UNIVERSITAT LEIPZIG

Topical Workshop — MOF Catalysis

, Microkinetics in Heterogeneous Catalysis*

DFG Priority Program 1362

Roger Glaser
Institut fur Technische Chemie
Institut fur Nichtklassische Chemie e.V.
Universitat Leipzig

12.04.2011




UNIVERSITAT LEIPZIG

Outline

e Introduction

e Microkinetics in Catalysis
 Fundamentals
» Kinetics and Reaction Mechnisms:
Microkinetic Modelling
 Examples

« Rate Procurement: Catalytic Testing
» Testing Reactors and Set-ups
* Transient Methods
* Problems and Pitfalls

e Conclusions: MOFs and Microkinetics




UNIVERSITAT LEIPZIG

References

e |. Chorkendorf, J.W. Niemantsverdiet:
“Concepts of Modern Catalysis and Kinetics”,
Wiley-VCH, Weinheim (2003).

 “Handbook of Heterogeneous Catalysis”, G. Ertl,
H. Kndzinger, F. Schiith, J. Weitkamp, eds., 2"
edition, Wiley-VCH (2008),
— Chapter 5.2, pp. 1445-1560.

— F. Kapteijn, R.J. Berger, J.A. Moulijn, Chapter 6.1, pp.
1693-1714.

— J. Weitkamp, R. Glaser, Chapter 9.2, pp. 2045-2053.




UNIVERSITAT LEIPZIG

References

Edited by G. Ertl, H. Knézinger, #WILEY-VCH
F. Schiith, ). Weitkamp

Handbook of
Heterogeneous Catalysis

Second, Completely Revised and Enlarged Edition

Volume 1




UNIVERSITAT LEIPZIG

Steps In Heterogeneous Catalysis
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Micro- versus Macrokinetics

Microkinetics

<
v

= kinetics of the chemical elmentary steps

transport

- mass and heat transfer
- within and across phases
- all reactants and products

_ = kinetics of combined reaction and transport

H, or O,

catalyst
+ solvent
+ reactants
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Why Do Microkinetics?

e Catalyst and Reactor Design

* Nature and utilization of mass, surface area,
porosity, active sites

» Kind and operating conditions of reactors
» Reaction rate occurs in design equations

mm) Heterogeneous Catalysis Engineering

« Elucidation of Reaction Mechanisms
* Microkinetic Modelling
 Falsification rather than proof

» Requires experimental data of sufficient amount
and accuracy
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Fundamentals
General reaction equation
|va| A+ |vg|B ve C +vpD
o — dc ri=f (e T, p.my,,)
I n=k(T)-f(c)
power rate law =k cf Yo
Arrhenius law ke = k(T =k, g_%

parallel reactions | R, = Z(Vij "’})
]
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Fundamentals (11)

General reaction equation

|VA|A+|VB|B Vcc+UDD

d Cf Problem for hetsmgeneous catu|v5is:
r=— — = -

dt c; at the surface not directly accessible

» concentration at the the surface:

¢ |oading of sites through adsorption
*® coverage © = fraction of occupied sites [max. ©=1)
¢ for gaseous reactants: ® only indirectly accessible as a function of the partial

pressure

-~ Adsorption models
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Fundamentals (111)

Adsorption Models — Adsorption Isotherms

Equilibrium loading at constant T in

dependence of concnetration or partial

pressiure

Adsorption capacity of a solid for a given

reactant accessible

adsorbed amount

Several types according to an IUPAC- . ,
definition relative pressure P/,

often used for kinetic models in

hatercgenenus ccﬁ‘cﬂysis: . .
-2 I.clngmmr |sutherrn
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Fundamentals (1V)

Langmuir Isotherms - Derivation

Treatment of adsorption

as chemical equilibrium:

‘Gus + free adsorption site (AZ) adsorbate cmplex (AK) \

Conzentration measures:

® Gas: partial pressure p,;

* AZ: relative density (on surface);

e AK: relative coverage.
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Fundamentals (V)

Langmuir Isotherm — Derivation (I1)

Adsorption equilibrium:

K, = © — © here: K = Langmuir constant K
p-©, p-(1-0) 3

: Langmuirisotherm

g T= const.

r=k-©, .0, = const
| .
K, -p-(1-0)=0 o
—_—— 0
KL.p_KL'p'G):@ E
K, p=0-(1+K, p) E

O KL‘?
1+K,'p

relative pressure 2/p,
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Microkinetic Modelling

Kinetic Models
> Kinetics of heterogeneously catalyzed reactions often complex
> simplification:
» reaction rate is determined by the slowest step; all other steps can be

treated as chemical equilibria

gernerally ~_ (rate factor) (dr1ving force)
(Hougen-Watson) A (inhibition term)”

* rate factor:

rate constants of slowest step and adsorption constants
¢ driving force:

experimentally accessible concentrations and chemical equilibrium constant
* inhibition (adsorption) term:

coverage of active sites = inhibition by site blocking
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Microkinetic Modelling (I1)

Hougen-Watson-Kinetics

Reaction A > P

rﬂfe—|imiiing step ‘ driving force rate factor inhibition term

Siirei o b % ke, [1 +b}pp +by. FP] 1

desorption R Pa_% k-c,-K-b, (1+b,-p,+by-p,-K) 1

i;:;?jn p‘i_% k-cp-b, (14+by-py+bp-py) 1

oA PEE s, ez, |
K=£r Pp Py o - Kp
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Microkinetic Modelling (111)

surface reaction is rate-determining
unimolecular reaction

A—>P

- Fast adsorption and desorption: adsorption equilibrium

-~ Langmuir isotherm

== gctive site

Yy )
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Microkinetic Modelling (1V)

surface reaction is rate-determining

bimolecular reaction
A+B—>P

A B

mm cictive site

y
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Microkinetic Modelling (V)

surface reaction is rate-determining

bimolecular reaction
A+B—>P

Langmuir-Hinshelwood-Mechanism

mm cictive site

y
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Microkinetic Modelling (V)

surface reaction is rate-determining

bimolecular reaction
A+B-—>P r=k-0,0,

"r':'b_i 'bx'p_{ 'PB

® P r=— ;
(1+b, p,+p, ps+b, p,)

Langmuir-Hinshelwood-Mechanism

mm cctive site

y
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Microkinetic Modelling (V1)

surface reaction is rate-determining

bimolecular reaction
A+B—>P

== cctive site

y¥
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Microkinetic Modelling (V1)

surface reaction is rate-determining

bimolecular reaction
A+B—>P

Eley-Rideal-Mechanism
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Microkinetic Modelling (V1)

surface reaction is rate-determining

bimolecular reaction
A+B—>P r=k.0 .0

P

o iftrp
1+b, p,

Eley-Rideal-Mechanism

== qctive site

y _ A
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Terms in Kinetics

Heterogeneous catalysis  Biocatalysis

Kinetics

Rate expression

Linearization

Catalytic center

Turnover number

Turnover
frequency

Number of
turnovers

Langmuir—Hinshelwood  Michaelis—Menten

_ kNtKapa _ kEoGa
r_1+K,qpﬂ p_kM—FC,a,.
Kp = adsorption constant ky = Michaelis

constant
Hougen—Watson Lineweaver— Burke
“Active site” Enzyme
kjs—!

A

Ny'®

No. of molecules converted/No. of active sites
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Example 1: N,O-Decomposition

2N O —— 2N+ 0Oy

elementary steps 1. N;O+* = NOF 12|
2.N,0* — N +0* |2
3.2 0% < 04+ 2% |1

ri =ry1 —r_1 = kiNtpn,08x — k1 N1ON,0

r2:r+2:k1NT9N1‘D F=ry=r =2r
2 2

r3 =ry3 —r_3 = k3Ntsb5. — k_3Ntspo,b;

steady-state assumption

do.
0 = d—: = k_‘lgNiG* —|— 2k339§)$
— k1pn,06s — 2k_35p0,6;
dfo+
0= d—? = k20,00 + 2k_35p0,02 — 2k356%.
dfn, 0
0= — = k1pN,00 — k_10N,0+ — k20N, 0+

dr
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Example 1: N,O-Decomposition (1)

site balance Nt = [N20*] + [O*] + "]

]_ = gNE(:}* +g{j* +€*

assumption: step 2 is rate limiting, steps 1, 3 in quasi-equilibrium

k1 BN, O+
Ky = = —2— —— O,0+ = K1pNn,06s
k-1 pnN,0P%

k3 0 62 ——

r=r

L kyNTK1pN,0
1+ KlPHzD + \/PDQKKE
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Example 2: CO-Oxidation

application: automotive off-gas treatment
active component: noble metals
conversions:

a) C.H +(n+m/4) 0O, —  nCO,+ (m/2) H,0O

b)2 CO + 0, — 2C0,

c)2NO +2CO — N, +2CO,
2(n+m/4A)NO+CH, — (n+m/4)N,+ (m/2) H,0+n CO,

washcoat

noble metal
particles

(secundagy particles ousin

washcoat ) catalyst
(primary particles) ceramic
monolith

J. Weitkamp, R. Glaser, "Katalyse", in: "Winnacker-Kichler: Chemische Technik", R. Dittmeyer, W. Keim, G.
Kreysa, A. Oberholz, Eds., Vol. 1, Chapter 5, Wiley-VCH, Weinheim (2004), pp. 645-718.
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Example 2: CO-Oxidation (I1)

elementary steps (1) co + * «--5 co*

2) 0, + 2% <X 20%
2

ki—
(3 CO* + O == CO,* + * (RDS)
3

-1
(4) CO* <4y CO, + *

surface coverages 6co = Ki po 6.

90 = KZ poz 0.

-1
QCOZ = K4 pCOz 6~;<

1

1+ Ky peot Kz po, + Ky peo,
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@ and normalized rate

Example 2: CO-Oxidation (I11)

rate r= k; 9(:0 60 - k§ GCOZ O
Pco, 2
= k}le\/f; Pco + Po, (lﬁ\/;_oIQJ 0% Kg=Kq \/K—2K3 K4
2
+
= kz'_ v X2 Po, r= k;Kl\ﬁ('zpco Po,
Ky pco
low temperature high temperature
1.0 pr— 1.0
CO, rate L. 08 1 E™/AE+ H,+0.5AH,|
081 fco 5 06{M
=
. n-Ba
0.6 1 = g 0.2 1
=& 0.0
- O
0.4 1 / 5 © .02
S B 04
0.2 1 0 25 061
0/ £8 5.
0.0 — -1.0

temperature /K

100 200 300 400 500 600 700 800 900

temperature /K

100 200 300 400 500 600 700 800 900
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Example 3: NH;-Synthesis

N, + 3H, < 2NH,

elementary steps
diy,

No+* = N;* 3 = PN, k] 0, — ky Oy, = 0= Oy, = K1 Py, 0.
t

NZ *_|_* E}ZN* r:r+—r_:k;(')NEH*_k£H2N

dfyyg B
N*+H" < NH"+" = ki OnOy — k; Oy, = 0= Oy =
+ T s 3 UNUH — K3 Unp U, N K,0;,
e e e Y i g O, 0.
+ H" =—NH," + = k4 UNHUH = k4 UNHE 0, == UNH —
d0i, Oy, 0.
# * —— * * - e - — —_—
NH® + H —"NH3 + “'Et— = k5 HNHJ HH — k5 HNH3 {}:,_: =)= (}NHE = Kﬁ HH

do . 1
NH;* < NH; +' EHE = —kg Onm, + kg Pany 0, = 0 = Onu, = — Pan, 0.
t

D

~do ;
Hy + 27 2H" —= =k Pu, 0} — k; 0y = 0= 0y = VK7 Pr .
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Example 3: NH;-Synthesis (11)

surface coverages

UN; == K] PNE 0* = a-] 8*

P
0, = ali ~0, = 8.0,
K, K, K K, (K, P )2
P
By = NHs 9, = a4,
K4 Ks K¢ K7 PH;,
P
NH
B = : 6, =a.0,
’ KS Kﬁ \/K7PH2
”NH; e —PNH_,' (),,, — a(-,(')*

6
0y = ‘/1'('717&3 0, =a,0,

1
0, =1-— Zi al-()* - H.* =

1+ a;

1
B =

Pxu, Pxh, Pnu;

1+K, Py + % | —P +K Py,
2 KsK4Ks Koo/ (K7 Py, )’ Ks Ks K¢ K7 PH, Ist{a K7 Py, NH,;

A0\
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Example 3: NH;-Synthesis (111)

rate

r=r" —r =k Oy 0,

= 59
— g O

PNH3

r = k; Kl PN.’. U;?. — kz_ ]\

K K K K, (K, Py,

2
NH3

 — k;_K] PI\LE (1 =

PNH;

2

r’=k;—K1PN1{}i ‘—kz_

PZ

K, K, K K (K; Py,

K, K, K2K2K2K2K3 P} Py,

== K KGKKK KK =K

P} Py

H,

2
”J 0
)
)H
2
3.2J 0
)

]‘—_—kIK]PNz (1-

PZ

NH;

Ko P3Py,

)g

2

E

2

*

2

*

2

*

equilibrium condition
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Example 3: NH;-Synthesis (1V)

| o — — e — — " — | ]
9N
1
0[ e L G s
S0 Onn
S oot 5
) : =
S S
s
> 0.001 L 9,5 % 10
g
0.0001 %
20 E
3 102
=
X 3
. <
g NH; Concentration| © o 1atm
E 10 1 ® 150 atm
E 03 . D 300atm
< 1072 1072 107!
O
Experimental exit NH3 mole fraction
0

0 20 40 60 80 10C

Reactor lenﬁth
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Measurement of Reaction Rates

VAA+wvgB+ ... == vpP +1vqQ + ...

dx A
PFR: ——A _ _ . xr E:_f dx
q w FJE 0 VAF
Fy
CSTR: A —Vp X F
w
Fy
dx
Batch: Nﬁd—f = —vp X F
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Reactors for Catalytic Testing

A A

Continuous flow: PFR
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Reactors for Kinetic Measurements

Gradientless reactor spinning basket reactor
with internal recycling loop

Katalysatoreinsatze
Katalysator

Thermoelemente k

Turbine
Gaseinlali

Gasaustritt

Antriebswelle

Magnetantrieb




UNIVERSITAT LEIPZIG

Set-Ups for Kinetic Measurements

Solid catalyst

Feed mixture

A+B(+C+..) Oven Off - gas strfam
B
or Product N
B+C+ .. sample(s)
A |
Product stream
Device for :
: : Analytical
generation of Reactor Sampling device instrurgelnt(s}

feed stream
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Set-Ups for Kinetic Measurements (I1)

Reactor Carrier gas for
_\I( gas chromatograph
- Capillary
> gas
chromatograph

S(F)-2M - gas |

_ , g L) prr—
Needle Six - port
valve sampling Cooling trap

valve e.g., -190 °C
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Set-Ups for Kinetic Measurements (111)

TR
Fe]
L{ paiid
s

~ . Infrared
Purge gas = " gas analyser

— GC




O
o
o
—
=
w
(a4
Ll
>
Z
)

Set-

Ups for Kinetic Measurements (1V)

R AL L LSS S s s mtmem roa
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Transient Methods

TAP = Temporal Analysis of Products

Inert Reactant Product

R.J. Berger, F. Kapteijn, J.A. Moulijn, G. B Marin, J. De Wilde, M. Olea, D. Chen, A. Holmen, L.
Lietti, E. Tronconi, Y. Schuurman, Appl. Catal. A: General 342 (2008) 3.
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Transient Methods (11)

TAP = Temporal Analysis of Products

R.J. Berger, F. Kapteijn, J.A. Moulijn, G. B Marin, J. De Wilde, M. Olea, D. Chen, A. Holmen, L.
Lietti, E. Tronconi, Y. Schuurman, Appl. Catal. A: General 342 (2008) 3.
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Transient Methods (111)

SSITKA = Steady-State Isotope Transient Kinetic Analysis

C,HC Legende:
MFC  Mass Flow Controler
18 LFC Liquid Flow Controler

0, CEM  Controlled Evaporator Mixer
H.O od. @ (Isotop) MK Mischkammer
2 MK < MS Massenspektrometer
ZPIH,0 — GSS  Gas Stream Selector
He od IR-GA Infrarot-Gasanalysator
N ' * O, R Reaktor mit Heizmantel
2 PC Computer
TIRC  Steuereinheit zur Regelung und
[X Kontrolle der Temperatur
l KF Kihlfalle
R
Bypass
Abgas ¢
MS
IR-GA >
¢ == GSS
- -

KF
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Transient Methods (1V)

MS-Intensitat (w.E.)

me: 112

L I L I L I L I L I L I 1
z 200 400 600 800 1200
B me: 94
-_ T I T I T I T I T I T I 1
Mm me: 58
— T 1 T 1 ! ! ! | ! I
B me: 46
B I ! I ! I ! I ! I ! I
K me: 60

: : : . ——
m me: 74

© ' Edukt: Fow-Profil
[T, |_JT2: AN

i I I | !
O 200 400 600 800 1000 1200
TOS* 10™ (s)

'0-"0) in CH,COOH (%)

H

N

o

- Isotop-
| Umschaltung

SSITKA = Steady-State Isotope Transient Kinetic Analysis

—260°C
m—220°C

= N w
o (@) o
[

e

steady state

F(
S

(o]
o

[0e}
o

~
o
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Transient Methods (V)
SSITKA = Steady-State Isotope Transient Kinetic Analysis
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Testing: Batch or Continuous

 Batch

v Easy to handle

v Commonly available and cost efficient

v Simple sampling

— Reaction and deactivation kinetics coupled
— Data analysis difficult

e Continuous-flow
— Elaborate handling
— Dedicated equipment, partly costly
— Sampling often difficult (online analysis)
v Reaction and deactivation kinetics uncoupled
v’ Data analysis straight forward
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Pitfalls

High initial rates

Fast deactivation

BIATCH

Low conversions
Strong endo- or exothermic reactions

Low catalyst amounts

CONTINUOUS

Varying or unsteady reactant flow
Changing bed heights

Changing pressure drop
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Ten Commandments for Testing Catalysts

Specify objectives

Use efficient strategy

Chose right reactor type
Establish ideal flow patterns
Ensure isothermal conditions

Minimize transport effects
v' Small particles
v Low conversions
v Moderate temperatures

/. Obtain meaningful data
v’ Rate, TOF, space time yield

8. Determine the stability
9. GLP: reproducibility, blank runs, cleanliness
10. Report unambiguously

o0k whE
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MOFs and Microkinetics?

TBHP Hacac
P TS
V{J{ac}ac)z VD(acac}{OOIBu)
tBuOH
b ©
-,
\'..
2.6E+06 7. 4E 02

24E+ﬂ\\33 ce, g B 2E-27
71.0 236.E

VO(acac)(OtBu)(Hacac) VO(acac)(OtBu)(epoxide)

Hacac

K. Leus, I. Muylaert, M. Vandichel, G.B. Marin, M. Waroquier, V. Van Speybroeck, P. Van
der Voort, Chem. Commun. 46 (2010) 5085.
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Conclusions

e Microkinetics
« are needed for reactor design
« can help to elucidate reaction mechanisms
e require knowledge on elementary steps and active sites
* might be mathematically challenging
e are complementary to experimental kinetic data

e ... and MOFs

« only few discussions on catalytic mechanisms
 further characterization of active sites needed
« continuous-flow testing essentially absent

... an attractive field for future research!
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