ChE 344
Reaction Engineering and Design

Lecture 4: Tuesday, Jan 18, 2022

Stoichiometry tables, C, = f(X)
Reading for today’s Lecture: Chapter 4.1, 4.2

Reading for Lecture 5: Chapter 4.3



Lecture 4: Stoichiometry and relation of concentration to conversion
Related Text: Chapter 4.1-4.2
Variables
For a reaction with A as the limiting reactant:
ad+bB —cC+dD

a b c d
—-A+-B——-C+-D
a a a a

change in number of moles with reaction c¢+d—-b—a

&
moles A reacted a

Yap = Pao _ Nyo _ Fao
M0=75 T3 T =
Py Nrg  Fro

£ = Vol

initial/inlet number of moles"j" Npp  Fp  Co ¥

" initial/inlet number of moles "A" ~ Nijg  Fag  Cag Vao

J

Stoichiometry Tables (for A as limiting reactant)

Batch
Species Symbol  Imitial  Change Remaining
Reactant A A Nao -NapX Na=Na(1-X)
Reactant B B Na©e  —b/aNaX Ne=Nw(Bp-baX)
Product C C NaBc +cfa NapX Ne=Nap(8c+caX)
Product D D NaSn  +dfaNaX Nop=Naw(Gp+daX)
Inert I NagS1 NagB1
Total Nm Nr=Nm(l+ £X)
Flow
Species Symbol Inlet Change Outlet
Reactant A A Fan -FapX Fy=Fa (1-X)
ReactantB B FanBs —baFyuX Fg =Faq (B —blaX)
Product C C FuBc  +oaFyX Fe=Fa (B +c/aX)
Product D D FuBbp +daFuX Fp=Fa (Gp+daX)
Inert I Faor Fu6r
Total Fra Fr=Fr(l+eX)
For gas-phase, volume can change. No change in volume for liquid!
v
Ny T P, Fr TPy A-X)T, P @3, Fnp

= r= i Cq = Cqygp———— 0 = Cpp—————————
NeoTo P 0 OFoTe P A M 1 1 ex TP 7 ™ {1ex TB,
In the final equation. for ;. remember if we write the reaction in terms of limiting reactant A, v, = —1.



Last time, rate laws.

Power law

0B a is reaction order in A
_TA — kCA CB

[ is reaction order in B
Gives units for k
Overall orderisn=a + [

Elementary rate law
The powers in the rate law agree with the magnitude of the
stoichiometric coefficient (i.e., @ = a, f = b) as written

Non-elementary reactions
Where rate law is different than from stoichiometry.
For non-elementary reactions, can have negative orders.




Discuss with your neighbors:

For A — B, in a flow reactor, for a given conversion, under

which conditions is Vg < Vper? X_F,,
VPFR — f dX
o Ta
FpoX
A)  Zeroorderin A Vestr = —
Tqg = —k TA

B)  Firstorderin A ry = —kCy

_ -1
C)  Order =®TA = —k(y
TA — _kCAZ

D) Second order in A

Another way to think about this, as soon as A enters the CSTR
its concentration decreases to that of outlet. This is good
(faster reaction) only if the order in A is negative!



Question: When is K- “large enough”?
Example: Hydrogenation of model compounds of lignin.

Waste Biomass -_) @ Renewable Fuel

H
(@] 0/

SR

A + 3B L C
Cc C
C — ,ecf’i Ca eq Cg eq — g
CA,eq CB,eq ’ ' KC

K. >2000 at room temperature, | could not detect the reverse
reaction, or any reactants at equilibrium (X = 1 at equilib.).
However, at ~300 °C, K is only ~0.03! Exothermic



Temperature considerations: Conc. equilib. constant

AHT'xn 1 1
Kco(T) = Kc(Ty)exp [— (_ _ _)]

R \T T,

Temperature dependence for rate constant (Arrhenius eqn.)
E

E
k(T) = Aexp( R;’) Ink=InA —ﬁ

Where does this T dep. of k come from?
A+BC— AB+C

Reactants . Collision . Bonds break/make Products
Freq factor (A) | Activation energy
@ Conc dependence (E,) '

9 G @




Maxwell Boltzmann energy distribution (temp. dependent)

Fraction of molecules with

energy E > E, T =300 Kelvin

F(E > E,,T)
_ m
_J(ETAE = T = 500 Kelvin
2 (Eq V2o g
= — S eXpP |— LT T
v \RT PIRT e
k(T :
= Aexp| — —
.« . ) ., . RT
Collisions, or opportunities  Fraction of opportunities
to react per time that result in a reaction
Rate constant will never exceed A, because as T — o,

exp (— i—;) — 1



Another way to explain Arrhenius- Potential Energy Surface:

Every configuration has an associated energy.

A+BC > -5 AB+ C

Eneray t=A..-B.--C

A+ BC

Mac %B AB + C

+

rac is the distance between B and C

The transition state (%) is the highest energy position along
the lowest energy pathway from reactant to product



AHA+BC<:’:|3

Energy E, or E; 74 \

A + BC

AB +C IAH

rxn

Reaction coordinate ~ry - ryg

Reaction coordinate: Way of saying how far along is an

individual molecular reaction (different than conversion!)

 Here it might be is atom B closer to C (like the reactant) or
closer to A (like the product)

AH.. (1 1
Kc(T) = K¢ (Ty)exp [— P (T — T_1)]




A+ BC 2%

AH, pcot = Eq

In this specific case with the transition state,

Kcarpcet (T) = K¢ arpeot (T1)EXp [_ R (T - T_l)]

The larger £, is, the smaller K. ,, p-t Will be. Temperature
dependence is same as Arrhenius!
The smaller K. is, the lower the concentration of transition

states (¥). This means fewer species to react to the products,
so the reaction rate is lower!

Ct
ke=| [ty =—
¢ ; hed CA,eqCBC,eq




Energy “~ E
~ L3 forward
~ Ea,reverse
A + BC
AB+C | |AH,,
Reaction coordinate ~rg. - ryg
From this, we can see that:
Ea, k A _Ea,r kf Af _Ea,f_Ea,r
ke = Arfe RT = A,e RT — =—p RT
f f r r k., A,

and Ea,f - Ea,r = AH,xp,

If AH,.,., is very negative (exothermic), E; ¢<<E ;.. A larger
barrier leads to ks>>k,., or an irreversible reaction



Problem solving strategy

* Generalized mole balance equation (aka reactor design
eqgn.)

* Design equations in terms of conversion of limiting reactant

e Rate laws in terms of concentrations

Today: Concentrations in terms of conversion, where we need
to consider stoichiometry

Ch.5 Lecture 6-7

C; is a function of X! Stoichiometry

r, is a function of conc.

Mole balance, conversion Mole Balance ’




If we have a reaction of the form below in a batch reactor:

b C d
A+—-B->—-C+—-D
a a a

What is the number of moles of A as a function of conversion?

Here A is our limiting reactant and conversion refers to
conversion of A

Initially, there is N,, moles of A. We define conversion with
respect to A, so N, at a given conversion is: N, = N, (1-X)

Adding a few definitions to make things easier to write:
_ Pao _ Nao _ Fao
Po Nro Fro

ej = NjO / Npo = CjO / Cao = ij/yAO

Can also have inerts (present, but not involved in rxn)

Yao



Batch stoichiometric table Njo = NpoB,

Species  Symbol Initial Change Remaining
ReactantA A Nyg  -NjoX N, = N, (1-X)
ReactantB B Ngg —b/aNyX Ng=N,, (65—b/aX)
ProductC  C Neg +¢/aNyX Ne=N,, (B +c/aX)
ProductD D Npg +d/aN, X Np=N, (6,+d/aX)
Inert I N Nio = Npo©,
d ¢ b
NT:NAO(6D+6C+GB+1+612+ E‘l‘a_a_l NAOX
N - . ~
8
Nt =Npg+ Npp*0™X N;
Nt = Npg + Npg ™y 07X 4 = v

Total number of moles changes with reaction if 6 is non-zero



Discuss with your neighbors:
ForA+ 2B+ C+ 4D — E, in a batch reactor:

Cag=0.1 M, Cgy=0.2 M, Cey = 0.6 M, Cpy = 0.2 M.

What is the limiting reactant?

D would be used up first,

A A because it takes 4 moles of D for

B) B every one mole of A, or two
moles of B. So D is the limiting

C) C reactant. The limiting reactant is

not necessarily the molecule
written first!



Continuing with problem above for practice:

Rewriting A+ 2B+ C+ 4D — E in a form with D as limiting
reactant/defining conversion:

WA+7%»B+HWC+D—->UE

Now what would 6 be?

O=l-N-Y-"-1=-1%=-1.75

What this means is that for every one mole of D that is
reacted, the total number of moles decreases by 1.75

This is not going to affect us so much for liquid-phase
reactions, but remember from Lecture 2 that for gas-phase
reactions the total number of moles is related to volume!



Recall volumes (Lecture 2) for gases
(remember liquids we assume no volume change)

Total volume Total volumetric flow rate
Ny T P, Fr T P,
V=YV V="
°NpoTo P " FroTy P

C = Nj/V orC = Fj/v

Gases:

PoVy = ZNGRT, Z = compressibility factor,
PV = ZNRT Z =1 for ideal gases

So for liquids, reaction affects concentrations by changing N..
But for gases, reaction can both change N; and volume!



Flow stoichiometric table (replace N with F) (back to A as lim.)
Species  Symbol Inlet Change Outlet

A Fao -FaoX Fa = Fao (1-X)

Foo —b/aFyX Fy=F, (63— b/aX)
Fo  +C¢/aFy,X Fo=Fy (B +c/aX)
Foo +d/aF, X Fy=F, (6,+d/aX)
Fio Fi=F

B
C
D

d ¢ b
FT:FAO(GD_I_GC_I_GB+1+612+<E+5_5_1>FA0X

FTO ~ y _
o)

Fr=Fro+ Fag™0™X E = Y400
Fr=Fro+ Frg*Yag 0% X = Fro(1 + €X)




Flow reactor concentrations for gas-phase (can also do the
same thing with a batch reactor using C, =N, / V)

Fy Fy
Ca = v F. TP, . We only do this part if
VOF. T, P the volume changes!

FAO _X) 1 TO P

Vo 1+eXT Py Fr = Fro(1 + &X)
( ) € = Ya00
1—-X)T, P
Cqy=0C
A7 "0 1 1 eX T P,

For liquid or constant V it would just be: C4 = Cyp(1 — X)

This does not mean total moles don’t change in liquid, just
that a change in total moles does not affect volume



Applying to all species, now we have the concentrations of all
our reactants and products as a function of X.

Gas b

Cao (05 _EX) Ty P

‘s="T1x Th

Cao(Oc +%X) Ty P

Ce="T¥ex Tp
d

Cao(0p + X)) T, P

o=t Tpr

If we assume no pressure drop, and an isothermal reaction:
P T,
P, T



Why is this useful? Because now we can write our rate law as
a function of conversion for gases, and use it to do reactor
design! Remember our Levenspiel plots are using F,,/-r, vs. X.

For example:
The elementary reaction,
A—- 2B
IS running in an isothermal, gas-phase flow reactor with no
pressure drop, with pure A as a feed. What's —r,(X)?

Here, 6 =2/1-1=+41,y,,=1, e =+1

1-X (1—X)T, P

—r, = kC, = kC —
Ta = Kba = a0y Ca=CaoTox T P,
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