed first, TMEDA main product

* higher DMA to glucose ratio beneficial, especially for TMEDA

* higher total pressure and, especially, higher initial amount of h dro en beneficial

trends can be observed but not modelled because
 operating conditions are not sufficiently well specified
* reaction and main product loss during heating

=>» fed-batch experimentation

* feed glucose when desired temperature is reached
—> temperature specified
—> properly asses the effect of the temperature
—> avoid losses during heating phase

* maintain pressure with H, instead of He
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fed-batch reactor

batch reactor advantages of fed-batch reactor operation:

* controlled addition of key reactant when other reaction conditions are reached
 operating conditions are well specified (T, p)
* no product loss during heating phase = higher yields

* possibility to adapt the feed rate
 opportunity slow down or speed up reaction on purpose

disadvantages of fed-batch reactor operation?
* very challenging to assess conversion in case of fast reactlons at controlled
feeding rates 75 RGN
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fed-batch reactor experimentation
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60% -
— (b) T=383K
_é 40% - (Q) Py, = 6.0 MPa
S (AW, =74q,
> 20% - 0_
nDMA/nglucose =19
0% - () nDMA/nglucose0 =16

(a)
(a) reference: T=398 K, py = 7.5 MPa, W, = 3.6 G, Npya/Ngiucose’ = 12

higher desired product yields in fed-batch operation compared to batch operation:

Youae: 5% =2 14%, Yyeon 36% =2 54% (Youe 10% =2 1- 4%)

lower temperatures: slightly more DMAE, less TMEDA, more N,N-dimethylglucamine X
lower total pressure: slightly less TMEDA, not very pronounced

higher W_..: less TMEDA, much more N,N-dimethylglucamine (Y = 28% compared to 10% in (a) ) x
higher nyy,/n O more TMEDA €= highest amount of DMA required!
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experimental assessment: conclusions

batch experimentation

+ aminolysis occurs at lower temperatures than expected
+  DMAE formed first, TMEDA main product
+ higher DMA to glucose ratio beneficial, especially for TMEDA

+  higher total pressure and, especially, higher initial amount of hydrogen beneficial
- Observed trends can not be modelled _:.-, .,_....- L Sk
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fed-batch experimentation
+  proper assessment of temperature effect

| may not be there yet,

| y - but I'm closer than | was yesterday.
+ operating conditions much better specified r

++ higher DMAE and TMEDA yields, less degradation
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overview
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Kinetic model construction

* reaction network - 3 types of catalysis
* model equations

* Kkinetic parameters and interpretation
* model performance

industrial reactor simulation

conclusions
I[I' DOES, YES, YES
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reaction network
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amination step

iminium ion formation
enamine rearrangement
retro-aldol

enamine hydrogenation
keto-enol tautomerism
degradation °

homogeneous catalysis:
heterogeneous catalysis: metal

acid
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model equations

fed batch reactor rate equations site balances
= (k1aEMAaglucose _k—1aDMAahemi,C6 ) A > P
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Kinetic parameters

Estimated activation energy

Estimated average rate coefficient
(kJ mol™)

Kraes 63107 £0510% m° mol*s?  E 781 +7.2
ko 21104 £0.610 molkg,'s' E 499 +49
Kraes ~ 7.010%  £1310% molkg,'s' E, 475 +79
Kres 39107 +07107 molkg,'s' E, 599 x99
Kraes 50107 £0710" molkg,'s" E 88 +25
Krves ~ 8910%  £1210% m’ mol's?  E 16 +03
kTaVe’7 2810°% +0210° 5] Ea'7 1417 +13.0
Estimated average adsorption equilibrium coefficient Estimated adsorption
(m3, mol™) enthalpy ( kJ mol™)

Krave cs 5710°  £1010° “MH,46  -30.3 +9.1
KTaVe'c4 6.7 102 +0.610° _AHads,C4 -13.7 %19
Krave c2 7010%  +0310° M, 260 46
Kiave 12 11 +0.3 M4, 29 %03
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all parameters significant
— 0 not included in any confidence

interval

global regression significant
>F=160,F,, =279

all parameters uncorrelated

—>highest binary correlation
coefficient 0.8
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interpretation of the klnetlc model
Estimated average rate coefficient M J$ mwfgj;i” g \ji;;f\uf &E' { %}

OH OH | CH OH

k.., 63100 +0510" ms mol2s’ E, 781 +72 ) o/

| -l ¢ / DMA H  HO H* H
Krave: 21104  +0.610* molkg.,'s' E,, 499 +49 \/KH e mﬂl W o . \/Hf\x Ce mj;,\,
Krwes ~ 7:010%  £1310% molkg,'s'| E,; 475 +79 L L L on | I
Kraes 39107  +07107 molkg,'s"| E, 599 99 | 77 9 j
Kres 50107 £0.710" molkg,"'s'| E; 88 25 ? o umi NS Hﬁzu o :J
Kraes ~ 8910%  £1210% mimol's’| E, 16 203 | [’ = | |
Ko7 28103 £0210°% 3 E, 1417 130 || L1
Estimated average adsorption equilibrium coefficient “"5 DMA | Mzn | Jj

3 5 5 . K. N | P M~ K
(m°, mol™) enthalpy ( kJ mol™) f\'fj ; \.,f\l = 4
Krave.cs 57107 +1.010° -AH,4 ¢ -303 91
Krave.ca 6710°  +0.610° ‘AMH,c.  -137 +19 = higher temperatures required to favor retro-aldol cleavage X
e oo 70103  +031073 AH,.., -260 46 ° E, . lower than expected (+ 110 kJ mol™), after prior amination
- . £ 03 M, 29 03 * no selectivity tuning between DMAE to TMEDA by adapting temperature
* very good temperature control required to avoid degradation
—
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model simulations

“san”

reference lower pressure (p = 6.0 Mpa)
70% 0.8 -
. 60% ok _
T=398 K %E.: S0% = - e —> lower TMEDA yield
40% 0.4 - A,
p=7.5 MPa S o S|
— A ry T —%F - ;
N ytucose? = 0.4 Mol = oo% Lz . —> more pronounced degradation
10% 0 1000 2000 3000 4000 5000
o ! time (s)
lower temperature (T = 383 K) lower feed rate (t, = 3900 s)
0.8 - 0.8 -
—> lower TMEDA yield 0.6 I 06 1 N
S04 1 Pt 04 - e > lower TMEDA to DMAE ratio
. UDZ -7 ° 0.2 - PR -
—> glucose conversion slower: <= | | - e +
0 e T T T T —® 1 U T T — I- b '.Ih a .
conversion kinetics properly 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 6000 7000 —> lower feed rate equivalent to
¢ DMAE (exp) A TMEDA (exp) ® Glucose (exp)
DMAE (mod) w= == TMEDA (mod) == + Glucose (mod)
m . ” ? =Y 1.&...-. : _... ... European
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kinetic model: conclusions

physically relevant, statistically and globally significant kinetic model

* accurate simulation of experimental data

* mathematical confirmation that retro-aldol occurs at lower temperatures than expectedx,
* too high temperatures lead to excessive degradation

* tuning the selectivity between DMAE and TMEDA is not possible by changing the temperature
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overview

WHAT IS INNOVATION?

Industrial reactor simulation EPErariirT P ~ is the profitable

implementation of
these ideas

* jetloop reactor
* Ttrickle bed reactor

conclusions
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two distinct reactor models

why assess two completely different reactor models?
TMEDA always main product, but what if DMAE is desired?

kinetic model: no tuning possible by adapting the temperature

heterogeneously catalyzed vs homogeneous key reaction steps

in every ~

4 'L at ; it’ll all be worth it
| CHALLENGE T In the end. |
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jet loop reactor

ad

low catalyst-to-liquid ratio reactor
* reactor vessel + tubing continuous recycle of liquid phase
* heat exchanger built in the loop: ensure temperature control
* overall batch operation
* jetinjector: efficient gas-liquid mixing
* catalyst flows along with liquid phase

—> goal: maximize TMEDA yield

I'd rather attempt todo
something great and fail than to
attempt to do nothing and

succeed. '

Robert H: Sc:'h\tfller
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glucose aminolysis product yields in the jet loop reactor

operating conditions

/* "\ W, =35kag. _ 80% 405 %
Noua/Ngucose = 40 mol mol™ E 60% o E
Moucose = 153 kg S 40x g
T, =390K o o5 5
p =75MPa

0%

0 2000 4000
t(s)

 [MEDA main product with yields comparable to the lab scale batch
* good temperature control is ensured by the heat exchanger
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trickle bed reactor

Gas Liquid . .. .
! [ high catalyst-to-liquid ratio reactor
% 40 * catalyst located in a fixed bed in the reactor
4]
K ::,E * low flow rates of gas and liquid ‘trickle’ down the reactor
T
Y * interphase mass transfer main issue
o
N> T :
e —> goal: optimize DMAE yield
K1
e
tist>
el —> challenges:
e, g
:: . control the temperature
e optimize gas-liquid transfer to enhance DMAE yield
K r . .
X1 might be very tricky
A
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glucose aminolysis product yields in the trickle bed reactor

Gas  Liauid operating conditions
1 [ VTBR =235x10% m?3 415 100% ¢
H -
W.:=0.25kg sos Z _E 80%
et Foma= 3.0 X107 mol s™ L =
£ : DMA=26x1O'6 e ws 2 £ ‘ Experimental: 40% TMEDA
e glucose™ & Lo 40% } & A A
L FH20 =51x10> mol s™ 385 £ 2 )
el 2> 20%
oty Fo=31x10%mol s
- 375 0%
i 21 T, =390 K 00 02 04 06 08 10 12
w2 y L(m) 0 30
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overview

conclusions
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conclusions

experimental assessment glucose reductive aminolysis

. 3 types of catalysis
. two main products: DMAE and TMEDA

significant, statistically and physically relevant kinetic model

 aprior amination reduces the activation energy for retro-aldol cleavage

industrial reactor simulation

* jetloop reactor (low catalyst-to-liquid): TMEDA main product e (o))
—> tuning between DMAE and TMEDA main challenge

* trickle bed reactor (high catalyst-to-liquid): TMEDA main product
— temperature control and optimization of gas-liquid mass transfer main challenges
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