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Lecture No.5:

First-Order Reversible Reactions. Though no reaction ever goes to completion, we
can consider many reactions to be essentially irreversible because of the large value of
the equilibrium constant.. The simplest case is the opposed unimolecular-type

reaction:

k
A==R, K, =K = equilibrium constant (53a)
2

Starting with a concentration ratio M = Cyy/C,, the rate equation is

dCy dc, L dX,
—=——=0C,,—=kC, — k,C
dt dt AVt 1A 2-R (53b)
=k (Cap = CagXp) — ky (MCyy + Cyo Xy)
'y
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Figure 3.12 Concentration-time curves for a chain of successive first-
order reactions. Only for the last two compounds do the maximum and
the inflection points occur at the same time.

Now at equilibrium dC,/dr = 0. Hence from Eq. 53 we find the fractional
conversion of A at equilibrium conditions to be

K _Cre _M+X,, X _k
c"¢c, 1-X,, =™ g

Combining the above three equations we obtain, in terms of the equilibrium con-
version,

dX, k(M +1)
dt M+ X,

{Xa.e - XA}

With conversions measured in terms of X ,,, this may be looked on as a pseudo
first-order irreversible reaction which on integration gives
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_XA. _ C.‘;_Chc_M-l_l
ln (1 Xa’l.r) - ln Cﬁt‘l - {:Ae - M + XAr klr {54}

A plot of =In (1 — X,/X,,) vs. 1, as shown in Fig. 3.13, gives a straight line.

) Thus, the irreversible reaction is simply the special case of the
reversible reaction in which C,, = 0, or X,,, = 1, or K = =,
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Figure 3.13 Test for the unimolecular type
reversible reactions of Eq. 53.

3.1 FIND A RATE EQUATION USING THE INTEGRAL METHOD

Bamumtabidininh

Reactant A decomposes in a batch reactor

A — products

The composition of A in the reactor is measured at various times with results
shown in the following columns 1 and 2. Find a rate equation to represent the data.

Column 1 Column 2 Column 3 Column 4
Time Concentration 1 SA0 1
t s C,, mol/liter Ca Cy
0 Cuo =10 In 10/10 =0 0.1
20 8 In 10/8 = 0.2231 0.125
40 6 0.511 0.167
6l 5 0.6931 0.200
120 3 1.204 0.333
180 2 1.609 0.500
300 1 2.303 1.000

v

Reported data Calculated
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SOLUTION

Guess First-Order Kinetics. Start by guessing the simplest rate form, or first-
order kinetics. This means that In C,,/C, vs. t should give a straight line, see
Eq. 11 or 12, or Fig. 3.1. So column 3 is calculated and the plot of Fig. E3.1a is
made. Unfortunately, this does not give a straight line, so first-order kinetics
cannot reasonably represent the data, and we must guess another rate form.

First-order kinetics should
tall on a straight line.

2 These data do not,

so reject

Can
In a
1 —
™. Data from
columns 1 and 3
0 | | | L.
0 50 100 200 300
Timer, s
Figure E3.1a

Guess Second-Order Kinetics. Equation 16 tells that 1/C, vs. f should give a
straight line. So calculate column 4, plot column 1 vs. column 4, as shown in Fig.
E3.1b. Again, this does not give a straight line, so a second-order kinetic form
is rejected.

1.0

Second-order kinetics should
fa | on a straight line.
08 These data do not,
=0 reject
06
1
Ca
0.4 =
*._  Datafrom
0.2 columns 1 and 4
4] 50 100 200 300
Timer, 5
Figure E3.15

Guess nth-Order Kinetics. Let’s plan to use the fractional life method with
F = 80%. Then Eq. 33k becomes
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l-n
-G Lo @

T k- 1)

Next take logarithms

a constant
1 -
log fp = log(%) +(1-n) log C (i
I bx

The procedure is as follows. First accurately plot the C, vs. t data, draw a smooth
curve to represent the data (most important) as shown in Fig. E3.1¢, then pick
Cuy = 10, 5, and 2 and fill in the following table from this figure.

Cp ond Time needed
Cao (=0.8C,,) g S log 1y log Cuy
10 8 0—18.5=185 log 18.5 = 1.27 1.00
5 4 59 — 82 =23 136 0.70
2 1.6 180 215 = 35 1.54 0.30

k——- From the curve, not the data

Next, plot log fz vs. log C,;, as shown in Fig. E3.1d and find the slope.

10

A smooth curve does not
necessarily pass through

all the data points L

1.75 |~

. LB~

z
1.26 —
1.0 | |
o] 0.5 1.0
NS In Cag

Figures E3.1c and E3.1d
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We now have the reaction order. To evaluate the rate constant, take any point
on the C, vs. t curve, Pick C,, = 10, for which t; = 18.5 5. Replacing all values
into Eq. (i) gives

_ (0.8)1714 — ]

185=0a-1

1D1—|.4

from which
k = 0.005

Therefore, the rate equation that represents this reaction is

; 0.4
*r,g:(ﬂ.{]ﬂﬁ liter ) 14 mol

mol®™-s/ %" liter-s

| >
VARYING-VOLUME BATCH REACTOR
These reactors are much more complex than the simple constant-volume batch

reactor. Their main use would be in the microprocessing field where a capillary tube
with a movable bead would represent the reactor (see Fig. 3.20). The progress of the
reaction is followed by noting the movement of the bead with time, a much simpler
procedure than trying to measure the composition of the mixture, especially for

V), = initial volume of the reactor

V' = the volume at time 1.
microreactors. Thus,

Figure 3.20 A varying-volume batch reactor.

This kind of reactor can be used for isothermal constant pressure operations, of
reactions having a single stoichiometry. For such systems the volume is linearly
related to the conversion, or

V_V“

V= VD(I + SAXA) or X.ﬁ. = VDEA

(63a)

dVv
dX, = Voen

(63b)
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where &, is the fractional change in volume of the system between no conversion
and complete conversion of reactant A. Thus

Vi-1— Vx,=0
Ea = T Vi (64)

As an example of the use of &, . consider the isothermal gas-phase reaction
A—4R

By starting with pure reactant A,

but with 50% inerts present at the start, two volumes of reactant mixture yield,
on complete conversion, five volumes of product mixture. In this case

=——=135

Ea 2

We see, then, that £, accounts for both the reaction stoichiometry and the
presence of inerts. Noting that

Ny = Nag(1 — X)) (65)

we have, on combining with Eq. 63,

c.=Na_ Na(1=Xy) o 1-Xy
A Vv Vﬂ(1+EAXA} AD]_"‘SAXA

Thus
& l—XA I_CAICAI'.I

or X, = (66)

Cho 1+ exX, 1+ e4CalCag
which is the relationship between conversion and concentration for isothermal
varying-volume (or varying-density) systems satisfying the linearity assumption
of Eq. 63.

The rate of reaction (disappearance of component A), is, in general
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1 dN,

"= TVt

Replacing V from Eq. 63a and N, from Eq. 65 we end up with the rate in terms
of the conversion

L __ Cuw X,
A {1+EﬁXA) df

or in terms of volume, from Egs. 63

o= Cao dV _Ca d(InV)
"AT Ve, dt e, dt (67)

Zero-Order Reactions For a homogeneous zero-order reaction the rate of
change of any reactant A is independent of the concentration of materials, or

Copd(In V)
— =" k
A g dt (69)
Integrating gives
Cap v _
o In Voo kit (70)

As shown in Fig. 3.21, the logarithm of the fractional change in volume versus
time vields a straight line of slope ke, /C,,.

First-Order Reactions. For a unimolecular-type first-order reaction the rate of
change of reactant A is

L Eﬂd(ln V)
A Epa dr

1-X

Replacing X, bv V from Eqs. 63 and integrating gives

—In('l— ‘&f,)=k:,av=v-—vﬂ 2)

Ea¥a

A semilogarithmic plot of Eq. 72, as shown in Fig. 3.22, yields a straight line of
slope k.

Second-Order Reactions. For a bimolecular-type second-order reaction

2A — products
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kep,

Cro

\— Slope =

Eq. 70
for g4 =0

ke,
lope = —n
Slope

Eq. 70
for g, < 0

Figure 3.21 Test for a homogeneous zero-order reaction, Eq. 69,

in a constant-pressure, varying volume reactor.
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Figure 3.22 Test for a first-order reaction, Eq. 71,
in a constant-pressure, varying-volume reactor.

A + B —products, with C,,= Cgy

the rate is given by

kC3, = kC

2
Al

(

1-X,

2
1+ EAXA)

Replacing X, by V from Eqs. 63 and then integrating gives, after much algebraic

manipulation,

(1+e,)AV ( _av)_

Figure 3.23 shows how to test for those kinetics.

?

AV
Voen

Eq. 73

+EAIn(1—

(1+ey)aV
Vl:lgh e\

Slope = EC 4

=]
o

I

Figure 3.23 Test for the second-order
reaction, Eq. 73, in a constant-pressure,

varving-volume reactor.
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CORRECT AND INCORRECT E VALUES

Experimental studies of a specific decomposition of A in a batch reactor using
pressure units show exactly the same rate at two different temperatures:

1
at400K —r, =23 p3 —ry = m“}
A ) Pa where & [m3'5
t500K —r, =23p}
) T pa = latm]

(a) Evaluate the activation using these units
(b) Transform the rate expressions into concentration units and then evaluate
the activation energy.

The pressure is not excessive, so the ideal gas law can be used.

SOLUTION

(a) Using Pressure Units. We see right away that a change in temperature
does not affect the rate of reaction. This means that

Alternatively, we can find E by going through the calculations. Thus

k .
In72=In22 =

k530

hence replacing in Eq. 75 shows that

(b) Transform p, into C,, then find E. First write the rate equations with
all units shown:

mol ( 3 mol

ry, —— =23 ——
A mies ‘m?-s-atm?

) (ph,atm?’)

Next change p, to C,. From ideal gas law
Ry
Pa=7, RT = C,RT

Combining the two preceding equations

—ry=23CiRT?
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At 400 K

0-6 m* - atm

_ mol
“rm =23 mol - K

F— (1 06 %1
————Ci (32 06

)2 (400 K)?

3

= 0.0025C% where Kk, = 0.0025 ——
mol-s

At 500 K, similarly

m?

—ras = 0.0039C% where k,=0.0039 ol s

Here we see that in concentration units the rate constants are not indepen-
dent of temperature. Evaluating the activation energy from Eqg. 75, and
replacing numbers gives

_ (8.314)(400)(500)  0.0039

E 500 — 400 0.0025

or

E = 7394 g
mol

This example shows that E values differ when either p or C used to
measure concentrations of materials, l




