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1. Why does Thermodynamics matters in Catalysis?

The best-known ,catalytic reactor”:

One reaction catalyzed by
the catalytic converter:

CO+% 0, CO, AH°(298K) = -283 kJ-mol™ CO, CO,

CO On Pt
C'O 0OC®O

In the gas phase

C0+0, —CO0,+0 (o
CO+0+M —CO,+M* O



1. Why does Thermodynamics matter in Catalysis?

Energetics of CO oxidation CO(g) + O) L
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Taken from: G. Ertl, Catalysis: Science and Technology Vol. 4 1983 p.
245ff, all enthalpies in kJ-mol*



1. Why does Thermodynamics matter in Catalysis?

Kinetics

~ra=k(T)CA(T)

/
f

Equilibrium
ARG’
RT

] KAL)

- 1+ Kads [A]
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1. Why does Thermodynamics matters in Catalysis?

Thermodynamics matters in Catalysis because

» Thermodynamics determines the maximum extent
of any given reaction

. . C
> The reaction rate decreases with A< B -r, =K; (C A —K—B

approach to thermodynamic equilibrium

» Heat release or uptake by chemical reactions leads to
complex non-isothermal reactor behavior

» Adsorption/Desorption thermodynamics determines the
concentration of adsorbed species and in turn the rate of
surface reactions (e.g. Langmuir Hinshelwood rate
expressions)

» The kinetics of elementary steps are related to their
thermodynamics

— macroscopic

= MIcroscopic




1. Why does Thermodynamics matter in Catalysis?

Thermochemical Property (H.,T*S.,G)

Reaction Coordinate

k-—kiTex 7_'&6; —kiTex As;* ex —AH;*
= gy R ksT | h P kg P kgT

Taken from: M. Salciccioli et al. Chem. Eng. Sci. 66 (2011) 4319
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2. Thermodynamic Quantities, Concepts and Tools?

2.1) Systems in Thermodynamics

open system closed system Isolated system

Exchange of . Exchange of

J Matter Energy

e.g. a heated e.g. an e.g. a thermos bottle
flow reactor autoclave or the universe



2. Thermodynamic Quantities, Concepts and Tools?

2.2) Processes

Irreversible Processes

| N ——— ] _
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2. Thermodynamic Quantities, Concepts and Tools?

2.2) Processes

Reversible Processes




2. Thermodynamic Quantities, Concepts and Tools?

2.3) Important Quantities

Thermodynamic Quantity Intensive or Extensive? | Sl Unit




2. Thermodynamic Quantities, Concepts and Tools?

2.4) Important Quantities

Intensive or

Thermodynamic Quantity Extensive




2. Thermodynamic Quantities, Concepts and Tools?

2.4.1) Internal Energy U in J

U=U +U +U . +U,+U_ . +...

chem nuc magn

trans T U vib T U rot

O = f T, W, Ty, W e i)

I I oU I
dU=(22) ar+(Z2)  dv+ dny+..+ — dn,
T Virg 1% s ony L/ Fmgs ong. P

internal pressure )
C, P

O for ideal gases

AU = oW + oQ)
AU =Q+W

First Law of Thermodynamics:



2. Thermodynamic Quantities, Concepts and Tools?

2.4.2) Internal Energy U in J

The First Law of Thermodynamics is important for describing non-isothermal
reactors (energy balance) but says nothing about the direction of a physical or

chemical process!
AU =Q+W




2. Thermodynamic Quantities, Concepts and Tools?
2.4.3) Enthalpy H in J
(dU)p = 0Qp — pdV
Urr — Ur = Qp — p(Vir — Vi)
Qp = (Urr +0Vir) — (Ur + pVr)
H=U+pV
s = Hgr —

H=H(T,p,n,n,,..,N.)

dH :(G—Hj dT + oA dp + oA dn, +....
oT p.N; 6p T.n, 6n1 p.T.Nju
1 1

C 0 (isothermer drosseleffekt ¢ in m3) O for ideal gases

weight



2. Thermodynamic Quantities, Concepts and Tools?

2.4.3) Enthalpy H in J

1
Val A+ B o e|C+ oD dE==dn, n =n,+vé @ingQ}ozf

V.

(Z—?j =AH enthalpy of reaction AH = Zvi H. Hess Law
T !

1 3
example: §N2+§H2—>NH3 AH :_%'HN2+(_2j'HH2+1'HNH3

The standard enthalpy of formation AH;° or standard heat of formation of a
compound is the change of enthalpy that accompanies the formation of 1
mole of the compound from its elements, with all substances in their standard
states. The standard state of a gas is the (hypothetical) ideal gas at 1bar and
298.15K. For liquids and solids it is the pure substance at 1bar and 298.15K.

H =AH}(NH3):—%-HN2+(—§j-HH2+1-HNH3

NH; 2




2. Thermodynamic Quantities, Concepts and Tools?

2.4.4) Heat capacities C,, C, in J/K

for ideal gases Cp,m = Cv,m + R
T S,
6_
b5l |
&
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2. Thermodynamic Quantities, Concepts and Tools?

2.4.4) Heat capacities C,, C, in J/K

1N2+§H2—>NH3 AH = —459k—J AC _Zvc 22186

2 2 mol mol - K

I Kirchhoff's law

T =298.15K | ‘
p =1bar ) |7 =298.15K ] (a(AfH)) =AC
p

r~p
1y .34 p = 1bar 45.9—— or
2 2 INH, mol 3

T2
AH(T,) =AH(T)+ [AC dT

T = 400K |

p=toar 1= |7 = 400K "
I - 1bar~ 482
2 22




2. Thermodynamic Quantities, Concepts and Tools?

2.4.5) Entropy

Example: 3 Molecules (A,B,C) distributed among 4 energy states
(ep=0, &,= &1, £,=2-¢4, €3=3-¢;) With a total energy of ¢.,,=3-¢, (isolated system

Energy State Energy Macrostate

i
ook

SR

5

RS

o

# of Microstates
(statistical weight W)




2. Thermodynamic Quantities, Concepts and Tools?

2.4.5) Entropy

S Equilibrium

Spontaneous a5=0

processes

4

dS > () Second Law of Thermodynamics



2. Thermodynamic Quantities, Concepts and Tools?

2.4.5) Entropy

irreversible

process

reversible
process
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2. Thermodynamic Quantities, Concepts and Tools?

2.4.5) Entropy Rudolph Clausius
d@ : d@rev % infrTev
s — — O < 0
e us §% T
Irreversible
| p:

Reversible

2 1. [
% dj(? _/ d%m- +/ (!Qrm, = 1) » dQ / (Q?” / ({S & ()
P 1 irrev ‘

4

d 2 11 2
Clausius Inequality ds > _Q - / dQir e / dS
T L 1




2. Thermodynamic Quantities, Concepts and Tools?

2.4.6) Helmholtz Free Energy (Free Energy) and
Gibbs Free Energy (Free Enthalpy)

| | dQ (3Q), =dU
Clausius Inequality |dS > — = 0>dQ —TdS
T (Q), =dH

spontaneous process at constant volume dU —TdS < O

spontaneous process at constant pressure dH -TdS <0

Helmholtz Free Energy (Free Energy): A =0 —T'S
dA =dU —TdS

Gibbs Free Energy (Free Enthalpy): (=T — TH
dG =dH —T1dS



2. Thermodynamic Quantities, Concepts and Tools?

2.4.7) Dependencies of G by Combining the First and Second Law of
Thermodynamics
G=H-T5

dU =80 +W =, + W, =TdS — pdV
H=U-+pV =dH =dU + pdV +Vdp
dH =TdS — pdV + pdV +Vdp =TdS +Vdp

dG =dH —-TdS - SdT =TdS +Vdp—-TdS — SdT =VdP — SdT

P12y (@j -
op J; or ),



2. Thermodynamic Quantities, Concepts and Tools?

2.4.8) Gibbs Free Energy in Mixtures and the Chemical Potential

dG =VdP — SdT +(Ej dn1+(ﬁj dn, ++(EJ dn.
8n1 pT N anz P TN 0 8ni P T
JTRES (Ej T,p=const.
ani P. TNy
chemical potential of i KA
____________
spontan
His T

dG = y; AdN; , + 4 5dN; g
:(:ui,B _,Ui,A)dni,B <0




2. Thermodynamic Quantities, Concepts and Tools?

2.4.8) Gibbs Free Energy in Mixtures and the Chemical Potential

)W

J#1

SR
ap T an| p.T,ni; "

J#1

Example: pure ideal gas

(!
1

P2 I

,Hid “}2) — rut'.d Ujl) 4 RT / ;Ffj} - ,t_!'id {pl] 4 RTln P_Q

'3 _'p]_

P2 P2 pV =nRT :>Vm =
/ 't = / Vidp =
Jp Jp

V RT
nop

P1



2. Thermodynamic Quantities, Concepts and Tools?

2.4.8) Gibbs Free Energy in Mixtures and the Chemical Potential

pi(p, I') = pi (pi, 1)

for ideal gaseous and
liquid mixtures

ui(p, T) = i (p, T) + RTIn &
P

= p:(p, 1") + AT I x;
for real systems
wi(p, T) = p; (p.T) + RT In a;
a; = J;: x;
In any case

pi(p, T) < pi (p, T)

Membrane permeable for i
(e.g. Pd and i=H,)

Teilsystem A

Teilsystem B:

Komponenten
1,2k

Temperatur /7

Komponente
|

lemperatur 7
Druck p,




2. Thermodynamic Quantities, Concepts and Tools?

2.5) Chemical Equilibrium

extent of

ValA+Ve[B o ve[CHo|D Ny =nio +vid < eacrion

dn; = v;dE&
1y v .y 0G
{r:fG]p__T = Z pidn; = Z v dé = (AG };:.._T = D¢ P = Z Vi

in equilibrium (i\G’)p_T =1

%o, T) = plip Ty + Bl'lna;, AG= Z vitte + RT Z v; In a;

AG = Z Ni,{.f,-? + I?TZ v;In[a;] =0



2. Thermodynamic Quantities, Concepts and Tools?

2.5) Chemical Equilibrium

G T=const.

p=const.




2. Thermodynamic Quantities, Concepts and Tools?

2.5) Chemical Equilibrium
AG = Z vy + I?TZ v; In[a;] =0

AG = AG® + RTIn | [[a;]" = 0

law of mass action

AG’
111]:[[(:1-]”5 = — T — In K =K = H[ﬂf]ﬂs

- ; P 5 vi 0\ 2V
activity of 1; = £ R = j! (J,_?_,J )

an ideal gas



2. Thermodynamic Quantities, Concepts and Tools?

2.5) Chemical Equilibrium

K= f(p)e K = Hl” /i = X

Kp - K = f(p)
K =TTl el (poy =" =TTIx ] [r?jz _5 [pojzv
pV =n,RT = p,=c,RT K, = f(p)
Tt e <[ () ()
Ke=T(p)




2. Thermodynamic Quantities, Concepts and Tools?

2.5) Chemical Equilibrium
Temperature Dependance of K:

Gibbs Helmholtz Equation

g Ny B AGYT) = —RTIn K
T Ik
L 1
|
dln K B AHY | |
9T i = e van‘t Hoff Equation
T / Q7N g7
In K(T)=In K(T}) + A} AHEE_]{;{{T
T
iHD(T)_&H“(Tl)Jr/ ACH(T')dT"
T



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

Example: Calculate the maximum NH; yield of the Haber-Bosch-Process for
25°C <9 £600 °C and lbar < p <500 bar! Assume a stoichiometric feed and
ideal gases for simplicity!

Equation: % Nz(g)—l—g H,(g) <> NH,(9)

Thermodynamic Data (NIST Chemistry Webbook, CRC Handbook, PC books...):

Species | AH;°/kJ-mol? | S°/J-mol1.K1 C,°/ J-mol-+.K-

C;/J'K_1°m0|_1:A+B'T+C'T2



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

or. o ° ° Fif i
Calculate K for 25°C: AG =AH"-T -AS - —InK

oo
,°/ 3-mol+.K-2

AH? [ kJ-molt | S°/ J-mol-tK-1 C.°/ J-mol-t

N, A2 0 1916 2498 5912

AH® = [—1/ 2-0+(-3/2)-0+1- (—45.9)]k—J = —45.9k—J
mol mol

J J

=-99.05
mol - K mol - K

AG* =459 _298.15K -(-99.05-10?) <) — _16.37 L

mol mol - K mol

0 3
K:exp(_ ARGT J:exp( 16.37-10°J -mol - K }738

AS°® =[-1/2-191.6+(-3/2)-130.7 +1-192.8]

mol -8.314J - 298.15K




3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

Calculate X from K: d& = —dn — jdn =v. jd§:>n =Nn,,+v.&
V.

o o | xR

—(—1ua§
12

=G

Il :[p][ szT”:[(l/Z—l/zcs) p]“z[(3/2—3/25) p]
p’ p’ (2-¢) p (2-¢) p



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

738 = ((22) 5 ]

(/2-1/2¢) p ]1/2((3/2—3/25) P T/Z 7=298.15 K and p=1 bar
(2-¢) (2-¢) »
w
X 400- o] 0.968
1725-
Solution: Graphical Solution 78
(e.g. with Excel, Origin....) 2001 < I
C
0-
00 02 04 06 08



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

T dependance of K:

o T ° ’
(aij =AH2:4nKﬁ)=mKOQ+jAH(I)dP
oT ), RT ! RT’

— jAC T')dT’

- CpO/ J.mOI-l.K-l
kJmoI1 JmollK1
A | B | C© |
-0.3376

ACS(T)=AA+AB-T +AC-T? AA=D ViA...

ACS(T)=-30.17+30.9-10°-T -5.90-10°-T?



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

.
T dependance of K: AH®(T)=AH"(T,)+ jAC;(T')dT'

Tl
ACS(T)=AA+AB-T +AC-T?

AH*(T)=AH °(T1)+](AA+AB-T'+AC T2QT

Tl
= AH(T,)+ AA(T —Tl)+%(T2 —T12)+%(T3 1)

= AH"(T,)-AA-T, —%Tf —%Tf +AA-T +%T2 +%T3

° T ° ’
(aanj AR InK(T)=In K(T1)+jAH (-Iz-)dT’
oT ) R I RT



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

T dependance of K:

AH*(T)=AH"(T,)-AA-T, - AZBT —A?E:T +AA- T+%T2 A??T?’

AH®(T) const. LAA AB AC

RT? RT? RT 2R 3R

const.= AH*(T,)-AA-T, - AZB T, %Tﬁ

t[const. AA LAB_AC
INK(T)=InK(T T' [dT’
nK(T)=ln (1)+I[RT’2 RT ' 2R 3R }

INK(T)=InK(T,)+

const. 1_1 AAI T AB(_I_ T AC[_I_2 ]
R |T, T R T, 2R



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

T dependance of K:

InK(T):InK(Tl)Jrconst.{l_1} LAALT AB(T 1) AC[TZ
R |T, T| R T, 2R
Solve
7]
exp(ln K(T)): (2 1_,25) i 312
[(1/2—1/25) pj [(3/2—3/25) pj
(2-¢) p (2-¢) p

numerically or graphically with p and T as parameters gives = £(p,T)!



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

Solution: Numerical Solution (e.g. with Matlab, Mathematica....)

typical process conditions for
Industrial ammonia synthesis



3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

Thermodynamics says nothing about the rate at which a process proceeds!




3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

T

= M,

SO, +1/20, »SO,

V,0:,K,S0, (400-600°C)

A H =-99kJ /mol

_J. .H'-F . - - - - - _
- -’-" k-
_-’*' :..
Te Ta Ta T
# - Lmsatz
T - Temperatur
To - Hordeneintrittstemperatur

Te - Kaltgaseintrittstermperatur

Ta - Austrittstermperatur des Heaklionsgemisches

Faow - Reaktionsgeschwindighkeit im Gleichgewichtszustand
Fin s - Maximale adiabate Reaktionsdgeschwindigkeit




3. Chemical Equilibrium: Reactor Conversion for a Single Reaction

CO+2H, <> CH,OH A H(300K)=-90.8kJ/mol

‘ Steam

Circulating _ g’— ) )

water © v«.:%g"‘

Linde Isothermal Reactor, e.g. for
< Boiler .. methanol synthesis

feed water

N\
:¥l

777 R

Al

e

Circulating water ’ Gas exit




4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.1 Theory (G); , =G(n,,n,,.....,ny ) =min

but the n, cannot vary independently because they have to fulfill the

materials balances moles of species i in

the reaction mixture

ia #’ _ b < total moles of atoms of element
i_lr T Pk k in the reaction mixtures

number of atoms of
element Kk in species i

iakini_bkzo ;‘k(iakini_bkao iﬂ‘k(iakini_bkao
i=1 i=1 i=1

k=1

Lagrange Multipliers



4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

rF =(G), , +§;Ak(iNZlakini —bkj

Lagrange Function

oF oG M M
— =| — +> Aa.=u+ > Aa. =0
[(mi ]T, [8ni ]T,p,n Z kA% = Hi kZ:;, k Aki

4.1 Theory

P Lk
M .
G +RTIna, + kZ;/lkaki =0 (1 forsiggr]: Efiﬂ‘éaﬁifecies)
Yl (ia n —b j -0 set of M equations
k — kit ok (1 for each of the M elements)

N + M unknowns (n - mole numbers + m - lambdas)



4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.2 Example: Calculate the equilibrium composition of a steam reforming
mixture consisting of CH,, H,O, CO, CO, and H, at T=1000K and p=1bar.
Ng cha=2mMol, Ny 1,o=3mol. Ideal gases can be assumed.

From thermodynamic tables (e.g. CRC Handbook) we extract:

I e o e e e

TSN [T20475 7 [<192603 | -200281 [-895865 0

From the species formulas we obtain:

L e we[es e
Aol acmo™0 aceotl Aol acm0

. %™ om0l Bocol Aocor? o0
O Bwew™ Ao Buco™0 Bucor 0 B2




4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.2 Example: Formulating the equations

AGY . M A | ~ 1b |
4+|nai+z_kaki — a, = p::Xi pO: n, ar: n.
RT ~ RT p p> D mlbar >,
19475 | g, e 42,

H,: +In + - =0 starting values
R’ 53121000 >'n, | 8.314:1000 8.314-1000 d

i Ng cha = 2 Mol

_ n = 3 mol.

H,0: 192603 cinl Mezo |, 2, N Ao 0 0,H20
8.314-1000 | > n, | 8.314-1000 8.314-1000

i atom balance on C

Ney g T Neo T Neo —-2=0

200281 | Ne, e g

g + + =
8.314-1000 | > n, | 8.314-1000 8.314-1000
i atom balance on O

n +Nen +2N-n, —3=0
— 395865 | Neos ﬂ“c 2}“0 H20 CO CO2

. +In - + =0
02§ 314.1000 >'n, | 8.314:1000 8.314-1000
i atom balance on H

ANy, +2N,,0 +20,,-14=0

H,: In| 2H2_ |, 2 =0
D n; | 8.314-1000




4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.2 Example: Solving the system of nonlinear equations e.g in Matlab (fsolve)

News = 0.175 Xeppa = 0.0202
N ,o = 0.856 X,,,o = 0.0990
Neo =1.507 - Xoo = 0.1742
Neo, = 0.319 Xco, = 0.0368
n,, =5.795 X,,, = 0.6698

> n, =8.651 > x; =1

[ [
The most difficult thing is to find starting values that work. Make educated
guesses based on physical or chemical knowledge (0 < x; < 1), e.g.

2, ., _~8314-1000-1n05

In| 2|, —0= A, = — 2881
> n; | 8.314-1000 | 2




4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.3 Another Example: Equilibrium Calculations with CHEMKIN

Methan Oxidation on Rh and Pt Coated Foam Catalysts
(T =~ 1000°C)

1~ 103s

p, H const.

H, CO, H,0, CO,




4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple

Reactions?
4.3 Another Example: Equilibrium Calculations with CHEMKIN

5 wt% Rh on 80ppi a-Al,O4 foam, feed 5 In/min, C/O = 1.0, Ar/O, = 79/21, 1 bar

flow / mol/min flow / mol/min

flow / mol/min

0.10

0.08 |
0.06
0.04

0.02

0.00 f

LiLE

1000

1800
- 400
1200

0.10 ——s

0.08 |
0.06 |
0.04 [
0.02 [
0.00 |

0.10 ——s
0.08 |
0.06 |
0.04 |

0.02

0.00 |

4 -2 0 2 4 6 8 10 12 14
position / mm

flow / mol/min flow / mol/min

flow / mol/min

0.10

0.08 |

0.06

0.04 |

0.02

0.00

0.10
0.08
0.06

0.04 |
0.02
0.00

0.10
0.08
0.06
0.04
0.02
0.00

Pt

1000

800
1600
1400
d 200

l'l A

=0
8 10 12 14

9

10 12 14

L |
.

-

......

4 -2 0 2 4 6 8 10 12 14
position / mm

. Horn*, K. A. Williams, N. J. Degenstein, A. Bitsch-Larsen, D. Dalle Nogare, S. A. Tupy, L. D. Schmidt J. Catal. 249 (2007) 380-393



4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple
Reactions?

4.4 Take home message: Some months in the Lab can save you one day in
the Library!!!

flow / I/min

tO MS "_—r

T

backface

3 ou typical transient experiment
- o = 3.5 -
P ! t ki
g [ -
;P— cH, A R -
& 2 0, 3.0 |- | i

2.5

2.0

1.5

1.0

1000 1100

1.0

| 0.9
i 0.8
) 0.7
| 0.6
I 0.5
! 0.4
! 0.3
j 0.2
i 0.1

0.0



4. Chemical Equilibrium: Conversion and Selectivity Calculations for Multiple

T ' 1
1000 1200

Reactions?
4.4 Take home message: Some months in the Lab can save you one day in
the Library!!!
@ 0.6 -0.8 transient

0.48 - + 0.7 steady state
. 0_44—- u
=
= h N
~ 0.40 -
g - v ;— tr/ss = 98%
2 0.36
O -
5 d w b -

0.45
ke 1 @ ’ ’ ?
= i o
g 0% tr/ss = 99%
z 0.30 —
2 ] u b

D_Zﬁ—d

2{]0 400 600 8{]0

time /s



Thermodynamics matters in Catalysis!!!

Kinetics

~ra=k(T)CA(T)

{
{

Equilibrium
ARG’
RT

] KAL)

- 1+ Kads [A]

InK =—




Maybe the better way to deal with Thermodynamics?

Thank you very much for your attention!!!



