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1.a. Composition and Temperature Profiles in Catalytic Reactors

Example 1: selective catalytic oxidation of
o-xylene to phthalic anhydride
» esters are used as plasticizers

> 4.5 Mio t/a

» catalyst V,0O.

> multi-tubular fixed bed reactor
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1.a. Composition and Temperature Profiles in Catalytic Reactors

stoichiometry and kinetics /o/' o

=N +O R GO
K\I H.0O

o — xylene + 30 —“—~ PSA+ 3H,0 -

ko _ mo

PSA+6.50, —— 2(50 +6C0,+ 2H,0 kil =~ o h- i’

o — zylene +9.50, —— 2C0 + 6CO, + 5H,0

b= exp(— 20 +19.84)

T — kl ) po—xylene ) pOz
ko= exp(—2H22 +20.86) R=198—%— 1=k pr-po

b = exp( 23020 +18.97 )

s — k3 ) po—xylene ) pOz
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1.a. Composition and Temperature Profiles in Catalytic Reactors

thermodynamic data at reaction conditions (220°C):

species o-xylene PSA
h,/ (kJ/mol) | -0.419 -425.4 -394.0 -110.1 -243.3 8.4

o —zylene + 30, —— PSA+3H,0 AHi(T.)=—1235kJ mol™
PSA+6.50, —2~ 200+ 6C0, + 2H.0 A.H;(T,)=—2700kJ - mol "
0 — zylene +9.50, —— 200 + 6CO,+ 5H.0 A,H;(T,)=—3880kJ - mol™

heat capacity of the reaction mixture (assumed constant)

_ kJ
c, = 1089 1

CRT |
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1.a. Composition and Temperature Profiles in Catalytic Reactors

tube
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Conservations laws (species conservation, energy conservation, mass
conservation, momentum conservation) are always formulated for a
system. A system is a certain amount of matter with mass m.

system at to

dQ — hcoolPdZ( Tcool T T)

dz y'd

7

P: thube

N S
ssm> K mK

control volume (CV) [ 2ot}

We define our system as the mass m that occupies the control volume
at this very moment (time t,)!

06




1.a. Composition and Temperature Profiles in Catalytic Reactors

Because temperature and concentrations
will change along the tube we make the
control volume small (dz) and assume plug

flow (no radial gradients, no diffusive g,

transport in flow direction).

dt

species balance (dm) = fa')iMZ-dV CV/
oy

consumption/production rate of species

W = i
‘ reactor volume - time

(.\ - -

O Vii == Vy [T

= e | r,]=

. (Obed [J] kgcatS
;) Wy - Vyl\Ty

07

. 1_ mol
[CUz']— mes
k cat
[pbed]:%

_'r .
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Exercise: Formulate the matrix of the stoichiometric coefficients for our
reaction system!

o — xylene + 30 —“—~ PSA+ 3H,0
PSA+6.50, —>~ 2C0 + 600, + 2H,0
0 — zylene +9.50, —— 2C0 + 6C0O, + 5H,0

(1=o0—xylene’ (—1 0 —1) Remember: The
2=PSA 1 -1 0 stoichiometric
3 =CO0, 0 6 6 coefficients of
4=C0 ‘ YZlo 2 2 reactants are
b=H,0 3 9 5 negative, those of
. 6=0, \—3 —6.5 —9.5) products positive!

- CRT ]
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1.a. Composition and Temperature Profiles in Catalytic Reactors

While conservation equations can only be
formulated for systems, a certain amount
of matter, a flowing system is hard to
track as it leaves the control volume.
While the catalyst stays in place, the fluid
mass moves out and breaks apart.

The Reynolds transport theorem relates
the time rate of change of an extensive
property (e.g. m, m, p, E) in a flowing
system to a fixed control volume that
coincides with the system at an instant in
time.

(‘é—]y)system — CVf%(vp)dV-l-CSf 70V - fidA

system at t, + At

m 1

mi yl

p=mv v
E

CRT—
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Applying the Reynolds transport theorem to our species balance yields:

(dgfi ): | @mav ( )m / Sr(710 dV+ f 70v - fidA
| ov
|

[omav=[2(y.p)dv+ fyipfr-ﬁdA
cv cv cS

Using the Gauss divergence theorem, the surface integral can be
converted into a volume integral.
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Let’s assume our PSA reactor operates at steady state:

fwz-Mide f[a%(yip)nL(V-yipv)]dVQfa)iM,-dVZ /(V‘yi,ofr)dv
cv cv cv cv

Because we assumed no radial gradients 71’3
(plug flow) and a vanishingly small dz, the
integrands in both volume integrals are
constant. dz

/ 1‘
m

_ Ayipv.) | 1 3(ryiov,) | 1 dyipvs) o (yipv.)
VY0V =75, +fr\ or J_I_er o0 D 3z~ WM

0 plug flow 0 plug flow CRT

11

Writing the divergence operator in

cylindrical coordinates yields. v
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Because we assume steady state, mass conservation tells us (same
analysis as before with m as extensive quantity):
d(pv.) _ 0
0z
Mass cannot be lost, so in steady state the mass flux must be the same
at every axial coordinate z. With this we obtain for each species i a

simple ODE which can be easily integrated (e.g. Runge Kutta).

o numerical integration

From the mass fractions, all other quantities can be calculated.

-1 » ' . m .
|7 — yl —_ M . ylm no—xylene T no—xylene
M_<Z Mz xz_yz Mz n; — Mz Xo—xylene: . i

m
No- xylene

- CRT ]
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Before we turn to the
energy balance (first

law of thermodynamics) 6 6
+O a®
we should ask ourselves ot .
or how many species [//\I Ais ‘0, O, 3
do we have to solve the L _ 1 1.0 5

species balance.

To answer this question we construct the Element Species Matrix

(ESM). _
C8H10 08H403 002 CO HQO 02 fra/nk (ESM) —_ 3
o 8 8 1 1 0 0 3
ESM = H | 10 4 0O 0 2 0 3 key species
O 0 3 2 1 1 2| \ 2

3 non key species

- CRT ]
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1.a. Composition and Temperature Profiles in Catalytic Reactors

Now we take advantage of stoichiometry. Regardless of the reactions
taking place between the species, no atoms can appear or disappear!

ESM-An=0 B [ESM,ESM.,.] AT"%];O
Annkc
B An,. = —ESM.. 'ESM,An,
( Afveo ) 1 0 O1([8 8 1] ( Ancem
A’fLHQO — O 05 0 : 10 4 O : A/':l/08H403
. A%o, ) —0.5 —0.25 051 [0 3 21\ Anco,

We only need to solve three species balances for the key components
o-xylene, PSA and CO,. The molar flow rates of all reacting species are

then obtained from
CRT ]
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1.a. Temperature and Composition Profiles in Catalytic Reactors

v numerical integration

The species balances of the key components cannot be integrated yet
because w,(T) and we don‘t know the temperature profile of the
reactor. Now thermodynamics comes into play. Again, the 1st law of
thermodynamics (conservation of energy) can only be formulated for a
system, viz. a defined mass of matter.

The total energy of a system can only change if heat flows into or out of
a system or if work is done on or by the system!

1st law of dE,  dQ N dW
thermodynamics dt  dt dt

CRT ]
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1.a. Temperature and Composition Profiles in Catalytic Reactors

The total energy of the system includes internal, kinetic and potential
energy.

kinetic energy
> directed motion

. Lo

%Zet=<u+%(v-v)—g°r)

/ \

internal energy potential energy
» random motion » displacement of
@ » vibrations system relative to
v‘l )\ -
“‘\,“\} > rotatlor?s some reference Negioge ¥
- > energy in bonds plane

> intermolecular forces

16
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1.a. Temperature and Composition Profiles in Catalytic Reactors

If we neglect kinetic and potential energy and we assume again that our
system occupies our control volume at this very moment in time we can
rewrite the 1st law in the following way:

dE, _ dQ | dW
dt  dt = dt

I 1 \

CSf,Ouv-HCMZf—CSfpV'ndA

/(u—l—%)pv-ndfl = dQ
cS p
lu + o= h (enthalpy)

[ hov-ndA = dQ
“ - CRT]
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1.a. Temperature and Composition Profiles in Catalytic Reactors

In catalytic reactors, heat is in most

cases removed or added through ™ M

the reactor wall. The processes of AToe -

heat transfer from the bed through " =7

the wall and into a cooling (heating TAT s Bt 7 By-

fluid) are rather complicated. The [ ~ [ Y I
main resistance is on the bed side! A Teas

In our simple 1D plug flow model we lump these complex processes into
a single heat transfer coefficient h,,;... This overall heat transfer
coefficient depends on the packing (Raschig rings, cylinders, spheres,
split etc.), the flow conditions inside the tube (gas, liquid, flow velocity
etc.) and the cooling mechanism (salt melt, boiling water etc.). It needs

to be measured or calculated.
_ T)
CRT |

dQ — hfcooling (P dZ )( Tcooling
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1.a. Temperature and Composition Profiles in Catalytic Reactors

» _/th ) ndl4 — hcooling (sz )( Tcooling T T)
CS

Applying the Gauss divergence theorem we can convert the surface
integral into a volume integral.

» / vpthV — hcooling (sz )( Tcooling _ T)
cv

If we make our control volume differentially small, the integrand will be
a constant and can be taken out of the integral.

= Vohv [ dV = V-0hv8V = oy (Pdz)(Torioy — T)
cv

- CRT ]
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1.a. Temperature and Composition Profiles in Catalytic Reactors

V-ohv [ AV =V-0hvOV = Ry (Pdz ) Towiny — T)
%

Writing the divergence in cylindrical coordinates, dropping the radial
and angular terms (plug flow) and considering that the total mass flux

does not change in a catalytic reaction (pv,=const) we get:
0 P

r /N \ ,—QH ——
dphv. 41 orphv, L1 ov _ T A2 (T —T)
aZ r a,r r a 6 — I'lcooling l d2 d cooling

4 tube A2

‘ S

d\ phv, 4
([(C)iZ ) — hcooling m( Tcooling T T)

This equation shows that the enthalpy of the reactant mixture does only
change by heat transfer through the tube wall. If the reactor was

adiabatic (h ,.;,,=0), the enthalpy of the mixture would be constant.

CRT |
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1.a. Temperature and Composition Profiles in Catalytic Reactors

4
|O Eilizl hcoolmg dtu b ( Tcooling _ T)

The ODE derived above looks already much more useful than the 1st
law of thermodynamics. However we need to manipulate it a little
further to get an ODE that involves temperature as dependent variable.

Let’s assume that our reaction mixture behaves like an ideal gas (good
assumption for catalytic gas phase reactions in many cases). The mass-
averaged mean properties of the reaction mixture are then given by:

h = Zyzhz Cp = Zyicm

cpidT mole balance

oo B o 4Ty = pu. Sy 2
CRT
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1.a. Temperature and Composition Profiles in Catalytic Reactors

erdl moleblance mole balance
o= v Z Zh Cfg, o0, %‘Z = .M,
\ — J
0. ?Z}zl = 0V, - dz Zy@cm-I—Zh w;M;
dh 4

lO dZ — h’ cooling dtube (Tcooling T T)

arT 1 4
dz ~ pv.c, Pocning m(TCOOZW —T)- ZZ: hzszz] heat balance

Starting from the 1st law we derived an ODE that allows calculating the
temperature profile of the reactor. It must be solved numerically

together with the mole balance (e.g. Runge Kutta).
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1.a. Temperature and Composition Profiles in Catalytic Reactors

o-xylene oxidation to phthalic anhydride in a fixed bedreactor

e 400
: : : |—o-xylene conversion
—— S [—PsA selectivity
; : : 1—PSA yield
el e
(0]
2 350
<
%]
o
2
=
Rl R e, o i A TV o A
8
(]
w
= -300
o
-
(o]
[ (R B ORRRERRERE———— S——— T R S, ———————— S ——————————————
(]
>
<
(o]
Q
L]
<
s 250
<
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temperature

T,
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1.a. Temperature and Composition Profiles in Catalytic Reactors

o-xylene oxidation to phthalic anhydride in a fixed bedreactor

g 050000 i 400
S |—o-xylene conversion
: |—PSA selectivity
e : :
[=PsA yield
o R s L T
o} 350
< :
W :
[a :
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1.a. Temperature and Composition Profiles in Catalytic Reactors

o-xylene oxidation to phthalic anhydride in a fixed bedreactor

—o-xylene conversion
1—PSA selectivity

: g {—PsA yield
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1.a. Temperature and Composition Profiles in Catalytic Reactors

[o-xylene conversion, PSA selectivity, PSA yield]
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

Example 2: Calculate the maximum NH; yield of the Haber-Bosch-
Process for 25°C £ 3 < 600°C and 1lbar £ p < 500bar! Assume a

stoichiometric feed and ideal gases for simplicity (standard state pure

ideal gas at 1bar)!
: b IN(g)+ 3 H.(g) = NHL ()

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

AHf° (298K) / S° (298K) / Cp° (298K) / J-mol-1-K1
kJ-mol1 J'-mol 1K1

J-K ' -mol

27
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

IN(9)+3H.(9) = NH(g) AG=AH-TAS 5% =mEK
AH,® (298K) / SAPLEIWY C,° (298K) / J-mol-1-K!
kJ-mol1 J:mol-1:K1
AH® = [—1/2~O+(—3/2)~O+1~(—45.9)]£ = —45.9£
mol mol
o J J
AS =[—1/2-191.6+(—3/2)-130.7+1-192.8] =-99.05
mol - K mol - K
AG’ = —45.9£ —298.15K-(— 99.05 -10‘3) kJ = —16.37£
mol mol - K mol
° ) 3 . .
K=eXp(_ie(;)=eXp( 16[2 31104:; ?9le§1()=738 T\ —
mol -§. - .

28
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

1

Stoichiometry: 7N2(g)+%H2(g)zNH3(g)

E extent of reaction | E = mol

— fdnz—ufdé B n=n,tuE

ni,

g =

Institut fiir Chemische Reaktionstechnik



2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

1

3N.(g)+5H.(g) = NH,(g)

K(T)=]a = <p) == <(2%>£)1
© G (BEEYE) (PSR

Standard state of a gas is the ideal gas at 1bar pressure!  p" = lbar

T

30
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

K(298K ) =738 =

1000

800 -

600

X 400

200

((zis) Tpr )

298K, 1bar
11
L]
900
875
850
825
800
775
750 0.968
725
700
675
650
625
600
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00
C
0.0 0.2 0.4 0.6 0.8 1.0

( (1/2—1/2&) 1bar >/< (3/2—3/2E) 1bar >3/2

1bar (2—E&) 1bar

One way of solving this equation
is by plotting LHS(&) vs. RHS(€) and
see where the two are equal
(Matlab, Origin, Excel etc.)

E max (298K, 1bar) =
YNH3,maX(298K, ].bCL?") = 0.968

- CRT ]
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

YNH3,maX (298[{, ].bafr) = 0.968

If we could do ammonia synthesis at room temperature, we could reach
nearly 97% vyield of ammonia (next Nobel prize is certain!).
Unfortunately thermodynamics says nothing about the rate at which a

reaction occurs. Ammonia synthesis is immeasurably slow at 298K!

32
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

<85%K)p=%; m InK(T)=InK(T,) /AgT(zT

AH (T) = AH (T.,)+ fAcp T)dT

AH,° (298K) / S° (298K) / C,° (298K) / J-mol1-K?
kJ mol! J'-mol1-K1?
- B/10°K! | C/10%K?

Ac,(T)=AA+AB-T+AC - T* AA=) VA el

33
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

T

AH (T)=AH (T.,)+ [ (AA+AB T+AC T*)dT

Tref

coaLst.

AH°(T)=Alﬁr(Tffef)—AA-Tmf—%-T2 ASO T3f+AA T+% T+ Agc T

4

AH (T)  const. ., AA  AB . AC

B2 - R TRT TR T3r Y
\ | J
v
T
InK(T)=InK(T.,) +f RT(2 ) ar

Institut fir Chemische Reaktionstechnik



2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

InK(T)=1nK(T,,) + f [C%?f % %g %g-T dT

1
InK(T)=1nK(T,,)+ CO%St [Tmf 117]+ A}!fl In JT o

We know that K(T,;,=298K)=T38

and that (( E )po>1

K= ((1/2—1/25) 5)32(?((;9/2—3/25) r )3/2

(2—&) (2—&)

so we can calculate &=Y__ for the temperature and pressure range we

are interested in (see Matlab file on class homepage). CRT: g
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

Maximum ammonia yield as function of temperature and pressure.

lllllll
v - L T T T P PP PP TY P

s - 3 : :
lllll“lllll'l:!lll"lllllllIllllIIl:l.lIlllll|IlllIIl||lIi-lIll|llllll|llllll|llE

0.6 =™ [om— % Industr|alcond|t|ons o . :
e R S i

0.4
unu-aa‘.!tc.lu:!-Ql",ll_t_lt" Oy s ’_ ,_- : H
0.2 l!lllllllllll —lllllliltil\‘ =
8 llllllll vl “““lllulll “::::: ,,,,,,,,,,,,,,,,,,,,,,,,,,, 500
30 400 500 600 — )

e 200

T/K
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

Do Vi
K=1Ta’=Tz" @V«( P )
1 1™ 11 11 t 1ba/fr'

\ J \

K. Ky
At high pressures gases are not ideal anymore. K(T) is only a function of
T, but K, is not longer unity. This changes K, and hence &=X =Y

max*

Because fugacity coefficients need to be calculated from an equation of
state requiring in turn mole fractions, an iterative computation is

required, /\

eg. of state

idilias B« B i B Bk

aconverged max converged

CRT ]
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2.a. Calculating Thermodynamic Equilibrium for a Single Reaction

D Vi
K — a L= x.VZ Vi <
[Lar=11a"T107 g0
K» Ko
p / bar 10 30 50 100 300 600

Ko 0.994 | 0.9/5 | 0.942 | 0.877 | 0.688 | 0.496

D. A. Mc Quarrie, J. D. Simon, Physical Chemistry - A
Molecular Approach S. 1080

T
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2.b. Catalytic Reactors for Thermodynamically Limited Reactions

Ammonia reactors: Carl Bosch
-

- reactor 193 moderner NH; reactor

39
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2.b. Catalytic Reactors for Thermodynamically Limited Reactions

Ammonia reactors inside:

bl - Umsatz

T - Temperatur

To - Hordeneintrittsternperatur

Te - Kaltgaseintrittstermperatur

Ta - Austrittstermperatur des Reaktionsgemisches

Raow - Reaktionsgeschwindigkeit im Gleichgewichtszustand
R a - maximale adiabate Reaktionsgeschwindigkeit

40
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2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

Example 3: Calculate the equilibrium composition for methane steam
reforming at 1000K and 1bar pressure. The reaction mixture consists of
CH,, H,0, CO, CO, and H,. The feed consists of ny.y,=2mol and
Ny ao=3Mol. All gases can be treated as ideal gases.

Institut fir Chemische Reaktionstechnik



2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

Theory: To calculate chemical equilibrium we have to solve the
following minimization problem:

(G)T’p — G(’fh,’nz, .ni.,nS)T,p = min

The n, cannot vary independently of each other, because we cannot
loose or create atoms!

y | mol of £ sort k
Zaklnz:bke total mol or atoms oft sort

number of atoms of | '[ in the reaction mixture

sort k in species i mol species |

We have to perform the minimization of G by accounting for k

constraints! _ S
constraints: > aun;— b, =0
1=1

CRT |
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2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

We introduce k Lagrange multiplies:

constraints Lagrange multipliers
S S M S
Zakini_bk: 0 A«k(Z akini_bk>: 0 Z;Lk<z akmi—bk>= 0
i=1 i=1 k=1 i=1
Formulation of the Lagrange function:

L= (G)T,p-l-ki/h(ii Qi — bk>

Minimization of the Lagrange function yields:

oL . oG ) M B v B
( anl )Tapanj# N ( anz T.p.njsi T ; /Ika’ki — K T ; Akaki — O

CRT |

Institut fir Chemische Reaktionstechnik




2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

This translates into the solution of the following system of equations:

M S-equations (one for each
M+ RT'In aﬁZAkam =0 species)
k=1
S
Z aun;— by =10 M-equations (one for each
=1

sort of atom)

solve this system of non-linear equations for the mole numbers of
all species and the Langrange multipliers

We need the chemical potentials of the species in their standard states:

Spezies CH, H,O co co, H,

K.°=AG,® (1000K) / J-mol1 19475 -192603 -200281 -395865 0

CRT |

Institut fir Chemische Reaktionstechnik




2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

Let‘s formulate the system of equations:

S
Z @, — by =
i=1

+RT1 +ZMJA =0 AG), +ZMJA =0
M na, £ k Qi = RT ‘ - RT A ki
pi _xi'p _ zxi-lbar . my

O = Tbar — 1bar _  1lbar _ *i— i”’l

atom balances (ng ¢,=2mol, Ny ,0=3mol, Ny x=Ny c0,=Ng },=0mMol) =>
b.=2mol, b, ,=14mol, by,=3mol

C-balance 1 e, 0 - npo+1 -ncot1 nco,+0-np,—2 =0
H-balance 4’nCH4+2-nH20+O-nCO+O-ncog+2-nHz—14=O
O-balance O nem+1 -nmot+t 1 -neot2 neo, 0 np—
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2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

P LY VR
8.314-1000 8.314 - 1000

19475 _Nen, Ac
CH, 83141000 ' Z m,

—192603

2- A
H,0  §314-1000 T (Z

Ao _
8.314-1000 " 8.314-1000 ~ Y

_|_

N 1,0 )
—200281 ;00 Ae Ao _
CO 83141000 “n(Zn >+ 83141000  8.314-1000 _ 0
co, 8._3?25%%0 “n(foz )* 8. 3111 1000 8.3124 ./110000 =0
H, 1“( f;)* S350 1000 = 0
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2.a. Calculating Thermodynamic Equilibrium for Multiple Reactions

Initial values for the Langrange multipliers can be guesses using physico-
chemical knowledge that mole fractions take on values between 0 and

1: e.g. for x,,,=0.5

1“( 5 )* 8314-1000 Y

DM
i=1

Solving this non-linear system of equations yields (e.g. Matlab ,fsolve’):

with =05 AH’O — 8314 ’ ].0200 ’ ln 05 — 2881

Equilibrium New, = 0.175 mol Zer, = 0.0202
composition for  7Tmo = 0.856 mol Tmo = 0.0990
steam reforming at  nco = 1.507 mol - Tco = 0.1742
1000K and 1bar  mco, = 0.319 mol Zco, = 0.0368
starting from 2mol Ny, = 5.795 mol Tm = 0.6098
CH,and 3mol H,0. 3"y, = 8.651 mol D zi=1
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st Thank you very much for
Zz = Yyour attention!




