Lecture 3

Chemical Reaction Engineering (CRE) is the
field that studies the rates and mechanisms of
chemical reactions and the design of the reactors in

which they take place.




Lecture 3 - Thursday 1/17/2013

Review of Lectures 1 and 2
Building Block 1
(Review)

Size CSTRs and PFRs given —r,= f(X)

Conversion for Reactors in Series
Building Block 2

Rate Laws

Reaction Orders

Arrhenius Equation

Activation Energy

Effect of Temperature




Reactor

Summary

The GMBE applied to the four major reactor types

(and the general reaction A->B)

Reactor Differential Algebraic
dN
Batch A _ rAV
dt
CSTR y_Lao= £
PFR dr, _
= ]/‘A
dV
PBR dF,
= ]/‘/’1
dw

Integral




aA+bB——>cC+dD
Choose limiting reactant A as basis of calculation

A+2B—C%ci9p
a a a

~moles A reacted
moles A fed

X




Reactor
In terms of Conversion
Reactor Differential Algebraic
dX
Batch N,,—=-r,V
AOQ dt rA
CSTR V = FaoX
_rA
dX
PFR AO d—v — —I’A
dX
PBR — =
A0 dw A

Summary

Integral
X

X
dX
V = FAOJ‘_r
0o~ 'A
X
X
dX
W = FAOJ‘




Levenspiel Plots
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Reactors in Series

_ moles of Areacted up topointi

moles of A fed tofirst reactor

Only valid if there are no side streams
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Building Block 2: Rate Laws
Power Law Model:

a order in A
S orderin B
Overall Rection Order =a+ f

—r, =kC4¢C/
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Building Block 2: Rate Laws
2A+B —3C

A reactor follows an elementary rate law If the
reaction orders just happens to agree with the
stoichiometric coefficients for the reaction as written.

e.g. If the above reaction follows an elementary rate
law
—Ia= kACiCB

2nd order in A, 1st order in B, overall third order
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Building Block 2: Rate Laws

Rate Laws are found from Experiments
2A+B->3C

Rate Laws could be non-elementary. For
example, reaction could be:

Second Order in A
Zero Orderin B
Overall Second Order

-r, =k,C2
-1, =k,C2
[c = chAZ\




12

Relative Rates of Reaction
aA+bB —->cC+dD




Relative Rates of Reaction

2A+B — 3C
mol
i -1, =10
Glven A dm? - s
Then fa _Ts _fc
-2 -1 3
—r mol
—r, =—2=5
52 dm?®-s
rC:_—grA:15 mol




Reversible Elementary Reaction

K
A+2B === 3C




Reversible Elementary Reaction

A+2B —— 3C Reaction is: First Order in A
K.a Second Order in B
Overall third Order

moles ~ moles
= dm®s Ca= dm?
-1, mole/dm?/s dm®
[k]: 2 — 3 3 \2 — 5
| CaCs (mole/dm Xmole/dm ) mole’s
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TaBlE 3-1 EXAMPLES OF REACTION RATE Laws

A, First-Order Rate Laws

i1 CEHS —_ }C2H4+ HE

@,N = MNCI1 (_'l
2) =

(3 /U' CH,OH

CHE—\CH2+H?D—E=§5L—} CH,OH
(4) CH;COCH,—— CH,CO+ CH,
(5 nCyH,, &= iC;H,;

B. Second-Order Rate Laws

O MO,
| : MNH,
+INH,— + INH,Cl
(h

i2) CMBr+ CHaNHz ——CH3Br + NCNH2
(3)
CH,COO0C, Hg +C4HgOH = > CH,COOC,Hg +C,HOH

A + B P— C + D

C. Nonelementary Rate Laws

(1) Homogeneous

CH;CHO——CH, +CO

(2} Heterogeneous

CHICH4) 5
— O

Cumeana (C) — Benzene (B) + Propylena (F)

L kCEEHﬁ

—ra = KON —ne

—Fa = kCC‘[-[EDC‘]-[E

—Fa = kCCHjco-CHJ

—ra = konceConee O,

W= kCE‘HE‘-rCEHBNHE

352
- rc].[!'E'HG = kCCHBC Hx

_ k[Pc—PgPp/ K]
C 1+ KpPp+ KcPc
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Algorithm
How to find -r, = f(x)

Step 1: Rate Law —1I, = Q(Ci)

Step 2: Stoichiometry (Ci): h(X)

Step 3: Combine to get —Ty = f(X)
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Arrhenius Equation

K Is the specific reaction rate (constant) and is
given by the Arrhenius Equation.

where:
k _ Ae—E/RT
T >0 koA
k T —>0 k—0
A=~10"
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Arrhenius Equation

where:
E = Activation energy (cal/mol)

R = Gas constant (cal/mol*K)

T = Temperature (K)

A = Fregquency factor (same units as rate constant k)
(units of A, and k, depend on overall reaction order)

Semilog Plot
£ High E
In kq=lt1A—§il] 101
- R\T. 1ol
(s') Low E
0.+ E
Slupe:—ﬁ
0.01 | |
0.0025 0.003

()
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Reaction Coordinate

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: A+BC=>A"B"C->AB+C

) EA—E.—G

".I
E v— Energy barrier
e/ e
) ’ l:E.ﬂ-."'EE'.G:I

%
l.-
“(Egp+Eg)

reactants products
Heaction coordinats /

The reaction coordinate Is:

Potential Energy
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Separated reactants

Figure 3-2 A diagram of the orbital distortions during the reaction

H e+ + CH.CH; —» H,; + CH,CH; *
The diagram shows only the interaction with the energy state of ethane (the C-H bond).
Other molecular orbitals of the ethane also distort. [Courtesy of R. Masel, Chemical Kinetics
(McGraw Hill, 2002), p. 594.]
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Collision Theory

Schematic of collision cross section
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Why is there an Activation Energy?

We see that for the reaction to occur, the reactants
must overcome an energy barrier or activation
energy E,. The energy to overcome their barrier
comes from the transfer of the kinetic energy from
molecular collisions to Internal energy (e.g.
Vibrational Energy).

1. The molecules need energy to disort or stretch
their bonds in order to break them and thus form
new bonds

2. As the reacting molecules come close together
they must overcome both stearic and electron
repulsion forces in order to react.




Distribution of Velocities

We will use the Maxwell-Boltzmann Distribution of
Molecular Velocities. For a species af mass m,
the Maxwell distribution of velocities (relative
velocities) Is:

3/2
f(U,T)dU =dr7| —— | e™/2%Ty2qu
27K, T

f(U,T)dU represents the fraction of velocities
between U and (U+dU).

24




Distribution of Velocities

A plot of the distribution function, f(U,T), is shown

as a function of U:
Tl

T, T,>T,

f,T)

U
Maxwell-Boltzmann Distribution of velocities.

/
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Distribution of Velocities

3/2
Given f(U,T)dU:47z( m j eV /2kaTYy 24y

27K, T
1 1)
Let E=—mU
2
-E
f(E,T)dE = e —EY%e'*TdE

(27kT)?

f(E,T)dE represents the fraction of collisions that
have energy between E and (E+dE)

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

One such distribution of energies is in the following figure:

0.083

0.058

flE,T)
(kcal)

T1:3DDH-'.

Increase Temperature

—— The fraction of collizons with ensrges between 5 and 6 keal is

approcaimaiely {E,T) dE = (0,083 keall' x (1 koal) = 0.083, That is,
8.3% of the molecular colisions have energees betwsen 5 and & keal
TE =500 K

The fracton of colisions
at T, = 500 K that hawe enarngy
E , or greater

B

E_

| T | |
30 \\35 40 45 50
A

The fraction of colisions at T, = 300 K that
hawve energy E, or greater

e —
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End of Lecture 3
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Supplementary Material

\BC
VBC :
kil |
Molecule| ;
‘o lgc—>

< 'aB

Potentials (Morse or Lennard-Jones)

VAB

kJ/
Molecule
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Supplementary Material

One can also view the reaction coordinate as variation of the BC
distance for a fixed AC distance:;

/\. N\
N\ r N\

rA <—AB—> CW ‘rA BC

''e  I'ec

For a fixed AC distance as B moves away from C the distance of
separation of B from C, rg increases as N moves closer to A. As
Igc INCreases r,g decreases and the AB energy first decreases
then increases as the AB molecules become close. Likewise as B
moves away from A and towards C similar energy relationships
are found. E.g., as B moves towards C from A, the energy first
decreases due to attraction then increases due to repulsion of the
AB molecules as they come closer together. We now
superimpose the potentials for AB and BC to form the following
figure:




Supplementary Material

Reference

Energy

E*

M

1P

M

2P
31

AB
SZ
S
B / 1
B
E,

AHR,=Ezp-Ep




