Ch 3. Rate Laws and Stoichiometry

How do we obtain -r, = f(X)?

We do this in two steps

1. Rate Law - Find the rate as a function of concentration,
-r,=kfn(C,, Cp ..)

2. Stoichiometry - Find the concentration as a function of conversion

Ca = 9(X)

Part 1: Rate Laws
Basic Definitions:

A homogenous rxn is the one that involves only one phase.

A heterogeneous rxn involves more than one phase, rxn occurs at the interface
between the phases, i.e., solid gas phase.

An irreversible rxn proceeds in only one direction A — B

A reversible rxn can proceed in both directions A < B (equilibrium)
Molecularity of a rxn is the number of atoms, ions, or molecules involved in a rxn
step.

The terms unimolecular, bimolecular, and termomolecular refer to rxns involving,
respectively, one, two or three atoms interacting in any one rxn step.

Unimolecular: radioactive decay

Bimolecular: rxns with free radicals Br.+ X — XBr+Y.

Termolecular: rxn pathway following a series of bimolecular rxns.




A rate law describes the behavior of a reaction. The rate of a reaction is a
function of temperature (through the rate constant) and concentration.

1. Relative Rates of Reaction

aA+bB —cC+dD

Rate of formation of C = c/a (Rate of disappearance of A)

The reaction :
2A + 3B — 5C

is carried out in a reactor. If at a particular point, the rate of disappearance
of A'is 10 mol/dm3s, what are the rates of B and C?

The rate of disappearance of A, -r,, is

r =10 m:;’l
a dm" *s
‘ or the rate of formation of species A is ‘
r =-10 mbf’l
a dm* *g
‘ The relative rates are ‘
ra 1-b I'c:




Species B

The rate of formation of species B (2A + 3B — 5C)
3 3
rb _2(ra) - Era
3 mol mol
r - E(-10dm3 —) - -15dm3 -

The rate of disappearance of B, -r,, is

mol
-1, =15
b dm 3 * e
Species C
The rate of formation of species C, r, is
5 5 mol
r, - E(I‘a)=3(—10 3. )
- - dm- *s
r _25 mol
c dm? *s

Rxn Order & Rate Law:

Algebraic equation that relates —r, to the concentrations of the reactants
is called the “kinetic expression” or “rate law”.

Usually, rate can be written as the product of rxn rate constant and
concentrations. In these expressions, usually the limiting reactant is
chosen as basis for calculations.

T = Ka(T) fn (C,, Cg,.....)

In reality activities should be used
ry = -Ky @, agh

(@=7C)

ra = (-Ka 7% 15P) Cp% CgP

N

k
A




Power Law and Elementary Rate Laws
In general
-ry =k, C\9 CgP
a:orderin A
B :orderin B
n =a + B = overall rxn order
The unit of —r, is always = concentration / time
For a rxn with “n” order: {k} = (concentration)'" / time
Therefore for a zero-, first-, second-, and third-order rxn

zero—order (n=0) -ry=Kk,; {k}= mo3|

dm’s
Iorder (n=1) —r,=k\Cp; {k}:l
S

dm’
2Yorder (n=2) -r,=k,C,%; {k}=

( ) A A~A {} mol -

dm? )’
3%order (n=3) —r,=k,Cn'Cq; {k}:(mmj g

Elementary Reactions

A reaction follows an elementary rate law if and only if the stoichiometric
coefficients are the same as the individual reaction order of each species.
For the reaction in the previous example (A + B — C + D), the rate law
would be: -r, = k C, Cgz These rate laws can be derived from Collision

Theory.

if 2NO + O, — 2NO, then —ryg = kyo (Cro)? Co; if elementary!!!

Question

What is the reaction rate law for the reaction A + /2 B — C if the reaction is
elementary? What is r;? What is r.? Calculate the rates of A, B, and C in a
CSTR where the concentrations are C, = 1.5 mol/dm?3, Cg; = 9 mol/dm? and

k, = 2 (dm3mol)* (1/s)




Solution:

n A+%B—-C
= kACACB
g _ T
172y 1
N I Ty
1= i
2 1 -1
k
Ty = —ETA]CAC? .=-r.= kx.cs.clsm
Let’s calculate the rate if, 2
3
k—A = E[dm ] l
ol g
Ch =15 m°13
dm
Cg =9 ol
12
Then, drm 1 el tol bz
“ry =2 |12 o—
mol 5 drn dm°
_I’A =9 m;l
dm” 3

1
B3 (k4 C4CED

1
g = =45
dm”s
T = ~Tg
1
=9 mo
dm’s

ForA+B~ C+D

]

C,-Cs _Ce G

C

} Elementary




Non Elementary Rate Laws:

A large number of homogeneous or heterogeneous rxns do not follow
simple rate laws.

If the rate law for the non-elementary reaction A + B — 2C + D is found to
be —r, = k C, Cg?, then the rxn is said to be 2" order in A and 1%t order in
B, and 3 order overall.

For the homogeneous rxn

CO+Cl, >COCl, —ry =k:Ce-Cq "

_ 2
2N,O0 - 2N, +0, —To _W k and Kk’ strongly
+K* 0, temperature
dependent

In this case we can not state overall rxn order.

Here, we can speak of reaction orders under certain limiting conditions
as at very low conc’n of O, (1 >> K’ COz)

—Ino T szo 'CNzo 15t order (apparent rxn order)

If 1 <<k Cq, ~Ty,0

_ szo 'CNzo

- ero = KC Ot order (apparently)
0,

These types are very common for liquid & gas phase rxns on solid
catalysts




For the heterogeneous rxn

CeH;CH, +H, —=2= »C H, +CH,

(toluene: T) (benzene: B) (methane: M)

In these types of rxns, partial pressures are used instead of conc’ns:

Specific rxn rate {k} = mol; / kg cat s atm?

__—
o kPR
T =
1+Kg P +K; - P
*  Adsorption constant
Per mass of catalyst {K}=1/atm

if ideal gas law is applied - P,=C,RT

Example: Gas Phase Catalytic Reactions

When studying gas phase catalytic reactions the rate law is developed
in terms of partial pressure,

oo _EBER
ST [+EaBs ]

To rewrite the rate law, just use ideal gas law to relate to concentrations
C,and Cg
_ P

CA _ﬁ or PA =CART

and then write concentration in terms of conversion

k@TfCACB

1 =
1 +KARTCA




The net rate of formation of any species is equal to its rate of formation
in the forward reaction plus its rate of formation in the reverse reaction:

ratenet = I-atefom/ard + ratereverse

At equilibrium, rate_, = 0 and the rate law must reduce to an equation

that is thermodynamically consistent with the equilibrium constant for the
reaction.

Example: Consider the exothermic, heterogeneous reaction;
A+B—-C

At low temperature, the rate law for the disappearance of A is

_ RAFEFE _
la, = 1+K, P, RecallP,=C,RT

At high temperature, the exothermic reaction is significantly reversible:
A+B=LC

What is the corresponding rate law?
If the rate of formation of A for the forward reaction (A+ B — C) is

—HKaPaFe
T+E P,

Adfor =

then we need to assume a form of the rate law for the reverse reaction

that satisfies the equilibrium condition. If we assume the rate law for the
reverse reaction (C — A+ B)is

K_aPc
T+K P

Ay =

k.l'—\ F'l:
Then: Ta = Tape =Tag 4 o, and: —Ta = 1+K;\P;\ {PAPB _K_P]




Deriving —r,:

The forward rate is: Fagyr = —HaaF
T KPP,
And the reverse rate law is: k_aF:
SRR PUICN

The net rate for species A is the sum of the forward and reverse rate laws:
fo, = r’”‘nlet = r’”‘flc-r + r’”‘rev
Substituting forr,._and r_:
g for rev o _kﬁPAPB . k—ﬁpc
AT K P, 1+K,P,

_ kAPAPEI k—APC = kAPAPB - k—APC

R TR P, T+KP, 1+K, P,
P k Ky Pe
K = Le = —A -y =— F. F' R "
] PaeFee  Koa . 1+KAP:&[ o Ke

Solving for Kp:
Does this rate law satisfy our requirement at equilibrium.

For a rxn at equilibrium =)
Ce

bp = —=2
" FIAeFlEle

At equilibrium, r., = 0, so;

k P
tez2l=—& |p, P __Ce
fa 1+KAPﬁE{ Ael Be KP]

Solving for K.

0 = PP - e

The conditions are satisfied.




Rate Law for Reversible Reactions

Example: Write the rate law for the elementary reaction

ki
A 2B

d:__
ks,

Here k;, and k,, are the forward and reverse specific reaction rates both
defined with respect to A.

(1) & — op “ar = ke Oy
(2) Bty s =k;s Ch

rate g = TA fopa Trate e

rg = ~kCa + 1, Ch
_ 2
1y =k Cp ~k Cp

C2
= kmlca -—=& |

kffkr
CE
—rs = ke IC:-. —K—B
C
At equilibrium
1, =0 The equilibrium constant decreases as T
2 increases (exothermic rxns)
— ~Be
K. = Cy, K, increases as T increases (endothermic rxns)
£
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Reaction Rate Constant, k:

k is the specific rxn rate constant given by Arrhenius Equation:
k=A e—E/RT

where,

E: activation energy (cal/mol)

R: gas constant (cal/mol K)

T: temperature (K)

A: frequency factor (unit depends on rxn order)

k
T—o>w k—>A

T—-0 k—0
A=10"1

E, (Activation Energy)

Molecules need some energy to distort/stretch their bonds so that they
break them to form new bonds.

The steric & repulsion forces must be overcome as the reacting
molecules come close together.

- @) —— W 00

2a b+c atb atc

11



A rxn coordinate is usually used:
A+BC—~A-B-C—->AB+C

=

High energy complex

Reactants —— Product

Rxn Coordinate

The rxn coordinate denotes the energy of the system as a function of
progress along the reaction path.

More on Activation Energy

The activation energy can be thought of as a barrier to the reaction. One
way to view the barrier to a reaction is through the reaction coordinates.
These coordinates denote the energy of the system as a function of
progress along the reaction path. For the reaction

AtBC =2 A B---C — AB+C

the reaction coordinate is

Reactants —— Product

for the reaction to occur, the reactants must overcome an energy barrier
or activation energy E,.

12



Why is there an Activation Energy?

(1) the molecules need energy to distort or stretch their bonds in
order to break them and to thus form new bonds

(2) as the reacting molecules come close together they must
overcome both steric and electron repulsion forces in order to react

Energy Distribution of reacting molecules

In our development of collision theory we assumed all molecules had the
same average energy. However, all the molecules don’t have the same
energy, rather there is distribution of energies where some molecules
have more energy than others. The distraction function f(E,T) describes
this distribution of the energies of the molecules. The distribution function
is read in conjunction with dE

f(E, T) dE = fraction of molecules with energies between E and E + dE

One such distribution of energies in the following figure

B By __~The fraction of molecules with energies between
f(E,T) ~~ 15 and 16 kcal is approximately f(E,T) dE=(0.05
(keal)™ keal)™. (1 keal)= (0.05) or 5% of molecule have

energies between 15 and 16 kcal.

Fraction of molecules that have an
energy of 25 kecal or greater.

L
T
5 10 1516 20 25 30 35 E (keal)

E, (kcal)

13



Increase Temperature

HE.T)
{kcal)"

Fraction of collisions
at T, that have energy
E, or greater

EA Fraction of collisions at T, that
(kealfmol) have energy E,, or greater

Figure 3-3 Energy distribution of reacting molecules.

By increasing the temperature we increase the kinetic energy of the
reactant molecules which can in turn be transferred to internal energy to
increase the stretching and bending of the bonds causing them to be in

an activated state,

As the temperature is increased we have greater number of molecules

vulnerable to bond breaking and reaction.

have energies E, and hence the reaction rate will be greater.

14



Activation Energy
The activation energy is a measure of how temperature sensitive the

reaction is. Reactions with large activation energies are very temperature
sensitive.

k=A™

ik =ind- 2
R'T

If you know two points — E, is known!

Alnk
Low E S|Ope = 1
{less than 25 koaliranle) L
Ink A(T )
High E slope = R
(greater than 60 kealfmole)

H [

One can also write the specific reaction rate as:

E 1

kE=k,e
GXP[R T, T

15



Specific Reaction Rate Derivation
k= A FH
kg = Ag™5%a

Taking the ratio:

E, 1 1
k=k exp[—(— =
aXp[R(TG =l

This says if we know the specific rxn rate k (T,) at a temperature T,, and
we know E, then we can find reaction rate k(T) at any other temperature
T for that rxn.

STOICHIOMETRY

We shall set up Stoichiometric Tables using A as our basis of calculation in
the following reaction. We will use the stoichiometric tables to express the
concentration as a function of conversion. We will combine C, = f(X) with
the appropriate rate law to obtain -r, = f(X).

a+lp o Cc8p
a a a
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a+28 508D

1. Batch System Stoichiometric Reactor a a a
Species Symbol Initial Change Remaining
A A M ag — Mg Ma =MNapll=X)
b Ju}
B B Meg = Map®g — g MNanX Mg =MNap| O - =%
C c
C Z NCD=NAD®C +ENAD}< NC=NAD ®C +E}'<
d d
D D Moo =Mag®p + Mg Np = Nag| Bp + =X
Inert I N| S NADEJI ““““ N| = NAUE)I
Mo My = Mpg + 8N ag
where; " . 4 o
i C
B-_0-"0_J0  gnqg B —4————1
Mao Cap Yoo a a 4
Mg

Concentration -- Batch System: ¢, =

Constant Volume Batch:

e

Note:
if the reaction occurs in the liquid phase
or
if a gas phase reaction occurs in a rigid (e.g., steel) batch reactor
Then W=

b
if -1 =kCr’C, then —ra=Cm3(1—Xf[®b—;X]

and we have -r,=f(x)




Example:
Write the rate law for the elementary liquid phase reaction

3A+2B — 4C

solely in terms of conversion. The feed to the batch reactor is equal molar

A and B with C,, = 2 mol/dm? and k,= .01 (dm3/mol)*1/s.
1) Rate Law: -r,=kC,3Cg2

2) Stoichiometry:

Species A

Liquid phase, v = v, (no volume change)

Species B

What is ©5? o BO_L_,
B N 1
A0

Species A is the limiting reactant because the feed is equal molar in A
and B, and two moles of B consumes 3 moles of A.

A+2B——+ic
3 3

b 23 2

a 1 3

2
e —weS a3 2
r, =kC 0@ X)[l 3X}

4 5
mﬁ 1{ .. mol 2 2
= (0_01){5] izﬁ] (17}:)3(17;}(}

2
=0.32(1—X)3(1—EX} mol
3 mﬁ*s

We now have -r,=f(X) and can size reactors or determine batch reaction times.

18



2. Flow System Stoichiometric Table

Fao Fa
F, Fg
BO
Foo Fo
F, R
o]
X

Species Symbol Reactor Feed Change Reactor Effluent

A A Fao — FagX Fa=Fagll-2)
a] b
B B FEID =FAU®EI _EFADX FEI =FAD(®EI —EX]
C C
C C FCD = FADE)C + EFAD e FC = FAD(E)C + EK]
d d
D D FDD=FAU®D +EFADX FD =FAD(®D +EX]
Inert I Ao =Fag®  ------- R =Fan®
Fro Fr =Fro + 8Fagi
Where: @ -fo _Covo _Co Yo 4 5 0, E_b_,
20 Caplo Cap Vap a a a
Concentration -- Flow System: C, ="t
U
Liquid Phase Flow System: u=1p

v UU
& FAD[ b ] [ b ] t
Cp=B="2a _Zw|oc,,| 0 -2x etc.
B 0 Up B 3 A B 3

If the rate of reaction were -r, = kC,Cg then we would have
-1, = kCEH(1 - X)(0, - 5X)

This gives us -r, = f(X). Consequently, we can use the methods discussed
in Chapter 2 to size a large number of reactors, either alone or in series.

19



For Gas Phase Flow Systems: (Variable Volumetric Flow Rate)

Combining the compressibility factor equation of state with Z = Z,

. — P — P — —
with  Cp = TRT Cr, = —ZOI;TO Fr=C;V F=C.V,
we obtain | _ 1 (F_T] TPy
TO TD F
The total molar flow rate Fr = Frg +Fapd

Substituting for Fr gives: ., _ {M} TPy
Fro 7o P

TR
U= g1 +‘3"A05>()ﬂ?u

0=¢
Fao 5] T Pa Yao
W=t [”ﬁa}{]ﬁﬁ holds for both
flow & batch
u=ugll+ s}()lp_ﬂ reactors
Ta P
Example: Calculate €
For the gas phase reaction
2A+B~>C

the feed is equal molar in A and B. Calculate ¢.

Solution
A is the limiting reactant

20



Gas Phase Flow Systems

etc.

Again, these equations give us information about -r, = f(X), which we can

use to size reactors.

For example if the gas phase reaction has the rate law

L= kacazcb

then
c - X)Z[@)b - —X]
R [L+exy
with
Cl\o = &
RT
@B = yBo — h = Fﬁ
},J\o CJ'IO F.i'lo

The molar flow rate of A:
Fa=Fao* Va (Fag X)

Stoichiometric coefficient

Fa=Fao (© + vy X)

21



Calculating the equilibrium conversion for gas phase reaction

Consider the following elementary reaction with K, and = 20 dm3/mol
and C,, = 0.2 mol/dm3. Pure A is fed. Calculate the equilibrium
conversion, X,, for both a batch reactor and a flow reactor. Assume

constant volume.

A =B
Z
-r, =k, |Ci - 2B
A A\\ A e |
Solution
_ | a Ch
At equilibrium L, =0s= kﬁlczﬁe _ ~Be Kp=—*
Ko | Che
. . B
Stoichiometry A D
2
Batch
Species Initial Change Remaining
A Nag M, X M, =N, (1-X)
B 0 +N, X2 Mg = N, %/2
Nrg = Nag Np =Npg - NapX/2
Constant Volume V =V,
LNy Ny Nao(-%)
R IS Y =Cupfl-
SEETA vy so(=%)
. Np Mpg 32 CppX
C,B =

v v, 2

22



X
[l -3
_ CBE _ &0 2

LSl YT
Ch Cholt-%.)

3
2K .Chp = Lz: (z{zod’LJ[o,zm_olJ: 2
(1_ %, ) 4 mol dm
82173, +8=0
Solving
[Batch . =07
Flow
Species Fed Change Remaining
A Fao “FagX Fo=F 4p(1-X)
B 0 +F, X/2 Fg =F %/2
Fro =F ao Fr=F a0~ F a2
o, _Can (1-%.)
b =
1+, )
g = Cunte
C2{l4ex,)

23



Canie
20+e¥ ) K (142X,

{Cm (-, )T 2€ poll-%, )

(1+8Xe)

2 3
X, +ex d 1
2K Chp= ot e 2[20i][0.2 m°3]= 8
@_ 2%, +Xe) mol drn

1 1
L El

2
~2¥, +3])
25%2 173, +8=0

Flow o M, =0757

Stoichiometric Table - Conversion
Let’s consider the production of ethyl benzene
2 Ethylene  + Toluene ——ethyl benzene + proplyilens

CH;;
2 CH2CHz + —

The gas feed consists of 25% toluene and 75% ethylene. Set up a
stoichiometric table to determine the concentrations of each of the
reacting species and then to write the rate of reaction solely as a function
of conversion. Assume the reaction is elementary with
k;=250(dmé&/mol?s). The entering pressure is 8.2 atm and the entering
temperature is 227°C and the reaction takes place isothermally with no
pressure drop.

24



Basis of Calculation

The stoichiometric ratio is one toluene to two ethylene (1/2). However,
the feed is one toluene to three ethylene (1/3) and there is not sufficient
toluene to consume all the ethylene. Therefore toluene is the limiting
reactant and thus the basis of calculation.

Entering Concentrations of ethylene and toluene

Let A = toluene, B = ethylene, C = ethyl benzene and D = propylene
A+ B ——=C+D

Fy 8.2 am I |
Can =T 50010 " ¥ a0 gy 025 — =(0.25)I0.2z;3]=0.05:°3
0 [o.oazM (500) "
mol K
el ol
Crp = fo =02 m-:>13 Ethylene Cpo = ¥poCro = (0-75)0-20ﬁ =0.15 w?
ETy dm 1

Since toluene, i.e. A, is the limiting reactant and has a stoichiometric
coefficient of 1

Ve =025 A+ 2B —=C+D
3=(1+1-1-2)=-1

£=yapd = (0.25x—l)= —0.25

Species Symbol Entering Change Leaving
Toluane A Fao “FagX Fa=Fao(1-X)
Ethylene B Fp = 6pFap -2F X Fp =Fyp(fp - 2X)

Leaving Fy =F,;(3-23)

25



Complete the stoichiometric table including coolant flow rates

Species Symbol Entering
Toluene A Foo
Ethylene = Fp =3F.q
Ethyl benzene C 0
Prophyene D 0
Total Fry = 4Fy

[Er =Fro * 4]
§=-1, Frg=4Eyq
Fr = 4Fun ~Eapt

Change Leaving

—F X Fa=Fag(1-X)
-2F X Fg =Fag(3-2X})
+PA|JX PC =PAUX
+PADX PD =PADX

Fr=dFq-FypX

Write the volumetric flow rate in terms of conversion

v=oo(1+sXI£?

P=Pyand T=T,

s=yuod=(025)1+1-1-2)=-025

o= w,(1-0.253)

In terms of conversion F

For a flow system at constant T and P

o B _Eo-X) . (1-%)
A u UO('H- EX) AU(]**EX)

Ch

i F_B_FAD(B—:ZX)_C {(3-2%)

o (lex)  A0{T-025%)

=0.0§1—Kh

A -gosx
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In terms of conversion = k‘.CA CzE-

“ry =
_Cw(-%) (3-230)
CA (1'[’5}() CB:CAD(]-{——E-X) . 2=-025
e (XE-2x]
2 &0
(1—0.255{)3
25107 (ol ] _ 3135107 [ mol
kCg.D=Y?\nkC%D=(ﬂ.25)3I - ][;03] = - ::3]
j]
3135107 (sl | (1-X)3 - 2]
Sy -
s law®) (1-025%Y

We now have -r, solely as a function of X

2.
K=o 1 =qpedm s
—ty ol
1
—tg
3
1opdm es
mal
0 H

H+2B——=C+D

<3 °"T°7 —rp = 21y -1y = 2{1y )

(1-%)3-X] . _B26x1 [mol ](1—3«:)(3—}:)’

i Z{3.13><1|:J“‘ m_ol]
5 dm *)) (1-025%) : s dm ” {1—0.25}()z
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@

q/fﬁe Jearned to write the rate e.xJareJJz'on ﬁr a jz'ven reaction

A> b
or%‘—_rﬁ

@

<

<

ﬂ:‘anz'nj on rate constant, activation energy

e e [ E/RT

&

c5(471171“17:}/

1. oEatc/:cgy.rtm Stoichiometric React: (sz’:nn'far]"y rmmamfﬁ&/)

Species Symbol Initial Change Remaining
A A Nap = NapgX Mg, =M ap{t-5)
4] h
B E Meg = Man®g —ENMX Ng =NAU[®B_EX]
o C
C C Meg =N ag@e +ENMX M =NAD[®C +5X]
d d
D o] Npg =N ag®p +ENADX MNp =NAD[®D +EXJ
Inert I My =MWap® - My =M ag®)
N1g Ny = Nrg + 8NagX
W/I‘ere,’
E]i=Ni=Ci=yi and’ 5=E+E_E_1
Map Cap Yao a a a




