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Reversible Reactions

» All rate laws for reversible reactions must reduce to the thermodynamic relationship relating
the reacting species concentrations at equilibrium.

» At equilibrium, the rate of reaction is identically zero for all species

for the general reaction
aA+bB &—= ¢C+dD
» The concentrations ax equilibrium are related by the thermodynamic relationship for the
equilibrium constant K.
K, = CeCoe
CacCoe
The units of the thermodynamic equilibrium constant. K., are
(mol/dm?)4*¢~f-a
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Reversible Reactions

Rate laws for reversible reactions

For the reaction ks .
- e —— B ;
: :

Benzene diphenyl  hydrogen

kB and k_ g « are the forward and reverse specific reaction rate constants respectively
and defined with respect to benzene.

x

The rate of disappearance of benzene = rpg forward = kB Cﬁ
Or the rate of disappearance of benzene for the forward reaction

N

rB.forwara = —kpCp

> For the reverse reaction
k.
Cj;H p+H, —— 2C H,
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Reversible Reactions

The rate of formation of benzene r'p. reverse = k. BCDCH,

> The net rate of formation of benzene

g - B net = rB. forward + B, reverse
=) rg = —kpCg +k_pCpCy,

the rate of disappearance of benzene, —ry:

2 2 k.
—rg = kgCg—k_gCpCy, = kg | Cp— k_B CpCy,
B

2 CpC
= —ry=ky (2 o)

K¢
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Reversible Reactions

—B = K. = Concentration equilibrium constant
k_p
» The equilibrium constant

» Decreases with increasing temperature for exothermic reactions and

» Increases with increasing temperature for endothermic reactions

» The rate of formation of diphenyl is:

> Also, from stoichiometry
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Reversible Reactions

Comparing &b s
'_’B"‘I\ (CB_ v H:) And r[)=k0[ [-;"‘ D H:}
Kc K
And utilizing stoichi t o
na utlizing stoicniornetry L[_) _ i _ l\_B || 2o CDCH:jI
1 -2 2| K.
_ Ky
m) k= —
5 Cll
At equilibrium, -ry = 0, —rg =m0 = ky| Che - D;{ H:c“
(‘ -t

CocCu
m) K=

Che
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Reversible Reactions

> When there is no change in the total number of moles and the beat capacity term, ACp = 0

. FAH..( 1 1Y]
KAT) = KAT. __*ﬁ(_—_)
ot c! ‘)expl_ R \F;, T/

Endothermic G
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The Reaction Rate Constant

The specific reaction rate or the rate constant
o Is merely independent of the concentrations of the species involved in the reaction.
o Isalmost always strongly dependent on temperature.

Depends on whether or not a catalyst is present,

In gas-phase reactions, it may be a function of total pressure

© O O

In liquid systems it can also be a function of other parameters, such as ionic strength and
choice of solvent

» The temperature dependence of the specific reaction rate, k,could be correlated by

ki(T) = Ae” E'RT Arrhenius Equation
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The Reaction Rate Constant

where A = preexponential factor or frequency factor
E = activation energy. J/mol or cal/mol
R = gas constant = 8.314 J/mol - K = 1.987 cal/mol - K
T = absolute temperature, K

Towk—osA
k T->0 k-0

T A=10"
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The Activation Energy

» The activation energy can be thought of as a barrier to energy transfer (from the kinetic
energy to the potential energy) between reacting molecule that must be overcome.

A+BC & A-B-C— AB+C

reactants intermediate products
A-8-C :
—
5! /‘{\\ 8-C
o )
| EB_\'_ Energy barrier
E | \A+BC ‘ \
$t - (Eja + Ege)
(Ey g+ E
reactants produets

Reaction coordinate

the potential energy of the system as a function
of the progress along the reaction path

» The distance between A and B

decreases, and the AB bond begins to
form.

> As we proceed further, the distance
between AB and C increases and

» The energy of the reacting pair
decreases to that of the AB bond
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energy.
Eg = Efa--c — (Ejs + Efp—¢)
E, - Energies of formation
4

The Activation Energy

Ink,=InA-

N—
g S

2 10y
—

» The larger the activation energy, the more
temperature-sensitive is the rate of
reaction.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888

Semilog Plot
| MighE
T
1.04
f Llow E
0.1+
Siope = -
il F
00025 0003
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Example

Calculate the activation energy for the decomposition of benzene diazonium chlo-
ride to give chlorobenzene and nitrogen:

Ci
/

N=N Cl

K\L —-—vjdt + N,

using the information

k(s™h 0.00043  0.00103 0.00180 0.00355 0.00717

T (K) 313.0 3190 323.0 328.0 333.0
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Example Cont.

> If the specific reaction rate k,(7,) at a temperature, 7,, and we know the activation energy, £.
we can find the specific reaction rate k(7)at any other temperature, 7. for that reaction

E(1_1)
R\T, 7 —E/RT,
k(T) — k(T )(, d where A(T(;) = Ae
()
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Review: Reactor Sizing and Design

» The rate of disappearance of A,-r,, might be

» Known as a function of conversion, X
—= ",.\ = S(X)
» Expressed in terms of the concentration of the reacting species
=ra = [kA(D)[fn(Cr.Ca, . . .]

» The concentration of the reacting species may he written in terms of the conversion X

C, = h;(X)

» If the rate law depends on more than one species, it is necessary to relate the concentrations of
the different species to each other
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Review: Reactor Sizing and Design

' Reactor = Differential = Algebraic = Integral

dx
—_—— t=N s B
patch o Ze Y of 2 | QD

' FaoX
CSTR vl
| ; A
X
| X X
PR Foeh v & | QIS
av 0-a
dX | % dX X
PR [Fao g W=Fu — (QEEID
0—'a
W
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Stoichiometry

molecules for a single reaction.

» Such table make it easier to relate the concentrations of the different species to each other for
the case when the rate law depends on more than one species.

> For the reaction
aA+bB — ¢C+dD

A= .
"

=d —-b d

» In formulating our stoichiometric table, we shall take species A (limiting reactant) as a basis of
calculation

AZH ey CpA8D
a a '
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Stoichiometry

Batch Systems x : y
A+<B — SC+<D

a a a
Na=Nao = NpaoX = Nyo(l - X)
Nio the number of moles of A initially present in the reactor
NA()X moles of A are consumed

N,  the number of moles of A remaining in the reactor

» How to express the number of moles of B, C, and D in terms of conversion of A?.

moles B reacted

moles B reacted =
moles A reacted

-moles A reacted = g (N 10 X)

b
mp Ny =Ny g~ N aoX
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Batch Systems

Initially Change Remaining
Species {(mol) (mol) (mol)
A N =(N0X) Ny =Ny=NyX
: y , b
B Ngo -2 (N 0X) Ng=Ngg—= N X
a a
. » . = _ y C ay
C Neo - (V 30X) Ne=Ngp+=N r\'].\'
a a
: dNgX)  No=NoptdN X
a a ’
| (inerts) v -
Lﬂ l'\f! - .1'\"‘0
Totals - ( » \
Nro NpmNpp+[d4+E=2-1 N X
\a a a )
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Batch Systems

Let TR T
a a a
Then Ny = Nyo+ 3N, X

The concentration of A is the number of moles of A per unit volume:

=N ' ) =
Cp="A m) C,=Na=Na(-X)
V ' ¥ s V
7 RE: - conis / .' v/
Cy= Ng = Ngo— (b/a)N X Co = N__ Neo+(c/a)N \oX
% % V V
Cp = il? = Npg + (d/a)N X
V %
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Batch Systems

defining the parameter ©,,
Nio _ Co _ i

0, =
Nao Cao Yao
Then
i Nao[Ngo/Nyg— (b/a)X] N, [Oy— (b/a)X]
B ‘,r T ‘/
\
with ©4 ,B"
A Al
CC = IV_\U[Q')( "?"'((','IU]X] . \uh @C - N(“
V A‘ AD
Ci): ‘NFA[II(?)D:;(‘!;‘J)XI. W I h@D_ ND“
Atl
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Constant-Volume Batch Reaction Systems

» For the constant-volume systems

V=Vo

Cs .

= Cro(l —X)

0

[((Ngo/Nag) —(b/a)X] Ny [Og—(b/a)X] _

- b
Ca =N, = GO - 2. )
B~ A0 Vo Ve Co b g X
(Neo/N 5o) + (c/a)X g 27
CC=NAO[ = M;/) Ll =C,\(,(@C+5XJ
0 a
Npo/Nao) +(d/a)X
CD - NAO[( b N{;, : ] - C‘.\U(GD_*‘L{X)
0 \ d
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Batch Systems

» For liquid-phase reactions (or as we will soon see for isothermal and isobaric gas-phase
reactions with no change in the total number of moles,

For ~ra = kaCaCp

Ten  —r, = kCoCy = kCho(1 - X) (05— 2) = 7()
a

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

-




Example

For the reaction
3NaOH(aq) + (C; H;5C00),C;Hy ——— 3C,, H;COONa + C; Hy(OH),

Express the concentrations of the different species as function X
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Example Cont.
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Example

If the initial mixture consists solely of sodium hydroxide at a concentration

of 10 mol/dm? (i.e., 10 mol/L or 10 kmol/m? ) and of glyceryl stearate at a

of 2 mol/dm’®, what is the concentration of glycerine when the conversion of sodium

hydroxide is (a) 20% and (b) 90%?
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Stoichiometry

Flow Systems

b ¢ d
a a a
Entering Leaving
F_\” ] F.\
.FBII i f) ’ (‘ d i FB
F. » A+2B —— SC+=D b
co a a a C
Fl)ll \ FD
FIH Fl
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Flow Systems

Feed Rate to Change within
Reactor Reactor Effiuent Rate from Reactor
Species  (mol/time) (mol/time) (mol/time)
/
B Fgo = OgF Ao —t_’ FaoX Fo=Fy eu_!_’x]
a | a
C ( ;
C Feo = OcF ;Faox Fe=Fao ﬁ("':j;x}
d o
D Fro= OpF 5 = F poX Fp=Fj (')n"': X)
\ [/
I Fio=0,F,, Fy= F 9,
(
\d b
FTO FT=FTU+|-+£---IJFAUX
\@ a a

Fy= Fyo+ 0F X
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Concentrations in Flow Systems

where

0, = Fao _ Cro¥o _ Cho _ ¥no
Frpo CaoVo Cag

AN
and O, Oy, and O, are defined similarly.

Equations for Concentrations in Flow Systems

For a flow system,

v liters/time liter
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Concentrations in Flow Systems

c,=Fa-Faoy_y, ¢, = Fo _ Fao= (b/a) FpoX
U v v -

- F( s F(‘n +(c/a) F.,“,X Co= fﬂ = Foo+(d/a) F \ X
C( — -LT o v v v

Liquid-Phase Concentrations

» For liquids, volume change with reaction is negligible when no phase change are taking place

-

V=10,
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Liquid-Phase Concentrations

F,
Ca =?-‘i’(1—X):C,\(,(| -X)
U

Cp = C.—\u(GB e X)

) a /

- -y = f(.Y)

Change in the Total Number of Moles with Reaction in the Gas Phase

» Variation on the flow rate occurs quite frequently in gas-phase reactions that do not have an
equal number of product and reactant moles

N,+3H, &——= 2NH,

4 mol of reactants gives 2 mol of product.
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Variable Volume

» Variable-volume situation could occur in batch reactors where volume changes with time as in
internal-combustion engine

Batch Reactors with Variable VVolume

PV = ZN,RT
where
V = volume and N; = total number of moles

T = temperature, K

P = total pressure, atm (kPa; 1 atm = 101.3 kPa)
Z = compressibility factor

R = gas constant = 0.08206 dm® - atm/mol - K
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Batch Reactors with Variable VVolume

where § = d 3. T l 5 — Change in total number of moles
I Mole of A reacted
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Batch Reactors with Variable VVolume

divide by Ny

€
NE ) Ml |4 Oya0 X
Nt Nt

where y,( is the mole fraction of A initially present,

N
) — = ]14+¢X
TO0
where
= e i,
= |-t = —a -] -N—— - }AOS For both batch and
4 a a 70 flow systems
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Batch Reactors with Variable VVolume

Also g = NT 25 Nro
NtoX

at complete conversion, (i.e.. X = 1 and Ny = Ny

NT'_NTO
NTO

_ Change in total number of moles for complete conversion
Total moles fed

If all species are in the gas phase,

(P
mp V= \-’,,J-'-' 2 f-atl +&X)

\ P . T” 1\2“)
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Batch Reactors with Variable VVolume

» If the temperatures and pressures are changed such that the compressibility factor will not
change significantly during the course of the reaction

Zos=Z

Then, for a variable volume batch system, the volume of gas at any time t is

\

Ph T
V= V|22 |(1+eX) =
3 e

Flow Reactors with Variable VVolumetric Flow Rate

» The total concentration can be defined as
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{Fr Pyl T
‘ b-“l.;,t??u)? ?:{'}

mm) (he concentration of species j for a flow system

% - P\ T
L [ Fr P, T Yo J\Fr 0
L e '?_'
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Flow Reactors with Variable VVolumetric Flow Rate

Then y = U”Fm + F,p 80X [Pn} &
\

| , P
F P\T,
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Flow Reactors with Variable VVolumetric Flow Rate

" PolT
) U"Un(l’*'SX)F(ﬁJ

F,

The concentration of species jiS ¢ =
J
v

The molar flow rate of species jis  F; = F g+ v (F (X) = F (0, +v,X)

where v, is the stoichiometric coefficient, negative for reactants
positive for products.

> For the reaction A+{‘-’B _ £C+C—ID

a a a

va=—1, vg==b/a, vc=c/a, vp=d/a, and ©; = F/F,,.
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Flow Reactors with Variable VVolumetric Flow Rate

= F.40(®j+vjx)
‘ C}—v((l_*_sx)f_f_)]_-)
. PT,

Rearranging

o< Cn®+yX) (P)T,
j | +eX |P,| T

Recall that
Yao = Fao/Fro. Cao = YaocCro»r €= ."Au5
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The stoichiometric table for the gas-phase reaction

C.=Fa o Faull=X) _ Fpul1=X)(To) P - F:-X\TL..[P‘]
A v vo(1+&X) | T ) Py “\T+eX )T (P
c.=Fo o Ful®u—(b/a)X] _ FrulOg—(b/a)X) To| P _ c Oy —(b/a)X T, [ P )
8= v wi+eX) \7)P, M T1+ex TR,
_Fe _ FalOc+(cla)X) _ FplOc+(c/a)X](To) P _ ]
C( =l Ty = %, i E——Sttoo CA(I |
L v vo(l+eX) | T)P, l +eX Pt,

Cop =10 u a0l *(d/a)X] _ FrolOp*(d unl[T P o 8.,+<d'a1."] "a
v v vo(l +eX) T |P, o GEET @
c.=Fi - Fa, _ _Fu®, (To\p _ Cn®, [Ty p
"8 : l..{]+£X}\T_]P., !*BALT}PG
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Example

Show under what conditions and manipulation the expression for Cy for a gas flow

system reduces to that given in Table 3-5.
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Example Cont.
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Example

A mixture of 28% SO, and 72% air is charged to a flow reactor in which SO, is
oxidized.

2S0,+0, —— 2S0,

First. set up a stoichiometric table using only the symbols (i.e., ©,, F,) and then
prepare a second stoichiometric table evaluating numerically as many symbols as
possible for the case when the total pressure is 1485 kPa (14.7 atm) and the temper-
ature is constant at 227°C.
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Example Cont.

Example
The reversible gas-phase decomposition of nitrogen tetroxide, N,O,. to nitrogen
dioxide, NO,,

N,0; &= 2NO,

IS to be carried out at constant temperature, The feed consists of pure N,O, at

340 K and 202.6 kPa (2 atm). The concentration equilibrium constant, Ke, at

340 K is 0.1 mol/dm?,

(@) Calculate the equilibrium conversion of N,O, in a constant-volume batch
reactor.

(b) Calculate the equilibrium conversion of N,O, in a flow reactor.

(¢)  Assuming the reaction is elementary, express the rate of reaction solely as a
funcuon of conversion for a flow system and for a batch system. B

(d) Determine the CSTR volume necessary to achieve 80% of the equilibrium
conversion.
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