3. Systems of reactions. Reversible, parallel, consecutive reactions.
Complex reaction systems.

EUROPEAN UNION

European Structural and Investing Funds
Operational Programme Research,
Development and Education

Summary
) . Elementary (one step)
* Simple systems of elementary reactions reactions between stable
molecules are very rare.
* Open x Closed sequence of elementary steps Rather, a sequence of
e (Quasi Steady State Hypothesis elementary steps Is

] . necessary.
* Practically important examples



Examples
= Polymerization

= Catalytic and enzymatic reactions

= Combustion

= Catalytic reactions (homogeneous, heterogeneous)

Basic characteristics

» large number of species (N > 10°)

» complex mechanism

» effect of environment (e.g. effect of solid surface on reaction rate)
» highly exothermic or endothermic processes

Basic types of complex reactions
1) Reversible reactions

2) Parallel reactions

3) Consecutive reactions

Homework 3
To find c,(t), c,(t),c5(t) in the closed isotherm
constant volume reaction system, in which the first
order irreversible consecutive reactions take place
A — A, r,, = k¢, t=0, ¢, =1molll, ¢c,=c,=0
A, - A, r,, = K,C, t € (0;5)
a)k, =2 min~",k, =1 min~"
b)k, = k, =1 min~*

c)t,,, forc,

opt



A - A, r,, = k¢, t=0,c,=1molll, c,=c,=0

A, - A, r,, = K,C, te (0;5)
HW 3 a)k, =2 min~",k, =1 min™"
b)k, =k, =1 min™*
C)t,, fore, LINEAR 15T ORDER DIFFERENTIAL
Solution EQUATION == INTEGRATION FACTOR
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Open x Closed sequence of elementary steps

* Inthe sequence of elementary steps, the reactants and products of these are not stable reactants or products
but are highly reactive intermediates.

* The reactive intermediates can be of several different chemical types : free radicals, free ions, solvated ions,
complexes at solid surfaces, complexes in homogeneous phase, complexes with enzymes.

* Many intermediates may be involved in a given reaction, however the advancement of the reaction can still
be described by means of a single parameter — extent of reaction or fractional conversion of key component.

* There are two types of sequences leading from reactants to products through intermediates: OPEN or CLOSED.
* Anopen sequence is one in which an intermediate is not reproduced in any other step of the sequence.
* Aclosed sequence is one in which an intermediate is reproduced so that a cyclic reaction pattern repeats itself

and a large number of molecules of products can be made through only one intermediate. (Catalysis)
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Quasi Steady State Hypothesis — QSSH

The concentrations of the intermediates remain low and constant = these
intermediate concentrations can be expressed using reactant and product
concentrations

Example
Fosgen (COCl,) is manufactured by gas phase reaction between CO and Cl,

Co,, + Cl — COCl

(8) 2(g) 2(g)

It follows from experimental data :

The proposed mechanism involves 2 intermediates Cl and COCI.

/Reacﬁon Kinetic equation
2
L. Clz(g) < 2C|(g) / rn= kf,1CC|2 - kb,lcél
2.CO,, + Cl,,, < COCI
) @ © _
g ? ’ r2 B kf,ZCCOCCI B kb,ZCCOCI
3. COCly) + Clyg — COCly + Clg f, = K, CeociCes




The balances of intermediates at steady state: Cl,/CN CO COdl,
RCI
R =r

COcCl 2

=2r—-1r,+r,=0

-1, =0

3

By adding above equations

2r,=0=r =Kk, C¢ —kb,@

1/2
(k,, )

Cor = ’ Cel,
o)

Concentration of COCI:

(k,, ) (k, ) 112
kf 2Cco L , CCI2J kf,2 L J Cco (CC|2)
c B kf 2CcoCe _ kbyl _ kbl
cocl o o
k 2 T kf 37cCl, kb,2 + kf,3CC|2 kb,2 + kf,3CCI



Rate of COCI, production is given by equation (3) in which we substitute for COCI
concentration

( K. 1\ 3/2
K 5Ky « Cco (CC|2)
‘ b,1
Rcoc|2 = I3 = K¢ 5CcociCai, = « ‘
b2 T K¢ 3Ccy,
If Cl, concentration is low or k, , >> k, , isvalid, we get

1/2

kf73kf’2(kf’l\ 3/2 3/2

Rcom2 - Ceo (CCI2 ) = KC¢y (Cctl2 )
kb,2 kb,l




Validity of QSSH

Cl, . < 2Cl )
2w e 1 =Ko, =k 1Cq

- + - ] 4
C D{g} ¢ IE.E} < M@ o= %f_:fc-ofc: — Ky 2Ccoa

P +C ~ X +
COCL,y * Clyy = COCL, + L, 73 =Ky sCcocCa,

Isothermal batch constant volume reactor

dc‘a: } }
dr r1 13
dc..
g - e R o
dt
dc, -
dt }
dCepq
dt =l —lp;
df.' . 1/2
coa, _ s K = K¢ oKy, (kf_l = 0.07 (m*mol™)*%s™
dt . Ky Lkle |

Kinetic parameters used in numerical simulation

k_j‘.l ‘E-b.l "?L:F.J k&.z kf.}
1 0.05 5 1.4x10° 10’ 5
2 0.1 10 1.4x10° 107 5
3 1 100 1.4x10° 10’ 5
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Homework 4 (due after Chapter 4)

Calculate volumes of CSTR a PFR working at 150 °C and 300 kPa to produce 1 t COCl,/day with CO
conversion equal to 95 %. A mixture of CO and Cl, (molar ratio 1:1) is fed at 300 kPa and 150 °C.

Data

k(423 K) = 0.07 (m3mol1)3/2,s1

Mcocp = 98.92 kg/kmol.

Answer:

Vesrg = 0.053 m3 Vpeg = 0.0021 m3



Example
2NOg) + Oyq <> 2NOy,

Mechanism:
2NO gy <> (NO),, =equlibrium(1)
(NO)yg) + Oz = 2NOyq  (2)

Max Bodenstein, 1941
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Radical polymerization

Inicialization

| 5 2Re s = kg,
Re+M —s P e init iCreCm
Propagation
P e+M ‘o, P,e = kpcploCM
P,e+M —2 5P, e r, = KyCp,uCy
P, e+M —2 5P r, = K,Co .Cy
Termination
k —
P e+Pe—">P Mot = KCp .Co.




Intermediates

dcpi. _ dc .
dt dt

Balance of initiator

2rd — Finit = 0
2deI = kiCR.CM
2k .c
C.. = dYi

k.C,,

Balance of P, «

—n—r,=kcecy —K,Co.Cy —KcCp > Cp. =0
j=1

Rp.=Tr

P e init

Balance of P.e, k =2,3,...

RPK- = kpCPH.CM - kpCPk-CM - ktCPkoZ Coo = 0
j=1

By summing the last equation from k=2,3,... and adding balance
equation of P, e

2
- . ” k.C..Cy, 2k, ¢,
kicg.Cy — K, z Cro | = 0 g Z CPJ.. = I =
j=1 j=1 kt kt




Monomer consump}mn

© )
RM = |n|t ZC :_| kC CM +kpCMZCPj- |:
\ S
( 2k, c, ) 2k, c,
—| 2ksc, + Kk, Cy |= -k, Cy
K, K,

Polymer P, production

1 T Homework 5: to justify these equations

. ch Ln.

From balance of P, «

k-1

kpcPH.cM k 2k C, |_ —|

o« —F > C
Tkyey 2Kk, S 1 +4/2kk c, Tk Cu +1/2ktkdc| Lk c, +,/2ktkdc,J

n-2

1nl (n—l)kl_ ch —"_ kC —l

=—>» kc, .C
. 2kzltP i 2 ch +«/2ktkdc|Jch +«/2ktkdc,J
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Summary

* Simple systems of elementary reactions
 Open x Closed sequence of elementary steps
e (Quasi Steady State Hypothesis

* Practically important examples



