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1. What is ,High Temperature Catalysis*
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High Temperature Catalysis = Catalysis on Glowing Catalysts

550°C < T <1300°C
N - -_— 7,

.I_ b




1. What is ,High Temperature Catalysis“ @
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gas phase radical reactions
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2. Why can solid bodies glow ?

MAK-PLANCK-GCESELLSCHAFT

o when a solid body is heated its surface emits radiation of wavelengths
in the range 0.1-10um called thermal radiation

| 0 heating raises some of the atoms and molecules of which the solid

Unifying Concepts in Catalysis

body consists of to higher energy levels from which they return
spontaneously to lower energy states emitting electromagnetic
radiation

0 electromagnetic radiation can be either thought off as waves with a
wavelength A=c/v or as a bunch of photons with an energy e=hv

o absorptivity and emissivity of an (opaque) body are defined as
follows:

(a) (e)
- qva - qve
a, =0 & =@
qv qbv

o q,®dvand q,0)dv are the absorbed and incident radiation energy per
unit area per unit time in the frequency range v to v+dv
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Some comments on that:

o for any real body, a, will be less than unity and will vary considerably
with v and temperature

o ahypothetical body for which a, will be less than unity but

Unifying Concepts in Catalysis

§ iIndependent of v and temperature is called a gray body
(o=
“%% o the limiting case of a gray body with a,=1 defines a black body
—
%éiﬁ o the emissivity e, is also a quantity less than unity for real, non-

fluorescing surfaces and is equal to unity for black bodies
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2. Why can solid bodies glow ?

Material 1

number of modes inside a cavity of volume V

8zv’ 1dN _8av’
N®)=
4 V)= 3¢’ V'=0p= Vdv c’
r‘? Traditional Physics
4 (Rayleigh-Jeans 1905)
@ E. (E/kTUE Quantum Physics
] (E)= I ool M — kT Max Planck 1900
%_ Iexp[_ (E/kT)]dE zonh 14 -eXp[— (l’th/kT)] hy
5 E)="= =
= - hv/!kT)-1
(ﬁ g 1dN _8zv? > exp|-(nhvkT))] explhv/KT)
‘=5 p=p(E)= v —kT -
-3 | 4 C, )
= 1 dN 8zv hv
%I’EZ : Pv= p”<E>=V dv ¢ exp(hv/kT)-1
Ultraviolet-Catastrophe "




2. Why can solid bodies glow ? @
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Material 1

. Temperature Measurement by Pyrometrie AC

Material 1

(e)
ag“ =q©¥ > a="1 e
q q @)
9
emissivities of different materials
Material Spektralbareich Spektralberaich Spe ktralbe reich S pektralbenzich Spektralberaich
07 ..115pm 1.4..18pm 2..25 pm 49 .. 55 pm 8 .. 14 pm
Stahl, blank 040 .. 0435 0,30 ..040 020..035 010..030 010..030
Stahl, gewalzt 045 .. 055 0,35 .. 050 025..040 020..030 020..030
Stahl, angelassen 0,70 ... 0,80 0,70 ... 085 045..0,70 030..080 030 ..0860
Stahl, oxidiert 0,80 ..090 0,80 ..090 075..085 070..080 050.. 080
F:l'lpf'e'l hlﬂ'lk ﬁ|E lllﬁlEﬁ ﬁ|E e ﬁ:ﬁ ﬁ|EEIIIE|Iﬁ ﬁEE---ﬁum ﬁng--- ﬁ|Iﬁ
Kupfer, oxdien 0,50 .. 0,80 0,40 .. 080 040..0,80 020..070 020..070
Alumanum, blank 0,05 .. 025 0,05 .. 025 0,04 ...020 003 ... 015 Qo2 .. 0,13
Aluminium, oxidiert 0,20 ..040 0,10 ... 0 40 0,10...0,40 0,10... 040 0,95
MCr, blank 0,20 ... 040 0,20 ..040 0,20..040 020.. 040 010..030
MECr, cotidiert 065 .. 090 085 . 080 065 .. .080 065 ... 080 050.. 080
[Hnrlu, Graphat 0,70 ..095 0,70 ...095 0,70..085 0,70..095 070..085
| arke Frrhan — — - NAN  nan nyn nos




2. Temperature Measurement by Pyrometrie @
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type K thermocouple

Radiance of a black body
PM)=c-A-T*

Radiance of a real body

P(T)=¢(1)-c-A-T*

Two-color pyrometer

P_&(4)-o-AT" - | somm "
— 7 cylindrical graphite body (cavity) vyielding
P2 8(2,2) -o-A-T homogeneous temperature distribution
(black body)
(&)
£(4,)
P ... total power of energy radiated from
an object
€ ... emissivity
o ... Stefan-Boltzmann constant
A ... surface area observed
T ... absolute temperature

carbon calibration body @ 1060 °C
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3. High Temperature Catalytic @
Processes in Industry and Research
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» high temperature catalysis plays an important role in industry

industrial high temperature processes

ANH, + 50, — 4NO + 6H,0 (900°C, Pt/Rh)

NH, + CH, + 1.50, — HCN + 3H,0 (1200°C, Pt/Rh)
NH, + CH, — HCN + 3H, (1200°C, Pt/Rh)

CH, + H,0 — CO + 3H, (700-1100°C, Ni)

CH,OH + % 0,— HCHO + H,0 (600-720°C, Ag)

{

Unifying Concepts in Catalysis

catalytic combustion (noble metals)

o~
[HHIuNICa
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fuel reforming (noble metals)

solid oxide fuel cells (800-1000°C, Ni cermet / YSZ / (La,Sr)MnQO,)




3. High Temperature Catalytic
Processes in Industry and Research

high temperature processes at the research stage

CH, + % 0, > CO + 2H, (>1000°C, e.g. Rh)

2CH, + 0, - C,H, + 2H,0 (600-800°C, e.g. Li/MgO)
CH, + % O, — HCHO + H,0 (>600°C, e.g. VO,)

C,H, + % 0, — C,H, + H,O (700-1100°C, e.g. Pt/Sn)

{

C,H, + % 0,— CH,CHO + H,0 (>500°C, VO,)

il Unifying Concepts in Catalysis

O
HHuniCa

-

AC

FHI




4. Surface and Gas Phase Reaction @
Kinetics
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Gaseous domain (G)

3.1 ,Bookkeeping“

/- Aqueous domain (A)

(G-C) domain

(A-C) domain

example: corrosion of copper

} Corrosion
- domain (C)

CuO phase (C-B) domain

Cu,S phase '

\ |

Bulk Cu domain (B)

domains:
e.g. gaseous domain (3D), bulk domain (3D), interphase domain (2D)

E phases:
g| o gas phase (usually 1 per domain)
gt E; o) surface phase (1 or more per domain e.g. steps, terraces...)
('~E-’ £ 0 bulk phase (1 or more per domain, e.g. CuO, Cu,S)
S S
%ﬁlgz species:
= 0 gas species K '- K !, surface species K/(n)-K//(n), bulk

species K,(n)-K,'(n)




4. Surface and Gas Phase Reaction @
Kinetics
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4.2 Concentration within phases important for catalysis:

o for gas phase species (3D domain) the molar concentration is written

mol
3

Y p 5 N -
[X,]= p;‘/k (k=K],..K,) in "

SioHy

o the composition of surface i

phases is usually specified in Bulk Si _am
terms of site fractions 3\\; oo

KL (n)
I > Z,(n)=1 (n=N/,., N
k=K] (n)

O
HHuniCa
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-

Z,(n), . mol

o for kinetics we need the surface molar [X,]=
7 concentration of a species k o, (n) m?




4. Surface and Gas Phase Reaction Kinetics @
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4.3 Surface reaction kinetics:

o classic expressions for adsorption (Langmuir adsorption, competitive
adsorption, dissociative adsorption) and surface reaction rates (Langmuir
Hinshelwood Hougen Watson) can be used to describe surface kinetics in high
temperature catalytic reactions

o0 these type of rate expressions are comparably ease to determine
experimentally but every catalyst will have a unique rate expression

o) for example, Pt on alumina catalysts for CO oxidation may have a similar
general form of the rate expression by the numerical values of the constants will
vary among formulations. Even catalysts with the same composition may have
different rate expressions due to differences in the manufacturing method

o if the mechanism changes with experimental conditions, e.g. change of rate
limiting step at changing temperatures, the general form of the rate law might
change

o0 elementary step mechanisms do not have these drawbacks but are difficult to
determine



4. Surface and Gas Phase Reaction @
Kinetics FHI

o the usual form of the Langmuir adsorption isotherm is
_ bp,
1+bp ,

ﬁo this general form is readily derived from an elementary step
mechanism applying mass action kinetics

A+ O(s) £ 5 A(s)

d[A(s)]
dt

[O(s)]=T—[A(s)]
kl[A]r = (k—l + kl[A])[A(S)]
g AW k4] _ KAl
TT T (ky+k[AD) 14K [A]
_ K, (p’/RT)"-(p,/RT) _ K,(p.!p’)
71+ K,(p° I RT) -(p,/RT) 1+K,(p,!p°)

A

= 0=k [A][O(s)]-k_,[A(s)]

=" Unifying Concepts in Catalysis




4. Surface and Gas Phase Reaction @
Kinetics FHI

example 2: competitive adsorption of two species A and B

0 empirical expression
— KApA 0 _ KBpB
= =
1+ K,p,+ K;py 1+K,p,+ K;pg

A

o0 an analogues treatment of the following elementary step mechanism
using mass action kinetics as for the Langmuir adsorption leads to

A+ O(s) <2225 A(s)
B+ O(s) <252 B(s)

) K, [A] _ K, (p,/p°)

Y1+ K, [A]1+ K, ,[B] 1+K, (p,/p°)+K,,(p,!p°)
_ K,,[B] K,,(ps/p°)

=

1+ K, [4]1+ K, ,[B] 1+K,.(p,/p°)+K,,(ps/p°)
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4. Surface and Gas Phase Reaction @
Kinetics FHI

example 3: Langmuir-Hinshelwood Rate Expressions

o Langmuir-Hinshelwood (Hougen Watson) rate expressions are often
used to describe surface reactions such as e.g. A(s)+B(s)—>C(s)

0 in this mechanism it is assumed that A and B adsorb competitively
onto the surface and undergo a bimolecular surface reaction to C

A+ O(s) 222 A(s)
B+ O(s) «2f2 5 B(s)
A(s)+ B(s)—2=2—> C + 20(s)

k]

AW]=0. T = Tk 8]
ksl

[B@I=00 T = Tk 8]

d[C] k.. K, K, T?[4]B]

— = hA)B(s)] = (1+ K, [4]+ K _,[B]f



4. Surface and Gas Phase Reaction @
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example 3: literature results on CO oxidation on supported Pt catalysts

| Model! 1 I} m
] CO +sa2C0s CO + s 2 C0s CO + s = COs
| Mechanism’ 0, + 2s = 20% 0O, +s2 0 0, + s 0
COs + Os —» CO, + 25 COs + 05— C0O; +0s + 5 COs + 0,5 — COss;
CO]S; + CIC'.i —* ECO'_} + 3s
Kinetic 2 2 2 5
Expression”, r kKcoK o, CcoCo, kK coKo,CcoCo, kK oKo,C Co,
b= P ' (1 + KeoCeo + K. C i) (1 + KcoCeoKoyCoy)’ (I + KeoCeo + KoyCo,)'
174
? Parameters* 1 2 i 2 | 2
S | Ay, kg mol/(kg.surf.Pt)(s) 2.8x10" 9.1x10* g.1x10* 4.8x 10 1.3x10° 7.9x10*
= | A;, m'/kg mol 39 37 16 13 23 17
2 | Ay, m'/kg mol 1.8%10°* 3.0x'0°¢ 2.4%10° 1.3x10° 2.0%10° 1.1x10°
S | a, K 7680 8000 7980
— O | K =2210 -3230 —3330
O 2 a,K 1120 —230 -310
=) 1.23x 107" 1.80x 107" 1.29x107* 9.51x107"™ 1.35x 107 1.05x107°
|
Can. J. Chem. Eng. 61 1983 194

Emmy
Noether-

Programm { &




4. Surface and Gas Phase Reaction
Kinetics FHI

MAK-PLANCK-GCESELLSCHAFT

example 4. elementary step kinetic model:

Table 11.1 Catalytic Combustion Surface Reaction Mechanism [361]

Reaction A* B e
1. Oy + 2Pd(s) = 20(s) 2106 10%00 = 0.0
2. 20(s) = O3 + 2Pd(s) 5.71 x 10! 0 1540
3. H,0 + Pd(s) = HO(s) 050 % 1W0%7 0 0.0
4. H,0(s) = H>0 + Pd(s) 5.00 x 10 6600
5. H(s)+ O(s) = OH(s) + Pd(s) 5.71 »10* 0 176
K , 6. H(s) + OH(s) = H20 + 2Pd(s) 5.71 x 102! 0 326
q; = kiH [Xk ]V’“ 7. 20H(s) © H>O0(s) + O(s) 5.71 x 102! 0 108.6
o Kol 8. COa(s) = CO; + Pd(s) 5.00 x 1017 0 290
2 9. CO(s) + O(s) = COx(s) + Pd(s) 5% 10! 0 760
= _ 10.  C(s) + O(s) = CO(s) + Pd(s) 5.71 x 102! 0 628
p= kl. = AiTﬁi expl —— 11. CHy + 2Pd(s) = CHs(s) + H(s) 4.00 x IOTSj 0 1960
2 RT 12.  CHis(s) + 3Pd(s) = C(s) + 3H(s) 501 x 102+ g 85
S 13, CH, + Pd(s) + O(s) = CHs(s) + OH(s) 4.20 x 10-2% 0 380
— S 14. CHs(s) + 30(s) = C(s) + 30H(s) 571 x 1038 0 251
QL_J E“ * Arrhenius parameters for the rate constants written in the form: £ = AT# exp(=E/RT).
S The units of A are given in terms of moles. cubic meters, and seconds. £ is in kI/mol.
E Coverage of surface species (e.g.. [O(s)]) specified as a site fraction.
@.ll — Total available site density for Pd is ' = 1.95 x 10~ mol/cm?.
= * Sticking coefficient.
9 Forward reaction order of Pd(s) is 1.

Emmy 2 i = g
Noether- ¥ Forward reaction order of O(s) is 1.
Programm { &




4. Surface and Gas Phase Reaction @
Kinetics FHI

4.4 Gas phase reaction Kinetics:

0 gas phase reactions proceed via radicals, often in chain reactions
o radical chain reactions consist of initiation, branching and

| termination reactions

0 gas phase reactions are typically strongly pressure dependent and
the kinetics are highly nonliner

example: H,+ O, > H,O

Initiation Branching Termination

H,+0,H-+HO,- H-+0,< 0-+0H - H-+0,+M < HO,-+M
O-+H, < H-+OH - HO,-+OH- < H,0+ 0,
O-+H, 0 OH-+OH- HO,-+HO, - < H,0,+0,
OH-+H, > H,O0+H- H.0-0H- HO, —“ 5inert

Unifying Concepts in Catalysis

Propagation
H-+0,+M < HO,-+M

"

0 gas phase reactions are typically strongly pressure dependent and
the kinetics are highly nonliner




4. Surface and Gas Phase Reaction @
Kinetics FHI

Pressure dependence of gas phase reactions:

o for surface reactions k is a function of T

o for gas phase reactions, k can be a function of Tand p

o0 a simple explaination follows from the Lindemann mechanism
(Frederick Lindemann 1921)

A+B->C
A+ Ba 5
C'+M225C+M

@ =0= kl[A][B]_k—l[C*]_kz [C* IM]

l% [C*]= kl [A][B]
=28 k,[M]+k_,
/O S
=3 d[C ]_ kok [A]BIM] _
%E EJ [C IM ] - k2 [ M]+ k_l =k observed [A ][B]
=\ k,k,[M]

KRy _ -
observed ~ kz[M]+k_1 = k= f(M p)




4. Surface and Gas Phase Reaction @

NS Kinetics FH
 kyk [ M] - .
kobserved - = k - f (M p )
k. IM\|+k_
2 1
Limiting cases: K opserved = K1 for [M] —®©
_ k2k1 [M] [ ]
k.= for [(M|—>0
-1
13

10 E ||||l!'!1'|_lr||n|T|_|'_l'l'TﬂTr|—'|—1‘|'nTr|]—|..“|,,| T

2| Example: rate oo R
| constant for the 2107 =300k -
g | association £ A=K !
4 S ' & & 1
S = reaction S ; @ Luther et al. 1

(:—f: 10 A Luther et al

— = b et al. -
= CC|3+OZ—)CC|ZO2 - Vv Luther et al. .
@'IIE E Ryan and Plumb A
il= 5 @ Fenter et al. j
1010 !" 1 I|l]lll’ 1 I|]“ll| L_L il

il
0.001 0.01 0.1 1 10 100 1000
He pressure (atm)




4. Surface and Gas Phase Reaction Kinetics @
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example for non-linear behaviour and pressure dependence of gas phase

reactions
explosion diagram for H,/O, system
10000 p— ,

1000

PI (Torr)

plosion

!

400 420 440 460 48L

" g5 LA
0 500 520 540 560 580 600
Temperature ('C)

[—




5. Physical Transport Processes of @
Momentum, Heat and Mass
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5.1 Momentum transport
o pair of parralel plates in rest with area A separated by distance Y
o t=0 lower plate is set in motion in positive x direction with V=constant

e Fluid initially
) L, aft rest
V Y - —_
F=u—A4
Y _B Lower plalte
set in motion
F dvx 3 y :
— =7 = —l[[
8 rx ‘elocity buildup
%‘ A dy oy, D) ! Small f :.\ntifnsréalcl_\' lr'?ml:'
3
n Newton'‘s law of -
a . . Final velocity
§ VISCOSI ty Large t distribution in
E ta" i steady flow
.! é‘ : A
\C 5 . : . :
S, | T =flux of x momentum iny direction in (kg-m/s)/m2/s=N/m=
@.:l5> o the x-momentum flows from a region of high momentum to a region of

\. | low momentum (similar to heat and mass)
o the proportionality constant pis called the (dynamic) viscosity, has the
unit Pa-s=kg/m/s and is material specific (air 1.8E-5 Pa-s, glycerol 1 Pa.s)




5. Physical Transport Processes of @
Momentum, Heat and Mass
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Fourier's law of
heat conduction a

Heat flux:
= dT Y
l s dz a

Lower plate he]d at temperature &

{

@

g=heat flux in z direction in J/m2/s

heat flows from a region of high temperature to low temperature

the proportionality constant A is called the thermal conductivity, has
the unit W/m/s and is material specific (air=0.025, stainless steel=16,
Al=250)

O
HHuniCa

it Unifying Concepts in Catalysis
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5. Physical Transport Processes of @
Momentum, Heat and Mass

FHI

5.3 Mass transport: TS, : |
Upper reservoir with concentration C + AC

_Permeable thin film~

AC
el = U

a

Fick‘'s law of a

diffusion Molar flux:
Z | i¢) AC
T lJ‘:—D‘C = pos
dz a
\

Lower reservoir with concentration C

{

o J=molar flux in z direction in mol/m?2/s

0 mass (atoms, molecules) flow from a region with high concentration to
a region with low concentration

o the proportionality constant D is called the diffusion coefficient, has
the unit m?/s and is material specific (H, in N,=7.79E-5)

O
HHuniCa

il Unifying Concepts in Catalysis
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Example: instantaneous reaction 2A — B (e.g. dimerization)
o catalyst surrounded by a stagnant film through which A has to diffuse
to reach the catalyst surface

| o atthe surface, 2A — B react instanteneously

Gas A ¥ | Aand B
" — —
@
= :
I s ;
S | \ Spheres with coating
£ | of catalytic material
"E_ | = 0 (a) | =L
@
5 _
el Edge of hypothetical
(U = % ~~ stagnant gas film
C = i e ke g s s St el e s 5 4
= l/l
= ;
%Ii — Catalytic surface
= where2A — B

,f/irreversibly and

TB #/J instantaneously
: ]




6. Interaction of Chemistry and Transport @
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-GESELLSCHAFT . r dx
combined molar flux: N ,_ = 5= —cD d—A+ xA(NAz + NBz)
z

. : 1
steady state and stoichiometry require : NV, = _EN "

inserting into the combined molar flux gives:N ,. = —

: : dN
mass balance on A over athinslab gives: —% =0

7S
HHuniCa

-

dz
5 = d Ly =0=-2In 1—1xA =Cz+C,=-2InK,z-2InK,
= dz 1 1 dz 2
(= _7xa
g 2
© o boundary conditionl:atz=0 x,=x
s boundary condition2:atz=¢6 x,=0

:(1—%&1):




7. Numerical Simulation of High @
Temperature Catalytic Reactions —

ﬂGas (Surface) Species Thermodynamics

ri_K

Ci

Gas Species Transport Data

Kinetic Model of Surface Chemistry

Kinetic Model of Gas Phase Chemistry

| -
% P
ok L5
My ¥
¥ ¥
T - =
7 :
- 4 ."_.

ﬂ Mathematical Model of Momentum, Heat and Mass Transport
(Reactor Model)




7. Numerical Simulation of High @
Temperature Catalytic Reactions =

Example: Plug Flow Model — Species Balance
dy, : :
s =A a)krVk +k

Example: Plug Flow Model — Energy Balance

[

puAc———AZ'Vh P sk $ W, + hP(T, - T)
k=1

-
©
(:E system of coupled differential — algebraic equations since in catalysis
>
=
%'EIE K,

it Unifying Concepts in Catalysis

s, =0 and ZZk=1




7. Numerical Simulation of High @
Temperature Catalytic Reactions =
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O gas-phase and surface chemical rate expressions:

K K
ZVI'a'Zk A Zvl?ilk (1=1,...1)
k=1 k=1

” r
Vii=Vi Vi

gas concentration (mol/m?3)

1 K , K )
@, =kaiqi q; =kﬁH[Xk]Vki _kriH[Xk]Vki
a— i=1 k=1 k=1
surface concentration (mol/m?2)

7S
HHuniCa

it Unifying Concepts in Catalysis
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1 K )
Sy = Zl:vkiqi q; = kﬁg[xk]Vki _krig[Xk]Vki




7. Numerical Simulation of High @
Temperature Catalytic Reactions =

o typical Arrhenius expression for the forward rate constant:

—E.
k,=AT" exp| —*
RT
o modification for coverage dependent rate constants possible

. _Ei
kﬁ = AiTﬁ’ exp(ﬁj f(91,92....9k)

o rate constants for adsorption reactions are calculated from
sticking coefficients

P Y RT
" (Ftot )m ZﬂWk

{

7S
HHuniCa

it Unifying Concepts in Catalysis
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7. Numerical Simulation of High @
Temperature Catalytic Reactions —

o in first approximation thermodynamic properties of species
(regardless of phase) are functions of temperature only

| othermodynamic data are neeeded to calculate the reverse rate
constant for gas phase reactions even if no energy balance is solved

M
Cgk = Z akak(m_l)
m=1

2 0 1
E H Z a ka(m n a|\/| +1,k
c pk
:?_JL k m=1 m Tk

- é

(C 2

J =

"*’;g = 0_ Ty CO SO M a T(m—l)
k mk " k
@EIE{B 298 T R mz—; (m-1) "




7. Numerical Simulation of High @
Temperature Catalytic Reactions —

calculation of the reverse rate constant from the forward rate constant
and the equilibrium constant

‘ AS] _5 Si AH, <~ H,
-3 R < H R RT < M RT
AS’ AH?
i K : — eXp 1 ]
: ’ R RT
E kai
% Kci — Kpi(p atm )kl
© 2 RT
(:':'.@
C S K
Eg kri -,
ﬂl§> Kci
\

If thermodynamic information for surface species are not available (which
Is usually the case), reverse rate parameters have to be specified
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