Lecture 1: Introduction and Moles Balances
Related Text: Syllabus, Chapter 1

Main Reactor Types

Continuous
B Reactors

tj PFR

General mole balance

9

Batch Reactor e

CSTR PBR

4 de
Fo—F+ [ mav =2

dt

Mole balances (aka Design Equations) for reactor types (actually covered in Lecture 2, here for

space purposes)

Reactor Assumptions Mole balance Reactant profile
Batch Spatially uniform, no _an; 1
inlet/outlet streams V= N \
A
i
CSTR Spatially uniform, V= F; = Fj
steady state -
g K
A
v
PFR No radial variation, _ dF;
steady state i =av \
AN\
T— —
v
Modifications for solid catalyst loading*
PBR Same as PFR, plus , _dF
uniform catalyst = aw
Fluidized CSTR** Same as CSTR, plus W F; — Fj
uniform catalyst - r/

W= ppV.1ipp =15

**Not covered specifically in class, but same concept as PFR/PBR relationship.



Lecture 2: Reactor Sizing Using Conversion
Related Text: Chapter 2

If there is only one significant reaction, and A is the limiting reactant we can use conversion.

Reactor Conversion Mole balance Mole Balance
Definition (aka Design Equation)
Batch X:NAO_NA Ny = Nyo(1 —X) d_X:_ﬂ
CSTR ¥ = Fgo — Fy Fy=Fp(1—-X) v _ Fpo(Xout — Xin)
Fao CSTR -
Fyo — F = — Xout _
PFR X = A0 A FA FAO(l X) VPFR _ f t FAO dX
Fyo Xy A
PBR Same as PFR, plus , _dF out —F,
uniform catalyst = aw Wppr = fX N dx
Levenspiel Plots:
FAO VCSTR,z
— Vestra Vprr Xout —F 40
TA VP FR — dX
T
Xin A
. FAO(Xout _ Xin)
CSTR —




Lecture 3: Introduction to Rate Laws
Related Text: Chapter 3

Space time: vl = 1; Space velocity = %
0
Reaction orders (overall reaction order determines units of rate constant)
-1y = kC;{‘Cg;n =a+pf
Elementary Rate Laws
Powers in the rate law agree with magnitude of stoichiometric coefficient of the reaction as written.

-7
aA + bB - C; TA = kCaCh

Relative rates (true even if the reaction is not elementary)
aA+bB - cC+dD

N _T_Te _T_m
vj ’ —-a -b ¢ d

v; is the stoichiometric coefficient of species j. It is positive if  is a product, and negative if j is a reactant.
For example, if the reaction is elementary ‘as written’ above:

—Tqa  —Tp Tc Tp
=2 =_2="-="=kcch
r a b c d A™B
Temperature dependence of rate constant (Arrhenius equation)
_ Eq — Eq(1_1
k(T) = Aexp (— E) or k(T) = k(Ty)exp ( A (T1 T)>

Arrhenius plot: In(k) = In(4) — %"%
Temperature dependence of concentration equilibrium constant

Exothermic Endothermic

AHpppm (1 1
Ke(T) = Ke(Texp |~ (7~ ) )

Equilibrium constant can tell you whether a reaction is ‘ ‘

irreversible (—) or reversible (2). = -

Where do rate laws come from? (not covered in Lecture 3)

Collision theory: Frequency of collisions qualitatively gives you the frequency factor/pre-exponential
factor for Arrhenius equation, and the concentration dependence (reaction orders).
Maxwell-Boltzmann distribution gives you the probability of a collision having a certain energy.

f(E, T)dE = EY2dE

21 [—E]
RT3z P |RT
The integral of the probability gives you the fraction of collisions with

energy above some threshold energy (Ea).
300 K

F(E > E,T) = foo (E,T)dE = 2 z(Ea)1/2 [_E“
@)= Eaf ’ ~Jz \rr) PlRT
The exp [_%T“] is where the exponential portion in the Arrhenius equation 500K

comes from! At higher temperatures, a higher fraction of molecular
collisions have higher Kinetic energies. E



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:
aA+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
_Fao _ Nao _ Fao
Y40 =Py " Npo  Fro
€= Y400

initial/inlet number of moles"j"  Njo  Fjo  Cjo _ Yjo

J NAO_FAO Cao  Yao

- initial/inlet number of moles "A"

Stoichiometry Tables (for A as limiting reactant)

Batch
Species Symbol Initial Change Remaining
Reactant A A Nao -NaoX Na = Nag (1-X)
Reactant B B NaoOs — b/a NaoX Ng = Nao (68 — b/a X)
Product C C Nao©Oc + c/a NaoX Nc = Nao (O¢ + c/a X)
Product D D NagBp  +d/a NaoX Np = Nao (6p + d/a X)
Inert I Nao©i Nao©i
Total Nro Nt = Nro(1+ £X)
Flow
Species Symbol  Inlet Change Outlet
Reactant A A Fao -FaoX Fa=Fao (1-X)
ReactantB B FrOs  —bla FaoX Fg = Fao (B8 — b/a X)
Product C C FacOc + c/a FaoX Fc = Fao (B¢ + cla X)
Product D D FaOp  +d/a FaoX Fo = Fao (Op + d/a X)
Inert I Fao©i ST
Total Fro Fr = Fro(1+eX)

For gas-phase, volume can change. No change in volume for liquid!

V.
j
Ny T P, Fp T P, (1-X)T, P O =3, %71, P
V=Voy 7 pi V=V 7 p o 75 6o 10 TP
In the final equation, for C;, remember if we write the reaction in terms of limiting reactant A, v, = —1.
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Lecture 5: Stoichiometry and equilibrium conversion for reversible reactions
Related Text: Chapter 4.3

Reminder: Reversible reactions
2A+ B 2 3C

Two rate constants, ks (forward rate constant) and k. (reverse rate constant). For elementary reaction:

Ta Tc CC3
—5 = T =5 =k CiCs — ke CC = Ky [CjCB —K—C]
Please note that when we say it is elementary, that is referring to how the reaction is originally written
(24 + B 2 3C), including the stoichiometric coefficients as written. If you rewrite the reaction to be in
terms of a limiting reactant, that would not change the rate law. For example, if we were to take the

elementary reaction above and rewrite it as (4 + %B 2 %C), the rate law is still:

Ta Tc
—? =—Trg = ? = ka/%CB - erg

because it was elementary for the originally written reaction.

Concentration equilibrium constant:

o K Cleq
¢ kr C/%,eq CB,eq

Equilibrium conversion

For irreversible reactions, conversion will go to 1, but for reversible reactions it goes to Xeq. We can
determine this conversion if we know the concentration equilibrium constant. From last lecture for a gas-

phase reaction where volume changes:
V.
.
o= IO P
MBS L eX TP,

This is a more general form of what we wrote in class, when we used terms like (-b/a) in the numerator
instead of — :—’ Remember v; is the stoichiometric coefficient of species j. The symbol here is a “nu”. I
A

don’t use it in class unless necessary because it looks very similar in writing to a v (which we use for
volumetric flow rate). They are two different things! An example of the concentration of B for A 2 B:

_Ys +1
oo TwX)ne L (0-TX) 0 @4nTr
B A 14X TP, 4 14ex TPy, A 1+eX TP

Equilibrium is where the net rate of reaction is zero. We can use that along with the concentrations as a
function of conversion to solve for Xeq. For instance:

o= (CC(Xeq))3
(CA(Xeq))ZCB(Xeq)

Equilibrium conversion (for the same Kc) can change if volume varies (gas-phase), so long as there is a
change in stoichiometry of the reaction (i.e., § # 0).
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Lecture 6: Isothermal reactor design
Related Text: Chapter 5.1-5.4

The order we will solve problems:

Assumptions

Mole Balance: Reactor design equation for the selected reactors

Rate Law: To get reaction rate as a function of rate constant and concentrations
Stoichiometry: To get concentration as a function of conversion

Combine: Parts 1-3

Evaluate: Use values to get numerical answer

a0 O

Concept of pseudo-orders:
If a concentration does not change significantly with conversion then we can in some cases approximate it
as constant. For example if B is in large excess compared to A such that Cg remains constant with
conversion (here for liquid reaction).

—1y = kCpCy = kCpoCy = kCpCao(1 — X) = k' Cyo(1 —X)
where k' = kCg. k' is a pseudo-first order rate constant here.

Recall space time:

%4
— =T
Vo

For first order (or pseudo first-order) reactions we get out a term that is called the Damkohler number, or
Dai, which is the ratio of the reaction rate to convection rate).

Da, =kt
This shows up in the solution for the first order PFR and CSTR:

¥ _ Tk
CSTR ™ (1 + tk)

Xppr=1— e Tk
1 1.2
0.8 1
EO.G 0.8
3 =
>é)0,4 00 X=1—e"7k
0.4
0.2 0.2
0 0
0 10 0 2 4 6

;]\_u-l
B



Lecture 7: Isothermal reactor design — Reactors in series
Related Text: Chapter 5.1-5.4

For reactors in series with only one reaction we will use the same design equations we were introduced to
when we discussed Levenspiel plots (see Lecture 2). However, now we will need to solve the equations
rather than having a generated Levenspiel plot already.

We will define the conversion based on the feed to the first reactor (this is the way we were defining it for
Levenspiel plots).

moles Areacted at a point along the reactor series

moles A fed to the initial reactor
For a CSTR when we can solve with X (single reaction, etc.):

— FAO(Xout - Xin)

(—Ta)out

%4

For a PFR when we can solve with X:
Xout F dX
V= j A0
Xin —Ta

You could also redefine the conversion for each reactor, then at the end determine the overall conversion
(not recommended, but technically can also be correct).

Example: CSTR first, followed by a PFR.

F@.
CAO
X
Vo 1 O X,

Solving for X; for the CSTR. Here Xin,CSTR =0and Xout,CSTR = Xi1.

FAO(Xout _Xin) _ FAO(Xl)

(—Ta)out B (—Ta)at X,

Vestr =
Use this mole balance, rate law, and stoichiometry to solve for X;. Recall for CSTR that —ra is evaluated
at the conversion at the outlet (X1) since the reactor is well-mixed.

Next, solving for the PFR. Here Xinprr = X1 and Xoutprr = Xo.
. fxout FpodX sz FyodX

Xim T4

x, T

For the PFR ra is a function of the conversion, which is changing through the reactor, but we are looking
for Xa.



Lecture 8: Isothermal reactor design — Pressure drop
Related Text: Chapter 5.5-5.6

Pressure drop definition:

AP =P, —P
Pressure drop is how much the total pressure decreases from one point in flowing fluid to another. We
will only (in this class) model using pressure drop through PBRs (packed bed reactors). We will assume
pressure drop (to drive flow) is negligible in pipes, CSTRs, and PFRs.

The Ergun equation for gas-phase pressure drop through a packed bed:

+ 175G

N——
Turbulent

P —G (1—¢b> 150(1 — )
dz  pgcDp\ ¢,° Dp

Laminar
New variables/parameters related to catalyst:

volume of void

¢p = porosity of bed = = void fraction = vol. for flow[=]unitless

total bed volume

volume of solid mass

pc.(1 — ¢p) = pp = (catalyst density) ( ) = density of bed[=]

total volume volume
Dp = diameter of the catalyst pellet/particle[=]length

New variables/parameters related to fluid:

_ mass
p = gas density[=] volume
v mass

G=pu= p(A_CS) ~area - time
mass

u = fluid viscosity[=] length - time

G is the superficial mass velocity, u is the superficial velocity. A, is the cross sectional area (of the
reactor bed).

150 and 1.75 are from empirically fitting.

g is a conversion factor (sometimes called gravitational conversion constant) used to convert between
mass and force. For example 32.174 lb, ft 2 lbel.

Often we will rearrange the Ergun equation:

dp a T a T Fr
—=———4+X)=————
aw ~  2pT, 2p To Fro

p 2B

p = — [=]unitless; & = [=](catalyst mass)~!
Py pc(1 = dp)AcsPo
G 1-— 150(1 —
Bo = ( f”)[ A=)k | 1756

PodcDp \ ¢y Dp

8



Lecture 9: Semi-batch reactors
Related Text: Chapter 6.6

Semi-batch reactors: Liquid phase, feed into the reactor with pre-loaded amount of liquid volume.

Assumptions:
¢ Not at steady state
e Feedin
Well-mixed in reactor itself
Not constant volume with time (for a different reason than expansion from gases!)

For a feed of reactant species B into a reactor with reactant species A, different ways of writing the mole
balances for semi-batch reactors:

C,lt=0) = 0.05 M
vy = 0.05 L/min 4(t=0)

Cao = 0.025 M

V=5L+(0.05 L/min) t

Mole basis Concentration basis Conversion basis

dN, v acy c Vg ax — —nV

dc A dt AT Ay dt — Ny(t =0)
7=F30+TBV W:TB-I'(CAO_CB)V

Definition of conversion of limiting reactant (A) here:

Gt =0y =G40V Nyt =0)— Ny

X =0V Nyt =0)

To solve problems: Example for elementary as written liquid phase reaction: 24 + B — C, B being fed in:

dN, dNp dNc
Mole balance ar AV g = Feot Vs ==V
T4 2
Rate IaW r=_7=_rB=TC=kCACB
N:

- - _ ]

Stoichiometry C; = i

Additional equation for _

semi-batch! V'=Vot vt

Evaluate Solve system of equations (usually numerically)




Lecture 10: Selectivity, Membrane Reactors
Related Text: Chapter 6.4

Membrane reactors allow us to control the addition or removal of a specific species, which is sometimes
useful to try and get out of limitations from equilibrium:

membrane

|

We model the flow of a species j through the side walls of the membrane reactor:
R; = kC(Cj - Cj.sweep)

e R; is the molar rate of flux of species j per unit volume reactor [=] mol volume™ time™

e k. is the mass transfer coefficient [=] time?

*  Cjsweep IS the concentration of j in the sweep gas (outside the reactor). Often assume as 0.

R; is the term for flux through the membrane per volume reactor, but we can convert it to flux per weight

of catalyst by using the catalyst bed density (R; = ij,;;d). This is similar to the difference between 7;
and rj for PFRs/PBRs. You can tell which it is by the units given.

Because membrane reactors involve this additional removal term that PFRs or PBRs do not have, we
cannot solve them in terms of conversion, and will instead need to use our molar flow balance equations.

So for a reaction A — B + C that is gas-phase, isothermal, and elementary as written in a PBR, but the
membrane is permeable only to B, with extremely high volumetric flow rate sweep gas:

Mole Balance , dFy _, dFg , dFg
A= gy B T RePpea = ZpriTe = gz
Rate LaW/Membl’ane FIUX Y=—-1T,=1g=T7¢c= kCA; RB = kC(CB - 0)
Stoichiometry F;
C;i=—=
v
FT = FA + FB + FC
Match/combine S (i) (1) (l)
° Fro/ \To/ \p
dp  « (FT) T
aw — 2p\Fpo/ T,
Evaluate Solve system of equations (usually numerically).
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Lecture 11: Collecting and Analyzing Rate Data
Related Text: Chapter 7

Thus far we have always assumed we already know the rate law, but sometimes to design a reactor you
must first determine the rate law from doing experiments yourself, or interpreting experiments that
someone else did.

Steps to deriving Kinetic parameters from experimental data.

0. Gather data, noting given or assumed knowledge about its collection

1. Postulate a form of the rate law. A common form will be a power law expression:
r=kcgch

2. Mole balance on the type of reactor used (usually either constant volume batch, or differential PFR
or PBR).

3. Process data in terms of measured variables

4. Simplify equations as appropriate for the problem (for example, using method of excess where you
assume pseudo-orders).

5. Calculate rate law using appropriate methods for your data

i. Integral method, assume a reaction order, solve the design equation and plot your data to see if it
matches the expression (useful if you expect whole/integer order dependence on concentration).

ii. Differential method (differentiate the experimental data to allow comparison with a differential rate
law). For batch reactors this requires determining %“ through graphical, numerical, or fitting to a
polynomial and taking its derivative wrt time. For example:

In|— %] — In[=7,] = In[k] + aIn[C,]

The slope of In [— ‘%‘] vs. In[C4] will be « iff the intercept is constant for all the data. Here that would

mean the rate constant k would need to be constant, usually by operating at the same temperature.
iii. Non-linear regression. Minimize the difference between your calculated values and the measured

values for your proposed rate law and parameters. Use an Excel Solver or regression tool to determine the
parameters that give the best fit.

N

2 _ 2
st = (ti,measured - ti,calculated)
i=1

6. Check “goodness of fit”, for example through a correlation coefficient. If your rate law cannot fit the
data, you may need to propose another rate law, for example in heterogeneous catalysis we often see rate
laws of the form:

kP
"T1TK.P,

11



Lecture 12: Multiple Reactions
Related Text: Chapter 8

Updating the chemical reaction engineering algorithm/menu.

0. Assumptions
e |sothermal?

e Isobaric?
¢ Rate law elementary as written?

1. Mole balance (for multiple reactions in terms of number of moles or molar flow rates)
Example for packed bed flow reactors with A, B, and C:

dF,
aw ~ A
dFg ,
aw ~'F
dF, ,
aw ~ ¢
2. Rate law(s), for example elementary reactions
A—-B
A-C

! A

1 = k1Cy; 75 = k3Cy
o [

Tig =T Top =17
A A 1A

rlB = +T1; TZB == O

I ! 1
ric=0;1c =1,

ry = k,C

L =k,C

3. Stoichiometry on molar flow rate or number of moles:
G =N;/V

G =Ffv

4. Any remaining required equations? For example, Ergun equation for pressure drop, etc.

5. Combine equations

6. Evaluate

Note: To optimize selectivity, can look at the effect of different parameters on selectivity, for example
does increasing the concentration of species j increase or decrease selectivity:

a6 )¢ 1

12




Lecture 13: Non-isothermal Reactor Design
Related Text: Chapter 11.1-11.4

Due to the strong dependence of the reaction rate on temperature, we need to know how to properly
account for temperature change in non-isothermal reactors.

Some key definitions from thermodynamics:

Cp,; is heat capacity of species i (in this class we assume to be constant, and assume no phase changes)
H; is molar enthalpy of species i, in units of J/mol

Hy(T) = H(Ty) + (T = T1)Cp;

ACP = Z ViCP,i
AHyyn = Z VviH;

For example reaction a4 + bB — cC + dD:
AH,,, = —aH, — bHg + cH, + dH,,
ACp = —aCpy—bCpp + cCpc +dCpp
The Energy Balance

Open system, sums refer to all species i in the reactor.

) . dE
zFiEilin - ZFiEilout +Q-W-= dstys
Vi Vi

For most chemical reactors (kinetic and potential energy are small, no shear stress):

. . dE
ZFioHio - ZFiHi +Q-W, = dstys

For systems that can be solved in terms of conversion, X, assuming X = 0 at inlet, and no phase change:

PN

Fyo [(Z _QiCP,i[T — To]) — [Aern(Tref) + ACP(T — Tref)]X] + Q _ VVS _ diiys

For adiabatic reactors in this class:

e No heat added/removed from reactor
e No shaft work
e Steady state

(Z-0:CrilT-Tol)  _
[AH 30 (Trep) + ACp (T — Trer)]

13



Lecture 14: Non-isothermal Reactor Design
Related Text: Chapter 11.1-11.4
Non-isothermal Algorithm:

Start with normal algorithm used for isothermal reactors:

0. Assumptions
1. Mole Balance: Reactor design equation for the selected reactors
2. Rate Law: To get reaction rate as a function of rate constant, equilibrium constant (for reversible
reactions), and concentrations or pressures

o Kc(T), k(T)
Stoichiometry: Consider gas or liquid phase species.
4. Combine: Parts 1-3

e If needed, may have to include Ergun equation

5. Solve with energy balance to relate T and X
6. Evaluate: Use values to get numerical answer

@

14



Lecture 15: Non-isothermal Reactor Design
Related Text: Chapter 11.6, 12.1
Interstage heat exchangers

For an exothermic reaction, A 2 B we can view the equilibrium conversion vs. the conversion from the
adiabatic energy balance. The intercept (T1) is the maximum conversion you can achieve in a single
adiabatic reactor. However, by cooling the reactants/products, you can get a higher conversion in a second
reactor.

Xeq=0.4 "

Conversion by
Mole Balance

L e
A e
T3 RO
‘?-g\?,(@k
T =)
\‘6‘.‘,\0
&)

Same slope, but
different intercept
(TOJ XO)

02

300 350 400 450 500 550 600
Temperature / K

For a heat exchanger coupled with a reactor (PFR)

From PFR energy balance

d_T _ TADH yn — Ua(T — Ta) _ TADH 3 — Ua(T — Ta) _ Qg -0
av Y FCp; Fuo[X0:Cp; + ACpX] X FiCpy

Ta is the temperature of the heat exchanger fluid at volume V.

Qg is the heat ‘generated’ by the reaction, and Q- is the heat ‘removed’ by the heat exchanger (positive if
T > T, negative if T < T,).

U is the heat transfer coefficient with units of J/m?-s-K
a is the shape factor, or heat transfer area divided by unit reactor volume.
From PFR mole balance

dX
Fao W =

Can solve this coupled set of equations for PFR design.

15



Lecture 16: Non-isothermal Reactor Design-PFR with heat exchangers
Related Text: Chapter 12.1-12.2
PER heat exchanger energy balance on reactor

AT TAHpy — Ua(T — T,)
av 2FiCp;

Ta is the temperature of the heat exchanger fluid at volume V.

Qg is the heat ‘generated’ by the reaction, and @, is the heat ‘removed’ by the heat exchanger (positive if
T > T,, negative if T < T,).

U is the heat transfer coefficient with units of J/m?.s-K

a is the shape factor, or heat transfer area divided by unit reactor volume.

PBR heat exchanger enerqy balance

Ua ,
dT  p, (Ta = T) + 14AH ey,

aw Y FiCpy

Co-current heat exchanger balance on heat exchanger fluid

~Ua(T, - T) _dT,

MmeCpe AV
Controlled
by us Tyq FromTEB
v 2
TV =0) T =Ver) ©
s 7 -
eactants —— .
To (U J
7 LY
V=0 / N V= Ve

Reactor * Heat exchanger

Counter-current heat exchanger balance on heat exchanger fluid

Ua(T,—T) dTy

meCpe  dV
Controlled
Fro;;ZEB \.-Ta(V =0) T, (v = VPFR)' by us Ty
me ~—/3 ) me
Reactants TO'@ j) T4.
V=0 V = Vprr

For counter-current we need to iteratively solve by guessing a Ta, then solving for Ta and comparing to
our actual Tz, then modifying our Ta2 guess.

To solve, need to simultaneously solve the coupled i) mole balance equation ii) heat exchanger energy
balance on the reactor, iii) energy balance on the heat exchanger fluid.

“Lecture 16-Heat exchanger T profiles.nb” goes through the setup for a zero-order, irreversible reaction.

16



Lecture 17: Non-isothermal Reactor Design-CSTR with heat exchangers + multiple reactions
Related Text: Chapter 12.4-12.6

CSTR with high coolant flow rates:
_[Aern(Tref)]X = CPO(l + K)(T - Tc)

Reaction heat generated=G[T]  Heat removed by:
coolant and reactor ef fluent=R[T]

c _ZQC _ UA T—KTa+T0
PO — lP,l’K_FAOCPO’ c — 1+K

Steady states are determined when G[T] = R[T].
A steady state is stable if a perturbation from the steady state temperature would force the reactor
temperature to go back to the original steady state temperature.

R[T] (removed) R[T]
or G[T] (generated) Stable G[T]
11| R>G

T
Multiple reactions:
Reaction 1: A —» B; AHyyp14 = —10 kJ/mol A
Reaction 2: A — 2C; AHyyp24 = —15kJ/mol A
For PFR: n number of reactions, involving some species j.

d_T _ Ua(Ta - T) + Z?:lrijAern,ij

av Y FiCp;
CSTR negligible shaft work, single reaction:

UA(T, —T)
Z —0;Cpi[T — Tol — [AHysn(Trer) + ACp(T — Trep)|X + # =0
0
If ACp=0 and re-writing without using conversion:
WV UA(T,—T)
(Z _giCP,i[T - TO]) + [Aern(Tref)] F_ + + =0
A0 A0

For n multiple reactions:

n

%4 UA(T, —T
(Z _H]CP][T - TO]) +—Z TijAernij + M =0
' Fpo 4 ' Fpo

i=

17



Lecture 18: Non-isothermal Reactor Design-CSTR with heat exchangers + multiple reactions
Related Text: Chapter 12.3, 12.6

Algorithm for solving CSTRs with heat effects with conversion.
If temperature is specified in the problem (recall assumptions necessary):

_ Cpo(1+K)(T —T)

(8 (Trer)]
If conversion is specified in the problem:
T — _[Aern(Tref)]X
B Cpo(l + K) ¢

Once you have both T and X, you can solve for the reactor volume using the mole balance equation for a
CSTR:

FaoX
—7(X, k(T))

If reactor volume is specified in the problem you will need to plot R(T) and G(T) and find intersections,
as there may be multiple steady states.

V=

For CSTR with multiple reactions:

Cannot solve with conversion so need mole balance for each individual species. For the energy balance
below:

Voo UA(T, — T)
z —0;Cp;[T — Tol + F_z 1Ay + ——F—— =0
40 & A0

The first term is positive if To > T (feed in is heating up the reactor contents), the third term is positive if
T. > T (heat exchanger fluid is heating the reactor contents). The middle term is positive if the reaction
rate of species j is negative and the heat of reaction is negative (exothermic). The middle term is our
generation of heat, and the first and last terms are our removal of heat (combined into one for CSTR, as
heat can be changed without reaction either by a heat exchanger or by the feed in being different
temperature than the reactor/outlet temperature). For large coolant flow rate you may use (see Lecture 17
summary for definitions):

R(T) = Cpo(1 +1)(T = T¢)

n
%4
G(T) = F_Z 7 jAH xp i
AQ &=
=1
Example for two reactions:

T
G(T) = a (_kchAern,lA - kZCBAern, ZB)

18



Lecture 19: Unsteady state reactor energy balance and Safety
Related Text: Chapter 13

Unsteady state operation is a particularly risky portion of operating chemical reactors. It is important to

understand the risks involved with loss of temperature control for exothermic reactions which can cause
fatal accidents.

As a note, we won’t cover unsteady state PFRs/PBRs as they require more complex solvers since the
dependent variables depend both on volume (location in reactor) and time.

For a semi-batch or CSTR with no shaft work and a large coolant flow rate such that the heat exchange
fluid temperature is constant

Qgs Qrs
(Aern)(rAV) — [Fa0 2 Qicp,i (T - TO) + (UA(T — Ta))
daT _
dt X N;Cp;

For a batch reactor with no flows in/out and no shaft work, and large coolant flow rate:

ng Qrb
(AHpn) (14V) — (UA(T - Ta))‘
aT _

dt X N;Cp,;

A change in temperature with time will occur if the generation and removal terms are not equal. For a first
order reaction in a batch reactor:

. Ea
Qgp = (AHpn) (14V) = —kCp(AHppyV) = —Ae™ /RTC,(AH, V)
Qrp = UA(T — Ty)

While both terms will increase with temperature, the generation term will increase exponentially, while
the removal term will only increase linearly. This increase with temperature will lead to a larger
difference between generation and removal, and will cause the temperature to ‘runaway’. Safety Module
1 discusses this, and here is the reactor temperature profile with time.

Disk should have ruptured .
o : Running
Y 4004+ at 265 ~C, 700 psi away!
()] .
E Qrb =0
© Isothermal _
g Operation Cooling Restored Orp << Qg
g 195+ ; 3
= <
1754 — ' Qb < Qgb
rp = Qg
9:55 10:40 10:50 midnight 12:18
t=0
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Lecture 20: Unsteady state reactor energy balance with CSTR startup example
Related Text: Chapter 13

From the energy balance we have used before we can get equations to describe the change in temperature
with respect to time, which will need to be coupled to the mole balance equations, as a change in
temperature will affect the reaction rates.

One example for adiabatic batch reactor with no shaft work, constant heat capacity with T and no phase
change:

[_Aern(TO)]X

T=Ty+
O Cpo + ACHX
For multiple reactions:
Qgs QTS
Qi1 TijVAH e i — | Fao 2721 0;Cp j(T — To) + (VAT -Tp))
dT
dt 221 NiCej

Here n is the number of reactions, and m is the number of species in the reactor.

Unsteady state CSTR (CSTR during startup):
Mole balance and rate law can give us expressions for the change in concentrations with time for constant
volumetric flow rate in and out of reactor (V is constant):

dc;v

dt
Using energy balance (here coolant flow rate is not necessarily large):

Ciovo - Civo - ViTAV =
Y Fio|Cpi(To — T) | + AH V +11.Cpo(Tyy = T) .1— —ud
i0 P,i( 0 ) rxnTa Mmclp,cUa1 exp mcCP,c 3 dT

2 NCp; T dt
Depending on initial (t=0) conditions, steady state is reached but in different pathways (time profiles):
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Lecture 21: Reaction mechanisms and pseudo steady-state hypothesis
Related Text: Chapter 9

Clarifying some definitions:

e Reaction mechanism: sequence of events (elementary reactions) that converts reactant molecules
into product molecules
e Elementary step/reaction: reaction that occurs in one step with one transition state, follows
elementary rate law
o Reactions that follow an elementary rate law are not necessarily elementary
steps/reactions, but all elementary reactions will follow elementary rate law
e Active intermediate: chemical species that reacts as fast as it is formed, generally not observed
or measured. As a result its concentration is typically very low.
e PSSH: pseudo-steady-state hypothesis, which assumes that the net rate for an active intermediate
is zero

Postulating rate law:

1. Start with the overall balanced reaction based on experiment
2. Postulate elementary steps to form your reaction mechanism, trying to minimize the number of
simultaneous collisions
a. Avoid elementary steps where more than 2 molecules react together
b. Make use of experimental clues
c. Ensure that the elementary steps lead to the overall reaction from Step 1
Postulate whether any species are active intermediates
Use the PSSH hypothesis to simplify/remove variables
5. Check whether the resulting rate law from your reaction mechanism is consistent with
experiment, if not, use the experimental data to postulate a different set of elementary steps (back
to Step 2)

s w

Example reaction and reaction mechanism:
Overall reaction:
2NO + 0, = 2NO,
Three step reaction mechanism (each step is an elementary reaction, step 2 is just the reverse of step 1):
NO + 0, - NO;
NO; - NO + 0,
NO; + NO - 2NO,

Summing up reaction 1 and 3 (don’t include reaction 2 b/c it is the reverse of reaction 2) will give overall
reaction.

Notes on safety (ICP 19):

Chain reactions consist of initiation, where radicals form from a molecule, propagation, and termination
steps. Generally they are exothermic so can be very dangerous as we have noted before.

A branching step is a step where more reactive intermediates are formed than consumed.
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Lecture 22: Enzyme Kinetics
Related Text: Chapter 9
Catalyst: A species which itself is not consumed or produced in a reaction, but which affects the rate of
reaction. Typically, this comes in the form of interacting with the reactants in a specific way such that the
energy associated with a given reaction mechanism is changed. Often catalysts lower activation barriers.

Homogeneous catalysts: Catalysts that are in the same phase (of matter) as the reactants/products™

Heterogeneous catalysts: Catalysts that are in a different phase than the reactants and products

Enzymes are an example of a homogeneous catalyst, specifically biocatalysts. They are usually proteins
that fold to create an active center that interacts with the reactants.

Substrate (S)

/‘/ " Binding step .
Enzyme 4 Enzyme
‘ !
Product

\ \ .*'i_‘ /_f’
re\eafe "-7_\”\ | Ay / Y. f
ft A /

Enzyme // Chemical step

Product (P)

The reaction mechanism can be written as:

kq ky ks
E+S2ES2EP—SE+P
ke, k_,

where E is the enzyme, ES is the substrate bound to the enzyme, and EP is the product bound to the

enzyme. Importantly, because enzymes are not consumed we can do a balance on the enzyme, where the
total enzyme concentration (Ce, i) is controlled by how much we put into the reactor. In general, we add
much less of the enzyme than the substrate, such that Ce i is low, and we can apply PSSH to E, ES, EP.

Solving for the rate of reaction in the absence of diffusion limitations:

rp vMCS

v = =
Cetotar Cs+Ku

vy = koks (ks + k_p + k)™

k_ik_y + k_1ks + ksk,
Ky (ks + k_y + ky)

Ky =

A simplified case is the Briggs-Haldane mechanism:

ki k,
E+S 2 ES—E +B
k_q

Vm.BH = k,

ki +k,

Ky gy =
ky
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Lecture 23: Enzyme review; quasi-equilibrium and rate-determining step + heterogeneous catalysis
Related Text: Chapter 10

Quasi-equilibrium: A given step can rapidly equilibrate with respect to other steps in the same
mechanism. Result is that you can say the net rate of that step is approximately zero. Can be applied to
reversible or irreversible step.

8%
Here we can apply QE to the second step, essentially saying Cs must be zero.
r, =k,Cp =0
Then the other concentrations can be solved for a batch reactor:
Cy = Cyppe Frt
Cc = Cao(1—e7Fat)
Rate-determining step: The “slowest” step such that other steps are assumed to be at quasi-equilibrium.
We could possibly apply it to a heterogeneous catalyst reaction mechanism:
kq ks ks
A+x 2 Ax 2 Bx 2 B+x
k_q k_, k_s
where * is an active catalyst site, A* is A bound to the catalyst site, and B* is bound to the catalyst site.
If step 2 is the rate-determining step, and we assume once B is formed it cannot go back to A:

k4 k,
A+x = A*x — B+=*
k_q
Assuming QE on the first adsorption:
ky [A ]

And the rate of the second step is:
Catalyst site balance:

Define coverage:

A * *
6, = [ ]; 0. = [+]
[*]o [*]0
— KA,adsCA [*] — KA,adsCA [*] — KA,adsCA[*] — KA,adsCA
4 [*]o [*] + [A*]  [*] + Kgaa5Cal*] 1+ Kyq45Ca
We can write the rate as:
r K4 aasCa

[lo 21+ KuqasCa
This is the rate law with an irreversible unimolecular surface reaction as the rate-determining step.
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Lecture 24: Heterogeneous catalysis continued
Related Text: Chapter 10

Langmuir-Hinshelwood mechanism example:
A+ * 2 Ax
B+ x 2 B+
A*x+ Bx* 2 Product+ 2 *
Catalyst site balance on all catalyst species:

[+lo = [*] + [A %] + [B #]
1=0,+05+86.
If the surface reaction is the rate-determining step, and if we can consider it to be irreversible:
A%+ B* — Product+ 2 *
The rate law for that step is:
3 = k3[A *][B *]
We are going to write this in terms of coverages:
ToHe = Kin,c0a0p
We can get the coverages of A and B from the quasi-equilibrium approximation on reaction steps 1 and 2:
A+ = = A=
B+ * = B+
By approximating both of those net reaction rates as zero, and using the site balance, we can get:
KpCp
Og =
(1+K,C4 + KgCg)
KqCy
0, =
1+ K,Cy + KpCp
Thus, the overall rate (forming the product) is:

. KoCaK5Cs
TLHe = KLHC (T K € Ky Cp)Z

Note that our approximation of the net rate of reaction of A and B is just an approximation to solve more
easily, in reality we are converting A and B to product. But if we just use those steps to estimate the rate,
we have assumed that they are zero, so we have to estimate the rate law from the rate-determining step.

Langmuir-Hinshelwood will have limiting behavior for very large and small values of KaCa (likewise for
KBCB)Z

0.100 |

0.050 |

— rate

rate

0.010} — firstorderin C,4

0.005 | — negative one order in Cy

0.001
0.01

0.10 1 10 100
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Lecture 25: Catalysis-External and internal mass transport
Related Text: Chapter 14/15

In a catalytic gas-phase packed bed reactor, the observed reaction rate (what you would see using the
reactor design equations to extract the reaction rate) can be controlled by different reaction regimes,
including mass transport (MT). In order for the reaction A — B to occur, the A molecules must flow
through the reactor, diffuse through the boundary layer around the catalyst pellet (external diffusion),
diffuse through the pores of the porous pellet (internal diffusion), and then react on the surface (through a
reaction mechanism, for example, the Langmuir-Hinshelwood mechanism).

External MT Surface reaction
kinetics

PBR with
porous pellets~

By modeling the transport we can get the dependence of the reaction rate (ra’) on different parameters.
How the reaction rate changes with these parameters depends on what limits the rate (i.e., which of these
three steps is the slowest/limiting). When we say a certain step is limiting, we essentially mean the other
steps are at quasi-equilibrium.

*One note, | called the pellet diameter D, when we discussed the Ergun equation. This is the same as
what | call d,, here, the capital vs. lower case is not meant to signify any physical difference.

Internal MT

Limitation Fluid velocity Pellet size Temperature
External (Velocity)? (dp)®? ~Linear
Internal Independent dp? Exponential(-1/T)
Surface reaction Independent Independent Exponential(-1/T)

There are some useful chemical engineering parameters that are typically used for understanding regimes.
One very common one is the Thiele modulus. Here it is for a spherical porous pellet, with a first order

reaction:
b1 = « R
e

It is used to evaluate whether there are internal diffusion limitations. We also define an internal
effectiveness factor:

— rA,observed

"= TA(CA,s)
3
n =—5 (¢, cothgp; — 1)
b1

At very large values of the Thiele modulus (where internal diffusion is very slow, and so limits the rate):
3

$1

There is also a total effectiveness factor term that incorporates both external and internal mass transport,
but we did not cover it yet.
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