Problem 1 (25 points)

a) (10 points) Rank the following reactor configurations in order of conversion from highest
to lowest (ties are not impossible) when a 1st order, isothermal, isobaric, liquid-phase
reaction is considered at steady-state.
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b) (15 points) Consider the following (identical) Levenspiel plots for the reaction A - B.
Assume the reactor feed is pure A and that operation is isothermal, isobaric, liquid-phase
and at steady-state. Duplicate plots are provided to help you when solving the problem.

10 10
Fao( 3 FAo(ma
_-_fA—(m) A )
3 3
gt t +—+t —t—t—t+— o 1 2? t +—t——+—+
0.2 0.5 0.8 X 0 0.5 0.8 X

3 pOintS i. At which conversion(s) (X) is the volume of a single CSTR less than a single PFR?
Select all answers that apply:

D02 b) 05—

c) 0.7 d) 0.8

. . F . .
From the plot, we see the y-axis is % and the x-axis is conversion (X).
—TA

For a PFR, the differential form of the PFR mole balance is Fpq :—: = —T,, and the integral form is
—F, (R4

V= FAO fo -ra

For a CSTR, we will use V = EaoX _ BaoCy7Xy)

i V' -TA

Thus, the volume of a PFR is simply the area under the Levenspiel plot. CSTR volume is a rectangular
area whose width is the conversion and height is the point on the Levenspiel plot where x = Xfinal.
Recall that CSTR reaction rate depends on exit concentration (exit conversion).
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Figure 1: PFR Volumes Figure 2: CSTR Volumes at X = 0.2

(dark green) and X = 0.7 (light green)

From X =0 to X = 0.2, CSTR volume (dark green rectangle) is less than the volume for a PFR.
From X = 0.2 to X = 0.5, the additional volume for both a CSTR and PFR is the same (middle
rectangle), so the total volume of a CSTR from X = 0 to 0.5 is less than a PFR.
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3 points ii.

At which conversion(s) (X) is the volume of a single PFR less than a single CSTR?
Select all answers that apply:

a) 0.2 b) 0.5

907 ~ dyos

From X = 0 to X = 0.7, we see from Figure 2 (CSTR) that the rectangle area is greater than the area
under the curve in Figure 1 (PFR). Therefore, the volume of a single PFR is less than a single CSTR for
X =0.7 and, by identical reasoning, for X= 0.8

4 points iii.

5 points iv.

Calculate the difference in volume of a CSTR and a PFR used for this reaction to bring
conversion from X = 0 to 0.4. Which reactor is smaller?

From X range from 0to 0.4,

CSTR:V = C—‘:ﬂ) X= C—:Q) (Xfipa) = 3) * 0.4 =1.2m3 (determined graphically)
A A
PFR:V = F,q f00'4% (determine graphically)

To determine volume, find area under curve for the given range of X from 0 to 0.4,

(3+10)%0.2

1.9m?3
> m

V=(04-0.2)3)+

Thus, CSTR volume is smaller

PFR volume — CSTRvolume=19-1.2=0.7m?

Propose a reactor configuration that minimizes the number of reactors and their
volumes while achieving 80% conversion. State the number, volume of each, type,
and order of reactors you would choose.

Two possible arrangements are possible if we only want to use two reactors
1) CSTR (X range: 0 — 0.5, volume = 1.5 m?®) ; PFR (X range: 0.5 — 0.8, volume = 1.95 m?)
2) CSTR (X range: 0 — 0.2, volume = 0.6 m®) ; PFR (X range: 0.2 — 0.8, volume = 2.85 m?®)

Two more possible arrangements are possible if we want to use three reactors

1) CSTR (X range: 0 — 0.2, volume = 0.6 m?®) ; PFR (X range: 0.2 — 0.5, volume = 0.9 m?);
PFR (X range: 0.5 — 0.8, volume = 1.95 m*

2) CSTR (X range: 0 — 0.2, volume = 0.6 m?) ; CSTR (X range: 0.2 — 0.5, volume =
0.9 m3) ; PFR (X range: 0.5 — 0.8, volume = 1.95 m*

We would normally choose one of the arrangements involving 2 reactors for economic reasons
pertaining to fixed costs (it is very costly add additional reactors; more reactors means more
instrumentation, piping, valves, etc).
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Problem: Lobree et al. published a paper in 1998 describing how methane reduces supported
Pd ions on ZSM-5 zeolites into Pd product. We provide a simplified mechanism in terms of
letters below:

Elementary Steps Rate constants o
A+CH,~B+H,0 Ky, K
B—2C K,
C—-D+CO K,
2D - 2E +Pd K,

The overall reaction stoichiometry is as follows: A + CH, — 2E + Pd + 2CO + H,0
Assume all intermediates are reactive intermediates.

a. Derive the rate law expression for the formation of Pd in terms of reactants and
products. Also find the stoichiometric number for each step.

Elementary Steps Stoichiometric number Rates
A+CH, < B+H,0 1 r, = K,[AI[CH,]
r, = k,[B][H,O]
B—2C 1 rp = ky[B]
C—-D+CO 2 r, = k;[C]
2D — 2E + Pd 1 r, = k,[DJ?

Rate of Pd formation = r, = k,[DJ?

PSSH on [DJ?

rp=0=ry—2r, = ky[C] — 2k,[D]’

2k, (D]’ = ks[C]

PSSH on [C]

re =0=2r) —ry =2k,[B] — k;[C]

ks[C] = 2k, [B]

PSSH on [B]

rg =0=r, —r_, —ry,=k/lAllCH,] — k_,[Bl[H,0] — k,[B]

[B] — k [A]ICH,]

k_[H,Ol+k,
Rate of Pd formation =r, = k4[D]2 = 0.5k,[C] = k,[B] = %ﬁ%

+1 for each stoichiometric number (+4)



+2 for doing a PSSH on intermediate C

+2 for doing a PSSH on intermediate D (accept D?)

+2 for PSSH on intermediate B

+2 for correct rate of Pd formation

Using your result in part a, find the rate of formation of CO in terms of reactants and
products.

Overall reaction is:

A+CH,— 2E +Pd +2CO + H,0

k k,JAI[CH
Net rater :r—*l:Cm__J__M

1 2 T & [H,01+k,

o= 2klAIICH,]
€O = Tk [H,01+k,

+2 for correctly using stoichiometry to say rate of CO is half that of net rate
+2 for correct rate of formation of CO

Derive the Pd rate of formation expression if step 1 is QE.

If step 1is QE, r, =r_,, k,[Al[CH,] = k_,[B][H,0]

[B] _ Kk IAlICH,]

= "k ,[H,0]
. k ko [AI[CH ]
— 12 - 4
rate of Pd formation = X \[H,0]

+1 for sayingr, =r,

+2 for getting expression for concentration of B

+2 for final rate of Pd formation

Under what conditions does your solution for part a collapse into your solution for part c?
This is a rigorous justification for QEA. Draw a rate diagram for the PSSH and QEA
cases and provide a specific inequality.

+2 for the inequality

+1 for each rate arrow diagram (+2)

This condition holds when k_,[H,0] >> k,
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Problem 3 (25 points)
CA0 VO
inlet l
V(time)f---feeeeenmmnn.
V(time)
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Caltime t=0) = C,o/b where b > 1
V(time t = 0) =V,

Consider the start-up of an ideal isothermal CSTR reactor. The vessel initially contains a solution
of dye with a concentration, Cao/b, where b is a constant that is greater than 1, and a volume V..
Both inlet and outlet ports are turned on at time t=0. The inlet port flows with a volumetric flow
rate, vo, and a concentration, Cao. The outlet port flows with a volumetric flowrate vo/a, where a

1 a constant that is greater than 1. Assume that the reactor vessel 1s large enough that it does not
overtlow in the timescale with which we are concerned.
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b) (10 points) Derive an ex

pression for the change in concentration of A in the reactor over
time, dCa/dt, as a funct;

on of Ca, t and constants given in the problem statement.
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¢) (5 points) What is &e sign of dCa/dt? Ef(’plain why in 1 sentgnce.
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d) (5 points) Now assume that A can undergo an irreversible, monomolecular rearrangement
to B with rate ki. Write an expression for dCa/dt for this case.
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