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(1) Consider an elementary reaction, NO + O :L N +0,. Itis known

from literature that the forward reaction rate coefficient as a function

of Tis given by, k: {ﬁ @( exp(What
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Solution: Equilibrium constant based on concentration (K;) is written

in terms of equiibrium constant based on partial pressures (Ko) as,

K¢ = kdk, = Kp(pYR,T)™. Here, p%is 1 atm and An is the difference

between total number of products and total number of reactants. For A

the reaction under consideration An =2 -2 =0. Thus, K, =K. = } »
—Kp(2300) = %)[ A/G‘)(Z)l )(R,2300)]. uc

AfG"(ZQO) =gyt oo - (Ono T o) = 326331 + 0 - 61243 - 101627

= 163461 kJ/kmol. =~
Kp = K¢ = exp[-163461/(8.314 x 2300)] = 1.94 x 10, 10‘1

« At2300K, kf =3.8x10° xTxexp(-20820/2300)= 00)=1.024x10% m3/gm0|s " \
‘Reverse rafe coefficient = k, = k/K = 52802cmigmols. cm/gmol.s. 5 il 12
0 T
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Now, we will see a couple of worked examples. The worked example one, consider an

elementary reaction, so two side reaction NO + O < N + Oa.

So, it is known from literature that the forward reaction rate coefficient as a function of
temperature is given. So, this is k¢ the forward reaction coefficient, and the reverse
reaction coefficient is k;.

So, from literature we have the value or expression to calculate the forward reaction
coefficient k. So, what is that? This first term is pre-exponential factor A, and this is T™
where m is one here, exp(-Ea/RuT), now, this is nothing but -E4/Ru.

So, this is Ea/Ry, 20820 is nothing but value of Es/RuT ok. Now, please see that when |
say units are in cm, gram mole etcetera, we have to be careful in selecting our units.
When you want to calculate the reaction rate, you need the concentrations. So, for that

you need to take proper units. So, now, your units are in cm3/gmol-s



So, now please see this is the pre-exponential factor 3.8x10°. T™, where m is equal to 1
here. Now, here -Ea/Ry = 20820, so that you have to understand.
So, what is the reverse reaction rate coefficient at a temperature of 2300 K, that is the
question asked? Ok, forward reaction rate is given. | want to find the reverse reaction
rate.
So, as | told you this curve fit which is obtained from the experiment is highly uncertain;
like I said it has higher uncertainties. So, we will implement some thermodynamic based
approach to calculate the reverse reaction. So, we will assume equilibrium for this.
So, equilibrium constant based on concentration is calculated for this. So, that is nothing
but K¢ equal to the forward reaction rate coefficient divided by the reverse reaction rate
coefficient.and Kc is connected to Kp by this equation.
Kc = ki'kr = Kp(p%/R,T)A"
So, Kc that is the concentration-based equilibrium constant that will be equal to partial
pressure-based equilibrium constant Kexp0/(R,T)2", where An is nothing but the
difference between the number of moles of products and the reactants in this equation.
So, we consider the equation NO + O < N + O2. The number of molecules in the
reactant side is 2; product side also is 2. So, An here is 2 - 2 =0 0. So, we can say that Kc
will be equal to Kp.
So, when you calculate Kp, then we can calculate Kc once you know the Kc you know
the ratio of ke/k:. So, since ks is known or we can calculate the ks at temperature of 2300
K, kr also can be calculated at that temperature. So, | did not measure the value of k.
Once kt is known, k; can be calculated using the equilibrium approach.
Now, Kp at temperature 2300 K is calculated using the standard Gibbs function change
AG at 2300 K which is nothing but for this reaction so products are N + Oz. So, Gibbs
free energy of N + Gibbs free energy of O - the reactants Gibbs free energy of NO -
Gibbs free energy of O, so that will be the standard Gibbs function change.
AGP(2300) = gn + goz — (gno + go) = 326331 + 0 — 61243 — 101627
= 163461 kJ/kmol.
So, substituting the value of gn, go2, gno and go, etcetera at a temperature of 2300 K | get
the value of Ag as here 163461 kJ/kmol.
Now,
Kp = Kc = exp[-163461/(8.314 x 2300)] = 1.94 x 10*
So, what is Kp here? Exp(-AG/RyT), so substituting the value of AG here, you get Kp =
Kc =1.94 x 10™. So, that is the value.



Now, at 2300 K, ks value is determined. So, wherever T appears, you put 2300 K and get
the value of the kr in cm®/gmol-s, that is 1.024x10° cm®gmol-s that is the value for ki
calculated at the given temperature of 2300 K. So, reverse rate coefficient k: is nothing
but ki/Kc, because Kc is known.

Now, using this equation ki#/Kc = 5.28x10% cm®gmol-s, so that is the way you calculate.
So, once the forward reaction rate or reverse reaction rate is known calculate the
equilibrium constant Kp and from that, you calculate the value of the equilibrium
contract based on concentrations Kc.

Use the definition of Kc which is ki/k:, if one of the rate coefficient is known, the other
can be calculated, this will improve the inaccuracies. When you experimentally measure,
the uncertainties are very high, 40% etcetera.

So, in order to give more accuracy to these calculations, thermodynamics based concepts
are used. These thermodynamic based calculation of Kp is very accurate. So, using that
and calculating Kp and Kc will be good. So, using the K¢’s definition, we can calculate
the other reaction rate, so that your overall uncertainty will reduce.
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Worked example 2
e
(2) A global reaction for NO formation is N, + O, - 2NO. The reaction
rate for this reaction is d[NOJ/dt = kﬁ[lll;][%”. Here, kg is written as,
ko 5364x10")x expl-38370R, T x {KpxpV/(R, )%, where Ko s the
equilibonstant based on partial pressures for
Determine the following when air is kept in a chamber at 2500 K and
at 3 atm: (a) Initial rate of formation of NO in ppm/s and (b) amount of
NOin ppm formed in 0.25 ms. Sl ==
Solution: Initial mole fractions of Niand & in air are 319( and 0.’21,
respectively. Initial concentrations are:
[N2L= Xz PI(R,T)=0.79x3x101325/(8314x2500) = 0.01155 kmol/m?.
> [0,] = Xop P/(R,T)=0.21x3x101325/(8314x2500) = 0_0/01‘07 kmol/m?.
At 2500 K, AG® = 29, - gop = 176406 kd/kmol.
Kp = (Po/P*)lPo2l’] = Po/(Porp”) = eXp(-AGPIR,T) = 2.063x 10,
- XN
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Second example, here a global reaction for NO formation, global reaction. Please

understand this is a global reaction, not elementary reaction; previous are the elementary
reaction. This example deals a global reaction where the N2 and O reacts to form nitric
oxide NO, single sided arrow.

N2 + O2 2 2NO



It is a global reaction no reversibility is there, and this cannot occur in one step. So, you
know that the Zeldovich mechanism what we saw. So, N should react with the O> to
form NO and O. Similarly, O should react with the N2 to form NO and N.
So, this cannot occur in one step, and this is the global reaction. The reaction rate of this
reaction d[NO]/dt is given as kg that is the global reaction rate coefficient times the
concentration of N2 power 1 and concentration of Oz power 0.5.
d[NOJ/dt = ks[N2][02]°°

You can see that there is no relationship between the moles there. So, [N2]*, [02]°° that is
the reaction here. So, the concentration of N is raise to power 1, and Oz is raise to power
0.5, so the overall order of the reaction will be 1.5.
Now, kg is also given the expression for kg is also given here like this.

kg = 3.64x10™ x exp[-38370/RyT] x {Kpxp%/(RyT)}*S
You can see that when this approach is made Kp is appearing here. This is because some
partial equilibrium has been invoked. So, Kp of this reaction O2 <> 20 reversibility that
is used in this equation. That means, when you do this they have eliminated N and O,
and they have given this equation.
N2 + O2 = 2NO. So, ke now we can see a pre-exponential factor 3.64x10%* there is no
temperature based term and exp[-38370/R,T]. So, Ea is -38380 into some factor is given
again you can see that Kp appears here. So that the equilibrium constant based on partial
pressures of this equation Oz <> 20 has been used here.
So, you can see Kp atmospheric pressure divided by RyT total power 0.5. So, some factor
is given. So, if we use this, then we can fit the ke value, get the value of kg at any
temperature. Once that is got, then we can find the reaction rate. So, what is asked is
determine the following when air containing N2 and O is kept in a chamber fixed at
2500 K at 3 atmospheric pressure.
So, if there is a chamber, combustion chamber, where only air is first fed, but the
temperature of that chamber is 2500 K and pressure is 3 atm. So, due to the high
temperature, N2 and O will react to form NO. So, what is asked? Initial rate of formation
of NO in ppm per second.
What is ppm? parts per million. So, it is actually mole fraction multiplied by some
number that is called parts per million. So, mole fraction per second product how much
mole fractions of NO is produced per second that by multiplying conversion factor, you

can get parts per million per second, initial rate.



So, initially based upon the concentrations of Oz and N2 how much NO is produced, the
rate of production of NO is what? Second is amount of NO in ppm parts per million
formed at the time instant of 0.25 milliseconds, 0.25 milliseconds, what is the amount of
NO formed? So, this is the question asked.

Now, solution, initial mole fractions of N> and O because air is fed in hot chamber, the
volumetric fractions or mole fractions are 0.79 and 0.21 for nitrogen, oxygen
respectively. So, concentrations can be now found. Concentrations is nothing but mole
fraction into pressure by RyT. So, p = (n /V)RuT. So, that you use, you get this.

So, partial pressure of N2 is nothing but Xn2xp, partial pressure of N2 divided by RuT
that is a concentration. So, 0.79x3x101325 that is the pressure in Pa.

So, this will be the partial pressure divided by Ry(8314 J/kmol-K), and temperature is
2500 K, the chambers temperature. So, you get the concentration in kmol/m2. So,
0.01155 kmol/m? of nitrogen.

[N2] = Xnz p/(RuT)=0.79x3x101325/(8314x2500) = 0.01155 kmol/m?.

[O2] = Xo2 p/(RuT)=0.21x3x101325/(8314x2500) = 0.00307 kmol/m3
Similarly, for oxygen, the concentration is 0.00307 kmol/m3. You substitute the mole
fraction of oxygen as 0.21, and the pressure as 3x101325 in this equation, and you get
the concentration as 0.00307 kmol/m?.

Now, we need the value of Kp. So, we have calculated the concentration in the rate
equation here. d[NO]/dt = kc[N2][02]°°. So, now you need the concentrations, initial
concentrations you need because first what is asked is the initial rate of formation of NO.
So, the initial concentration is required. So, that is calculated here. This is actually initial
concentration | can also put a subscript O, initial concentration.
Now, for this calculation of kg, | need the equilibrium constant Kp of this reaction O, <
20. So, for that Kp is calculated like this.

Kp = (po/p°)?/[po2/p°] = po/(po2xp®) = exp(-AGY/RyT) = 2.063x10*
So that is the Kp value. Now, you have Kp and you have concentrations.
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Worked example 2

.
Rate coeffi mentww
At 2500 K, kg = 78.817 :
Rate of NG formation, dINOJt = kg [N, [0,5. < ““ﬂ’”ﬁ oo
=78.817x0.01155x(0.003071)°5 = 0.0505 kmol/m®s. ——

Rite of ch;rg)_e—o_f mole fraction of NO = dXo/dt = (R, T/p) x d[NOJ/dt.
mmm)%ﬁsos%(kmm
equal to 3.45%105/ppm/s.

From dNOJGL= kg [Ng] [0,°5, dINO] = ke [N (0205 .

Assuming that concentrations of N, and O, do not change much

within 0.25 ms, and reversible reactions are not significant, then,
INOJ(t) = ks [N;] [0 .

Thus, [NOJ(0.25 ms) = 0.0505 025)(103 1.263 x 10 kmol/m?.,
[ .
\ P .
\ ” | 5

Xyo = INOJR;T/p = 1.263x10° (§314x2500)(3x101325)
Do
So, now kg is calculated here, kg value is got. So, substitute here | know Kp, you know

=8.64 x 10 kmol/kmol = 864 ppm.
e | e

p°, RuT everything, so just calculate ke. So, kg is calculated here. ke = 78.817. Then rate
of NO formation, initial rate of NO formation because we are going to substitute the
initial concentrations here.
d[NOJ/dt = kg [N2] [02]°°.
= 78.817x0.01155x(0.003071)%° = 0.0505 kmol/m?3s

So, this is the initial rate of formation. So, if you substitute here kg, initial concentration
of N, initial concentration of O power 0.5. So, this will be the initial rate of NO
formation that is 0.0505 kmol/m?s, that is the initial concentration.
Now, rate of change of mole fraction of N. So, this is the rate of change of concentration.
d[NO]J/dt is the rate of change of concentration of NO now for calculating part per
million per second | will calculate now rate of change of mole fraction of NO which is
dXno by dt which is which is nothing, but R, T/pxd[NO]/dt.

dXno/dt = (RyT/p) x d[NO]/dt.

dXno/dt = 8314x2500/(3x101325)x0.0505=3.45 (kmol/kmol)/s

So, when you do that, you get 3.45 kmol of NO/kmol of the mixture. So, kmol/kmol that
is the mole fraction. So, kmol/kmol of mixture by time second so it is 3.45.
Now, what is ppm? ppm is this multiplied by 10° that is all. So, kmol/kmol, mole
fraction multiplied by 10° that will give you the ppm. So, in this case, the initial rate of
production of NO is 3.45x10° ppm - parts per million per second.



Next what is asked is what is the concentration or the amount of NO produced in 0.25
milliseconds in ppm. For that, you take the rate equation again and now you multiply dt
to the other side. So, d[NO] = ke [N2] [02]°* dit.

Now, in order to integrate this equation, | have to assume a given temperature. So,
temperature is now maintained at 2500 K. So, at a given temperature, Kg is a constant. If
| assume the concentrations of N2 and O» have not changed much within a small time of
0.25 ms, the time is very low.

So, within the time the significant change in the concentration have not occurred. So, this
initial concentration itself can be used here. If | assume like that then this is a constant
totally. The kg, concentration of N, concentration of O> can be held as constants. So,
now, | can integrate this. [NO](t) = keX[N2][02]%°x t.

Now, for 0.25 ms, | can apply this. So, you know this is the rate, kex[N2][02]%° is the
d[NO]/dt that is calculated as 0.0505 kmol/m?3s, so that into 0.25 ms, so 0.2x103s.

So, you will get 1.263x10° kmol/m? that is the concentration of NO at the time of 0.25
ms after the start of reaction. Now, mole fraction of NO is [NO]xRyT/p. So that will give
you a value for this in kmol of NO/kmol of mixture.

Normally, mol/mol we do not write any unit, but it is kmol/kmol, though that is 8.64x10
4 kmol/kmol or multiply this by 108, you get 864 ppm. So, 864 ppm of nitric oxide is
produced in 0.25 milliseconds. So, this is second example.

(Refer Slide Time: 18:59)

Worked example 3
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(3) Consider the foIIowinwreactions: CO+OH->CO,+H

and[C0+0,2C0,+0 withWe coefficients, . <<+~
respectively. Here, k; (cm®/gmol-s)=1.17x107 T' exp [+3000/R,T]
and k, (cm?/gmol-s) = 2.5x10'2 exp[-200000/R,, T]. Calculate and
comFarethe%Wes associated with these two reactions
at 2000 K and pjiitm. Thewn is Oﬂﬁaand mole
fractions of OH an@z are 3.68 x 10 and 6.43 x 107, respectively.
Solution: Initial mole fractions of CO, OH and O, are 0.011, 0.00368
CO is the predominant species in both bimolecular reactions.
Initial concentration of CO is: ~
4 [CO] = Xgo P/(R,T)=0.011x101325/(8314x2000) / T
< =6.703 x 10 kmol/m? = 6.703 x 10 gmol/cm®.
—

——————

/71 W,
a % T e =

Third example, you can see, consider CO oxidation reactions. So, CO is oxidized by two

species - one is OH and another one is Ox. CO+OH->CO2+H. It is a very important

reaction and a forward reaction is considered here.



So, we are targeting the consumption of CO, so CO oxidation. So, you are only taking
the elementary reaction basically. So, we are taking only the forward reaction to
consideration, and determine the time basically that is what we are going to do here.
Similarly, in this reaction also, the forward reaction is taken into account
CO+02>CO02+0. So, here O is the oxidizer used, in the first reaction OH is the oxidizer
used, and the rate coefficients or ki and k for these two reactions.

For CO+OH->CO.+H, ki is the rate coefficient. For CO+02>CO2+0, k2 is the rate
coefficient and they are given the expressions also.

Please see the unit is being given cm®/gmol-s that is the unit of ki that is pre-exponential
factor of 1.17x107, T™ m is 1.35. Then exp(-Eo/RuT). Now, you can see that actually it is
plus, you have to remember that. For some equations, it may be so -Ea/RyT.

So, actually the activation energy can be negative, that is what it is here. So, it is only
curve fit basically. Based on curve fit you get this. So, exp(3000/RyT), so this is Ea,
actually this is actually -Ea/RyT. So, this 3000 is -Ea/RuT.

Now, if you see for the kz here this is the pre-exponential factor 2.5x10'2, you can see
that the pre-exponent factor here is 5 orders of magnitude higher than this approximately
see its 1.17x107, but here it is 2.5x10'?. So, the pre-exponent factor is 5 order of the
magnitude higher.

Now, activation energy is 2 lakhs it is very high than this. So, you have to keep this in
mind. So, which reaction rate is expected to be higher let us see. So, what we have to
calculate here is calculate and compare the characteristic times associated with these two
reactions at the temperature of 2000 K and 1 atm pressure for which we need the
concentrations. The concentration or the mole fraction is given here.

The CO mole fraction is 0.11 and mole fractions of OH and O are very low - 3.68x1073,
and 6.43x1073, respectively. So, these are the mole fractions.

At this condition these are the mole fractions, temperature is 2000 K, pressure is 1 atm.
What is the characteristic reaction timescale?

Now, initial mole fractions are given here. Now, please see that mole fraction of CO is
0.011, and others are low 3.68x1073. So, keeping that in mind, the CO is the predominant
species here, and both are bimolecular reactions.

So, initial concentration of CO is calculated as Xcoxp/RuT. So that you get the
concentration as 6.7x10° kmol/m®. But please see the reaction rate coefficients are

having a units of cm/gmol-s.



So, you have to convert this into gmol/cm? cube to just use that in the reaction rate. So,
concentration of CO which is in kmol/m? is now converted into cm?, 6.703x10® gmol/
cm?.

Though based upon the units you have to adjust the units of the concentrations. Then the
reaction rate will be in this gmol/cm3s. Then you can convert it back and so on or you
can convert the reaction rate coefficient into kmol/m3s and so on, that is also possible.
(Refer Slide Time: 24:06)
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Worked example 3

Reactions rate coefficients:
k, = 1.17x107 (2000)'3% exp[+3000/(8.314x2000)]

ky = 2.5x102 exp[-200000/(8.314x2000)] = 1.496 x 107 cm¥gmol-s.
— —_—  _——

Since|CO is the predominant species, characteristic time scale is

evaluated as, = 1/([CO]; X k).
P g

i, o o

£
),
 For the first reaction, CO+OH->CO,+H, o, M @tﬁ
t =1/(6.703 x 103 % 4.008 x 10') =3.722 x 105 s. ((0')'1
For the second reaction, CO+0,~>C0,+0,

¢ =1/(6.703 x 10€ x 1.496 x 107) = 0.9972 s, ﬁ
—_— SIS RO g . .

77 ~

CO+OH reaction is clearly much faster than the CO+0, reaction. J

’\—’_’/"q / y
L

L
Now, the rate coefficients at the temperature of 2000 K is evaluated here.
ki = 1.17x107 (2000) exp[+3000/(8.314x2000)]
= 4.008 x 10* cm®/gmol-s.
ka = 2.5x10'2 exp[-200000/(8.314x2000)] = 1.496 x 107 cm3/gmol-s.
Just put the temperature there and get the values of rate coefficients. Please see the units,
4.008x10'* cm*,gmol-s for ki, and for k; it is 1.496x10 cm®gmol-s.

So, even though the pre-exponential factor is 5 orders of magnitude higher, since the
activation energy is higher for the second reaction, the overall reaction rate coefficient at
the given temperature is 4 orders of magnitude low. That is the important thing you
should see. This can be higher the pre-exponential factor can be higher.

But if there is any change in the activation energy that will affect the reaction rate the
most. Now, since CO is the predominant species, the characteristic timescale is
calculated like this. So, we have already seen bimolecular reaction here a timescale I will
just go back and just show you here.
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Characteristic Chemical Time

Unimolecular reaction: A - B. Reaction rate: d[A]/dt = -k[A].
Separating, d[A]/[A] = -kydt. Integrating at a given temperature,
[A](t) = [Al, exp(-kt), where [A], is initial concentration of A. Let the
time taken to reach 1/e of the initial concentration of A be t, that is,
[Al(x)/[Aly = 1/e. This implies, 1/e = exp(-kyt), or, T = 1/ky. The
characteristic chemical time for unimolecular reaction is independent
of initial concentration.
Bimolecular reaction: A+B->C+D. Reaction rate: d[A]/dt = -kg[A][B].
If this reaction is predominant and not affected by other reactions,
any change in [A]is x = [Al, - [A] = [B), 8] ==> [B] = [A] +[Bl, {A}; Q
Using this, at any time t, [A)/[B] = [Aly/[B], * exp{-([Bl, - [Alp)kgt}. The .‘?‘ /
characteristic time, <, is given by, = = In{e + (1-€)([Al/[B])}/D, where
the denominator D = ([B], - [A]o)ks. If concentration of one of the / g
reactant say [B], >> [Al,, then, = = 1/(kg[BJy). . y 7
¥ y_"

—

—

This is the characteristics timescale for the bimolecular reaction what we are considering
now. Actually, we have written the characteristic timescale as this involving the
concentrations of [Ao], [Bo] etcetera and the rate coefficient. But since one of the species
is predominant, we can write the timescale as

1 = 1/([COJo % k).
So, in this example CO is the predominant species. The characteristic chemical timescale
is nothing but 1/([COJo x ks). This is ke can be ki or kz; ks is bimolecular rate
coefficient. In this case, it can be ki for the first reaction, k> for the second reaction.
So, for the first reaction, t is 1/[CO] in gmol/cm?® 6.703x108 x4.008x10*! that will give
you this time, 3.722 x10®° s. The concentration of CO decreases from the initial
concentration of 1/e of the initial concentration within this time .
So, this will be equal to 1/e of [CO], initial concentration. So, the initial concentration
reducing to 1/e of the initial value, that time is 3.722x107 for the first reaction.
For second reaction, if we do it, concentration is same, but reaction rate coefficient is
substituted here we get almost 1 second. So, the first reaction is very very fast. The
consumption of CO by OH is much faster than the consumption of CO by O». So, this is
very important thing. So, this finishes the worked examples involving the chemical

kinetics.



