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Solutions for Chapter 3 — Rate Law and Stoichiometry

P3-1 individualized solution.

P3-2 (a) Example 3-1
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P3-2 (b) Example 3-2 Yes, water is already considered inert.

P3-2 (C) Example 3-3

The solution to the example at a conversion of 20% would remain unchanged. For 90 % conversions of the
caustic soda, the final concentration of glyceryl sterate is 0 instead of a negative concentration. Therefore

90 % of caustic soda is possible.

Visit TestBankDeal .comto get conplete for
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https://testbankdeal.com/download/elements-of-chemical-reaction-engineering-4th-edition-fogler-solutions-manual/

P3-2 (d) Example34 A+ 25> c+ %D
a a a

1/3

So, the minimum value of ® = b/a = T =0.33

P3-2 (e) Example 3-5

For the concentration of N, to be constant, the volume of reactor must be constant. V =V,
I 0.5(1-0.14X)
—r, (1-X)0.54-0.5X)
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The rate of reaction decreases drastically with increase in conversion at higher conversions.

P3-2 (f) Example 3-6

For a given conversion, concentration of B is lower in flow reactor than a constant volume batch reactor.
Therefore the reverse reaction decreases.

Cpo= constant and inerts are varied.

N204 <> 2N02
A < 2B
e . .. CB 62
Equilibrium rate constant is given by: K = :
A,e
Stoichiometry: E= oné = yAO(2 - 1) = yAO
Constant volume Batch:
N, 1-X 2N 0 X
CA=M=CA0(1—X) and CB=¢=2CAOX
Vo Vo
Plug flow reactor:
Fyo(1-X) Cyuol-X) iC 2F 0X 2C 40X
vod+eX)  (1+eX) Byod+eX)  (1+eX)
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Cap =220%0 _ (0.07176)moldm?
RT,

Combining: For constant volume batch:

2 2 2
K. _Cp _ 43X ~x, - [Ke-X)
Cie Cao(l-X) ' 4Cq

For flow reactor:

2 2 2
=CB’e _ 4C, X Y - K.(1-X,)(1+eX),)
©C,, Cul-X)1+eX) ‘ 4C
See Polymath program P3-2-f.pol.
POLYMATH Results
NLES Report (safenewt)
Nonlinear equations
[1] f(Xeb) = Xeb - (kc*(1-Xeb)/(4*Ca0))*0.5 = 0
(2] f(Xef) = Xef - (ke*(1-Xef)*(1+eps*Xef)/(4*Cao))"0.5 = 0
Explicit equations
[1] yao=1
[2] ke=0.1
[3] Cao=0.07174*yao
[4] eps=yao
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Yinert Yao Xeb Xef
0 1 0.44 0.508
0.1 0.9 0.458 0.5217
0.2 0.8 04777 0.537
0.3 0.7 0.5 0.5547
0.4 0.6 0.525 0.576
0.5 0.5 0.556 0.601
0.6 0.4 0.5944 0.633
0.7 0.3 0.6435 0.6743
0.8 0.2 0.71 0.732
0.9 0.1 0.8112 0.8212
0.95 0.05 0.887 0.89
0.956 0.044 0.893 0.896

P3-2 (g) No solution will be given
P3-2 (h)

1 1
A+ —-B> —-C

2 2

2
3
Rate law: —74 = kACAch and kA - 25%(?:;1)

kBCAch _ kCCAch
1/2 -1/2

A_TB _Tc
-1 -1/2 12

1 am?)
ke = kg =12.5—(i)
s\ mol

—25C,*Cp =

P3-2 (i)

A+3B—2C

Rate law: —14 = k4C4Cp at low temperatures.
At equilibrium,

CC,e

112~ 312 Ceo
c. 120 3 =Cy "Cp 7 -=0
A,e B.e

K —_—
C KC
o B 12~ 12 Ce
At equilibrium, -r, =0, so we can suggest that —ry = k4| C,  "Cp '~ ——=
C
Butatt=0,Cc=0
So the rate law is not valid at t = 0.

Next guess:
2 2
C
KCZ =L3,OI' CACB_%=O
CA,eCB,e KC CB
C 2
= -1y =k4| C,Cp - —5—
A Al “~A“~B KC2C32

which satisfies both the initial conditions and equilibrium rate law.
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Hence —14 = k4| C4Cp —%
Kc™Cp

is the required rate law.

P3-3 Solution is in the decoding algorithm available separately from the author.

P3-4 (a)

Note: This problem can have many solutions as data fitting can be done in many ways.

Using Arrhenius Equation
For Fire flies:

T(in 1T Flashes/ | In(flashe
K) min s/min)
294 0.003401 | 9 2197
298 0.003356 | 12.16 2.498
303 0.003300 | 16.2 2.785

Plotting In(flashes/min) vs 1/T,
we get a straight line.

See Polymath program P3-4-fireflies.pol.

For Crickets:

T(inK) | 1/T chrips/ | In(chirps/
x10° min min)

287.2 3.482 80 4.382

293.3 3.409 126 4.836

300 3.333 200 5.298

Plotting In(chirps/min) Vs 1/T,

we get a straight line.

= Both, Fireflies and Crickets data

follow the Arrhenius Model.

Iny =A + B/T, and have the same activation
energy.

See Polymath program P3-4-crickets.pol.

P3-4 (b)

For Honeybee:

T(nK) | 1/T V(cmis) | In(V)
x10°

298 3.356 0.7 -0.357

303 3.300 1.8 0.588

308 3.247 3 1.098

Plotting In(V) Vs 1/T, almost straight line.
In(V) =44.6 — 1.33E4/T
At T=40°C(313K)
At T=-5°C(268K)
would not be alive at this temperature)

See Polymath program P3-4-bees.pol.

V = 6.4cm/s

V =0.005cm/s(But bee

3-5
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P3-4 (¢)

For ants:

TinK) [ 1/Tx10° | Vcm/s) | In(V) 20

283 3.53 0.5 -0.69 »

293 341 2 0.69 L)
303 3.30 34 1.22 0.8

311 3.21 6.5 1.87

Plotting In(V) Vs 1/T, 02

almost straight line.

See Polymath program P3-4-ants.pol. 0.4

So activity of bees, ants, crickets and fireflies follow

-1.0
Arrhenius model. So activity increases with an 3.22E-3 328E-3 3343, 341E-3 3.47E-3 3.53F-3

increase in temperature. Activation energies for
fireflies and crickets are almost the same.

Insect Activation Energy

Cricket 52150

Firefly 54800

Ant 95570

Honeybee | 141800

P3-4 (d)

There is a limit to temperature for which data for any one of he insect can be extrapolate. Data which would
be helpful is the maximum and the minimum temperature that these insects can endure before death.
Therefore, even if extrapolation gives us a value that looks reasonable, at certain temperature it could be
useless.

P3-5

There are two competing effects that bring about the maximum in the corrosion rate: Temperature and
HCN-H,S0O, concentration. The corrosion rate increases with increasing temperature and increasing
concentration of HCN-H,SO,4 complex. The temperature increases as we go from top to bottom of the
column and consequently the rate of corrosion should increase. However, the HCN concentrations (and the
HCN-H2S04 complex) decrease as we go from top to bottom of the column. There is virtually no HCN in
the bottom of the column. These two opposing factors results in the maximum of the corrosion rate
somewhere around the middle of the column.

P3-6 Antidote did not dissolve from glass at low temperatures.

P3-7 (a)
If a reaction rate doubles for an increase in 10°C, at T=T, letk=k; and at T =T, = T|+10, letk =k, =
2k;. Then with k = Ae™®" in general, k = Ae 'Rl and k, = Ae 'R o

3-6



E1 1 In ky In ky
k, ‘;(7271) E | k,
—=¢ or —=-— =—
k, R (1 1\ (§-1)
T, T,
Therefore:

k2
. Rln(kl)(Tl (5+10)) L (2)(7 (7, +10))

(7,-1;) 10
10F

T(7+10)= RIn2

10E°?
RIn2

which can be approximated by 1" =

P3-7 (b)
E
Equation 3-18 is k = Ae X7

From the data, at T = 0°C, k, = Ae™ " and at T, = 100°C, k, = Ae E'RD

.
Dividing gives k—2 =e M\ N o
1

Rln(kz)
poe VB RIL, (h
1 1)y (B-1) |4
I, T
199 \73k 373K ]
B mol K In .050 —79600—al
100K .001 mol
& 7960 <
A=ke™ =107 min™' exp mol =2100min™
(1.99 c‘;lK )(273K)
mo

P3-7 (c¢) Individualized solution
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P3-8

When the components inside air bag are ignited, following reactions take place,

2NaN3; — 2Na + 3Ng oo, €))
10Na+2KNO3; — K20 + 5NayO + Ny oooviiiiiiiiiiee . )
K,0 + Na,O + SiO, — alkaline silicate glass ........................ 3)
Sx rxn(1)+ rxn(2)+ rxn(3)= rxn(4)
NaN; + 0.2KNO; +0.1Si0, = 0.4Na,O + 1.6N, + complex/10......... 4)

Stoichiometric table:

Species | Symbol | Initial | Change Final
NaN3 A NA -NAX NA(I-X)
KNO; 1 B 1INy, | 02X Na | Ny(H,-0.2X)
SiO, C NAB,. -0.1XNa | Ny( 0. 0.1X)
Na,O D 0 04XNy | 0.4XN4
N, E 0 1.6XN, | 1.6XN4

Given weight of NaN; = 150g M, of NaN; = 65

Therefore, no. of moles of NaN; =2.3

1 moles of NaNj requires 0.2 mole of KNO;
=> Moles of B, KNO; = 0.2(2.3) = 0.46 moles M, of KNO5; =101.1
Therefore, grams of KNO; required =0.46 x 101.1 =46.5¢g

1 moles of NaNj requires 0.1 mole of SiO,.
Moles of C, Si0, = 0.1(2.3) = 0.23 moles M, of SiO, = 60.08
Therefore, grams of SiO2 required = 0.23 x 60.08 =13.8 g

Following proposals are given to handle all the un-detonated air bags in cars piling up in the junkyards:
e Store cars in cool, dry, ventilated areas.
*  Avoid Physical damage of the bag in car.
e Itis stable under ordinary conditions of storage. Decomposes explosively upon heating (over
221°For105° (), shock, concussion, or friction.
*  Conditions to avoid: heat, flames, ignition sources and incompatibles.

P3-9 (a)
dX : .
From the web module we know that d_ = k(1-x) and thatk is a function of temperature, but not a
t

linear function. Therefore doubling the temperature will not necessarily double the reaction rate, and
therefore halve the cooking time.

P3-9 (b)
When you boil the potato in water, the heat transfer coefficient is much larger, but the temperature can only
be 100°C.

When you bake the potato, the heat transfer coefficient is smaller, but the temperature can be more than
double that of boiling water.

P3-9 (c) No solution will be given
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P3-10 (a)
1) C;Hy — C,H, + H, Rate law: -rp = kCC2H6

2) GHy + 120, — GH,O  Ratelaw: -1 = kC,, C;'?
3) (CH3);COOC(CHs); — C,Hq + 2CH;COCH;

A — B + 2C
Rate law: -1, = k[CA—CBCCZ/KC]
4) n-C4H,p < I- C4H, Rate law: -rp = k[ CnC4H]0 —Cl.CAHm /K]
5) CH;COOC,Hs; + C4HyOH < CH3;COOC;Hy + C,Hs;OH
A + B - C + D

Rate law: -rp, = k[CACg— CcCp/Kc]

P3-10 (b)
2A+B — C
(1) s = kCACg’
(2) -Ia = kCB
3) A = k
4) 1a = kCCg™
P3-10 (c)
1) C,Hy — CH4 + Hy Rate law: -rp = kCC2H6
k C CI/Z
(2) H, + Br, — 2HBr Rate law: -ryp; = M e
k + CHBr
e
Br,
3) H, + I, — 2HI Rate law: — 7, = kCH2 C,2
P3-11 (a)
Liquid phase reaction,
O CH,--OH
VRN |
CHz- CH2 + H20 — CHz--OH
A + B —» C
Cao =1 Ibmol/ft® Cgo = 3.47 Ibmol/ft’
Stoichiometric Table:
Species Symbol Initial Change Remaining
Ethylene A Cao=1 Ibmol/ft’ -CaoX | Ca=Cao(1-X)
oxide = (1-X) Ibmol/ft’
Water B Cgo=3.47 lbmol/ft3, -CpaoX C=Cao( QB -X)
0,=3.47 ~(3.47-X) Ibmol/ft
Glycol C 0 CA0X CC = CA0X
=X Ibmol/ft’

Rate law: 1o = kC4Cpg
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Therefore, ta=k C2,) (1-X)(0, -X) = k(1-X)(3.47-X)
At 300K E = 12500 cal/mol, X=0.9,
k =0.1dm*/mol.s =1.6018 f> / Ibmol.s
C,oX (1)0.9)

_ =2.186
-r,  (1.6018)1Y (1-0.9)3.47-0.9) e

At 350K,
ks =k exp((E/R)(1/T-1/T,))= 1.6018exp((12500/1.987)(1/300-1/350))
=32.034 dm*/mol.s

Therefore,
C. X (1)0.9)
i _ =0.109
Testw —r, (32,0341} (1-0.9)3.47-0.9) sec
P3-11 (b)

Isothermal, isobaric gas-phase pyrolysis,
C2H6 C2H4 + H2
A > B + C
Stoichiometric table:

Species | symbol | Entering | Change | Leaving
CoHe A Fao -FraoX | Fa=Fao(1-X)
C2H4 B 0 +FA0X FB:FA()X
H2 C 0 +FA0X FC:FA()X
Fro=Fao Fr=Fao(11X)

€ =Y =1(1+1-1)=1

v=vy(1+ € X) = v =v,(1+X)

Cao = Cro= P

A0 = Ya0 L10 = Ya0 RT

(1 )(6atm)

3
0.082 4™} (1100K )
K .kmol

=0.067 kmol/m* = 0.067 mol/dm’

C :i=FA0(1_X)_C (I_X)

= mol/dm’
Yoy X)) 0+ X)
F F (X
Cp= 2L =—A0( ) =C,, ——— mol/dm’
v v,(1+X) (1+X)
F, F (X
Co= S = —AO( ) =C,, mol/dm’
v v,(1+X) (1+X)
Rate law
(1-x) (1-x)
-I'a = kCA = kCAO =0.067 k——=
(1+X) (1+X)
If the reaction is carried out in a constant volume batch reactor, =>( € =0)
Ca=Cro(1-X) mol/dm’ Cg=Cpro X mol/dm’ Cc=CproX mol/dm?
P3-11 ()
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Isothermal, isobaric, catalytic gas phase oxidation,

1
C2H4 + 502 -> C2H4O

1
A + —B -
2

Stoichiometric table:

1
—F
0 _ FBO=2 AO__
B
FAO FAO

2
£ =yA06 =§(1—5—1

Ci0=Y10Cro =Yuo

1

C
Species | Symbol | Entering | Change Leaving
C,Hy A Fao -FaoX Fa=Fa0(1-X)
0, B Fgo -0, Fa0X | Fs=Fao(0,-X)
C2H4O C 0 +FA0X FC:FA()X
1 F, F, 2
= Yao = = =5
2 F, F,+F, 3
) =0.33
P 2 6atm /
RT3 ( d 3) =009255
0.082 4™\ (533K ) "
mol . K

F, Fo(-X) C,(-X) 0.092(1-X)

g X
AO( 3_2)_0.046(1—X)

vo(1+eX)  (1-0.33X)
_0.092(xX)

C, =

» F
CB=_B=

v
c _Fo_ FoX
C

\%

If the reaction follow elementary rate law

Rate law: —r, = kCACg'S

P3-11 (d)

vo(1+eX) (1-0.33X)

:}—}"A=

v vy(l+ex) (1-033X) (1-0.33X)

(-

Isothermal, isobaric, catalytic gas phase reaction in a PBR

A + 2B
Stoichiometric table:

k{0.092(l—X)H0.046(1—X)

0.33X) (] (1-0.33X)

2> C

Species | Symbol | Entering | Change | Leaving
Benzene | A Fao -FaoX Fa=Fa0(1-X)

H, B Fgo=2F a0 | -2Fs0X FB:FAO( GB _ZX)
CéHl() C 0 Fon FC:FA()X

:



F 2F

0, -
A0 A0
FAO FAO

1
Fro Fio+Fy 3

1 2
£=Y,0 =§(1—2-1)=-§

Crp=Cooy sy = R_?(é) _ 6;”;” (%) — 0.055mol / dm’
atm.am
0.082— |(443.2K
( mol K )( )

c _F, _Fo(-X) C,(l-X) 0.055(1-X)
v v (l+eX) (l_iX) (l_iX)

C =§= FAO(QB_ZX)=O.11(1—X)
B v (1+eX) (1—2)()

3
F.  F,X C,X  0055x

T

<y =v0(1+£X)_(1_2X)
3

If the reaction follow elementary rate law.
Rate law:

~r,'=kC,C}

3
= 0.0007% L=X)

(3]

For a fluidized CSTR:
F AOX
W=—
4

FoX
(1-x)

3

()

mol
k=53 at 300K

kgcat min atm’

W:

0.0007k

@T = 1700C

k =k, exp

Ef1 1 80000/ 1 1 mol
—| —==-=1|=53exp - =1663000 - 3
R\T, T 8.314 1300 443 kgcat min atm
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Fao=Cao™ vo
vo=35 dm®/min

CcC,.v,X
W = 40%0 .
0.0007k ~———/—
(1_2 )
3
at X =0.8

W =2.4x107 kg of catalyst
@ T =2700C

k =k, exp

Fao = Cao™ vo
vo=35 dm®/min

C,.v,X
W = 40%0 .
0.0007k ~———/—
(1_2 )
3
at X =0.8

W =4.4x107 kg of catalyst

mol

EL_1 =53exp 80000/ 1 _ 1 =90787719 : ;
R\T, T 8.314 {300 543 kgcat - min - atm

P3'12 C2H4 + %02 9 C2H4O

1
A + —B > C
2
Stoichiometric table for the given problem will be as follows

Assuming gas phase

Species Symbol Entering Change Leaving
C2H4 A FA() - FAOX FAO(I'X)
02 B FBO = ®BFAO -1/2 FA()X FA0(®B—X/2)
N, I Fi1=0OFa0 | - Fa0®1
C,H,0 C 0 FpoX FroX
! F
5 A0 ] F 0.79 0.79
Op =2 =— 0,=-10 Fip=—"Fgy =0,=05——=188
Foo 2 Fio 0.21 0.21
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F
Yao =—22=0.30, £=y400=-0.15
Fry
YaoP mol
Cio= =0.041—=
A0 RT dm3
Fao 1-X) 0.041(1-X)
Cp=—""=Cyg =
(1+eX) 1-0.15X
1 1
Fy G 5% 0.0200-x)
Cp=—"=Cyy =
1 1-0.15X 1-0.15X
c _F_C _ CyuoX  0.041X
€y 1-015X 1-0.15X
P3-13 (a)
Let A=ONCB C = Nibroanaline
B =NH; D = Ammonium Chloride

A+2B—— C+D

-r, =kC,C,
P3-13 (b)
Species Entering Change Leaving
A Fao - FaoX Fao(1-X)
B Fgo = @pF o -2 FpoX Fp=
=6.6/1.8 Fao F0(Op —2X)
C 0 FaoX Fe=FaoX
D 0 FaoX Fp=FaoX
P3-13 (¢)
For batch system,
CA:NA/V -I'a = kNANB/V2
P3-13 (d)
-r, =kC,C,
N, N, N F, F
F=—A="a_a(0_x)=C, (1-X), C,=—2="4A=-C, (1-X
4 % v, v, ( ) 40 ( ) 4 v ) 40 ( )
N, N, N F
B =_B=_B=A(BB _2X)=CA0(HB _2X)’ Cy =_B=CA0(63 2X)
v N 0
-r, =kC3 (1-X)(0, -2X)
0, = Con 86 547
C, 18
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kmol

3
m

C,=18

—r, =k(1.8) (1- X )(3.67-2X)

P3-13 (e)
1) AtX=0and T = 188°C =461 K
3 2
— 7, =kC2,0, =0.0017—"— (1.8 km?l) 3.67 = 0.0202 ]‘3’”01
ol min m m” min
= 0.0202 Km0l
m min
2) AtX =0and T =25C = 298K
k =k, exp EfL_1
R\T, T
. 11273 4 L
k=00017 7 ——exp ’”O/ (4 - )
mol.min 1.987 ca 6 98
mol K
_2.03x107 — 3
kmol.min
-1r0 = kCroCpo = 2.41 X 10”° kmol/m>min
3)
k =k, exp EfL_1
R\T, T
; 11273 <4
m mol 1 1
k=0.0017 —exp -
kmol min cal | 461K 561K
1.987 ———
mol K
3
k=00152—2
kmol min

~740 = kC 1,Cpy

3
—r, =0.0152—— (1.8""“01)(6.61""01)

kmolmin m’ m’

kmol

m’ min

—r, =0.1806

P3-13 (f)
ra = kCao (1-X)(05-2X)




AtX=0.90and T=188C=461K
1)atT=188 C=461 K
3 2
—r, = (0.0017 i )(1.8"’""1) (1-0.9)3.67-2(0.9))

kmol.min m’

kmol

m® min

=0.00103

2)
AtX=0.90and T =25C =298K

3 2
_rA=(2.03x10-6 ” )(1.8"””‘”) (1-0.9)3.67-2(0.9))

kmol.min m’

kmol

m® min

=1.23x10"°

3)
AtX=0.90and T =288C = 561K
3

—rA=(O.0152 i )(1.8"’”01)2(1—0.9)(3.67—2(0.9))

3

kmol.min m
- 0.0092 ™!
m’ min
P3-13 (g)
Fao =2 mol/min
1) For CSTR at 25°C -1, =1.23x107° w
m’ min
V= FAO (1 - X)
~Vgx-09
_ 2mol / minx O.II 162.60m"
123x107 "%
m’ min
2AL288°C, 1, = 0.0092 !
m’ min
V= FAO (1 - X)
~Vgx-09
_ 2mol / minx ;).1 1,739
0.0092 ">~
m’ min

P3-14
CsH1206 + a0y + bNH3; — ¢(C44H73N36012) + dH,O + eCO,

To calculate the yields of biomass, you must first balance the reaction equation by finding the coefficients

a, b, c, d, and e. This can be done with mass balances on each element involved in the reaction. Once all
the coefficients are found, you can then calculate the yield coefficients by simply assuming the reaction
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proceeds to completion and calculating the ending mass of the cells.

P3-14 (a)

Apply mass balance

For C 6=44c+e For O 6+2a=12c+d+2e
For N b=0.86¢ For H 12+3b=73c+2d

Also for C, 6(2/3) =4.4c which gives ¢ =0.909

Next we solve for e using the other carbon balance
6=4.4(0.909)+e
e=2

We can solve for b using the nitrogen balance
b=0.86c=0.86* (0.909)

b=10.78

Next we use the hydrogen balance to solve for d
12+3b=73c+2d

12 +3(0.78) = 7.3(0.909) + 2d

d=3.85

Finally we solve for a using the oxygen balance
6+2a=12c+d+2e

6 +2a=1.2(0.909) +3.85+2(2)
a=1.47

P3-14 (b)

Assume 1 mole of glucose (180 g) reacts:

Y .s= mass of cells / mass of glucose = mass of cells / 180 g
mass of cells = c*(molecular weight) = 0.909 mol* (91.34g/mol)
mass of cells =83.12 g

Y =83.12¢/180 g
Y = 0.46

Y ¢/o2 = mass of cells / mass of O,

If we assume 1 mole of glucose reacted, then 1.47 moles of O, are needed and 83.12 g of cells are
produced.

mass of O, = 1.47 mol * (32 g/mol)
mass of O, =47.04 g

Yeor=83.12g/47.04 g
Yc/oz =1.77

P3-15 (a)

Isothermal gas phase reaction.



1
-, +%H2 — NH,

Making H, as the basis of calculation:

1 2
H,+~N, == NH,
3 3

A+ lB — zC
3 3
Stoichiometric table:
Species | Symbol | Initial change Leaving
H, A Fao -FaoX Fa=Fao(1-X)
N; B Fro-0, Fao | FaoX/3 | Fu=F,o(0,-X/3)
NH; C 0 +2F y0X/3 FC:(2/3)FA0X
P3-15 (b)
s=(2_1_1)-_2
3 3 3
2 1
£=y,,0= O.SX(—E) = 3
(16.4atm) 5
C,o=05 o =0.2 mol/dm
0.082 474\ (500K )
mol . K
C,1-X) 02(1-X
Cc, =C, = o )= ( )=0.1mol/dm3
: (1+eX) 1- X
3
C,1-X 0.2(X
Cuy =Cc=gx o )=gx ( )=0.1mol/dm3
: 30 (l+vex) 3 (| X
3
P3-15 (¢)

kno =40 dm’/mol.s
(1) For Flow system:

NN
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(2) For batch system, constant volume.

<k [C.][6]"
=40(C,p) [(1-%”4 [(1_X)]%

P
- =1.6[1-ﬂ [-xT

P3-16 (a)
Liquid phase reaction = assume constant volume
Rate Law (reversible reaction):

C
—r, =k|C,C,-—C
4 [ A“B Kc}
Stoichiometry:

C,=C,(1-X), C,=C,,(1-X), C.=C, X

To find the equilibrium conversion, set -r, = 0, combine stoichiometry and the rate law, and solve for X..

C,C,K.=C,

CjO(l_Xe)zKC=CA0Xe

XZ-|2+ ! X, +1=0
0K

X,=0.80

To find the equilibrium concentrations, substitute the equilibrium conversion into the stiochiometric
relations.

mol mol
C,=C,(1-X)=2 . (1-0.80)=0.4 -

mol mol
C,=C,(1-X)=2 . (1-0.80)=0.4 -
C,=C,oX=2 mof %0.80 = 1.6 m"f

m dm

P3-16 (b)
Stoichiometry:
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£=y,0=(01)3-1)=2and 6. =0

N, No(-X) o (1-X)
Vv (lvex) T (1+2X)
N.  3N,X 3X

Vv (eex) " (142X)

Combine and solve for X..

3
(1+2x,) | “(1+2x,)
K.(1-Xx,)(1+2x,) =27C% x?

2
—(4+%)X§+3X@+1=0

KCAO(1X) 3X ]

C

X, =0.58

Equilibrium concentrations:

F, 10atm mol
AO = =
RT, 3 d
" (400K )[ 0.082 " atm "
mol K
1-0.58
C,=0305 ( ) - 00597
(1 + ( ) dm
3 0.58)(0.305
(0:58)(0.305) 246- mol
~ (1+2(0.58))
P3-16 (c)
Same reaction, rate law, and initial concentration as part (b) gas phase, batch reaction.
Stoichiometry:
N, N,(0-X)
C =—4_"2v " /_c (1-X
(Rl e )
X
€ Ne WX _yo
v 4

Combine and solve for X,

K.Cy (1 - X, ) = (3CA0Xe )3
X,=039

Equilibrium concentrations

3-20



mol
dm’

C,=(0.305)(1-0.39)=0.19

mol
dm’

C. =(0.305)(0.39)=10.36

P3-16 (d)
Gas phase reaction in a constant pressure, batch reactor
Rate law (reversible reaction):

3
-7, =k[CA—%]

C

Stoichiometry:

£=y,0=(01)3-1)=2and 6. =0

c N _Nao(-X)_ o (1-X)
TV v (lvex) T (1+2X)
N.  3N,X X

Combine and solve for X.:

KCCAO (I_Xe) _ [3CAOXe ]3

1+2X, 1+2X,
X,=0.58
Equilibrium concentrations:
0.305(1-0.58
= ( ) 0059 mol
1+2(0.58) dm
3(0.305)(0.58
C. = (0.305)(058) 146 mol
1+2(0.58) dm
P3-17

Given: Gas phase reaction A + B = 8C in a batch reactor fitted with a piston such that
V=0.1P 0

2
t3
k = 1.0#
Ibmol” sec
—r, = kC>C,
NA():NB()att:O

Vo=0.15 ft’
T =140°C = 600°R = Constant
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P3-17 (a)

Yao =L=O~5
N 4o+ N

0=8-1-1=6

€=y,0=3

F,
Now V= Vo

P T 0
T,

10}
10V

Therefore V=

N,=N,[1-X] N, =N [0, -

NN, kNG [1-XT

-7, = ijCB = 3 3
Vi(l+eX )
Therefore
_ (on ) [1 XT
A
(1 + sX)2
[1-x T Ibmol

r, =5.03%10"
(1+3x ) J1sec

P3-17 (b)

V:=vi(1+eX)
0.2°=0.15 (1+&X)
X =0.259

—r, =8.63%107" 1bmol
ft sec

x]

(1+eX) o V?=V7(1+eX)

(1+eX) and%—l B, =10V, ,and P =10V

P3-18 No solution will be given.
P3-19 No solution will be given.

3-22



P3-20 No solution will be given.

CDP3-A
w InW T T
65 1871802 300 0003333 In W vs UT : 1
13 2564949 310  0.003226 | 35
18 2.890372 313 0.003195 3l
25
3z 2
=
=15 ¥ = -7120.4x + 25.593
R? = 0.9853
1
0.5
0 v -
0.00315 0.0032 0.00328 0.0033 0.00335
1ITK
From the graph:
E=7120
1
InW =-71204* ——— |4+25.593=295
(41.5+273J |

W(41.5°C)=19.2cm/s

CDP3-B

Polanyi equation: E = C — a(-AHg)
We have to calculate E for the reaction
CHj* + RBr - CH;3Br + Re
Given: AHy = - 6 kcal/mol
From the given data table, we get
6.8=C—-0o(17.5)
and 6.0= C-0(20)
=>C=12.4 KJ/mol and a=0.32
Using these values, and AHg = - 6 kcal/mol, we get E = 10.48 KJ/mol

CDP3-C (a)
A > B
Rate law at low temperature: —r4 = kC 4
The rate law t higher temperature must:
1) Satisfy thermodynamics relationships at equilibrium, and
2) Reduce to irreversible rate law when the concentration of one or more of the reaction products is zero.

C
Also, We know, Kc = —Be
CAe
C
Rearranging, we get Chpe - —Be _0
KC
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CB
So, lets assume rate law as =Ty = kA(CA -—

C
Also when Cg = 0, it satisfies the given rate law. Hence the proposed rate law is correct.

CDP3-C (b)
A+2B-> 2D
Rate law at low temperature: -1y =kC AI/ZC B
CDe2
Here, Kc = —
CAeCBe
2
2 C
CucCpe - KL; =0
> Cp,
—ta =ka| Ca L~ - Ke
C

But it does not satisfy the irreversible rate law at low temperatures.
Hence it is not correct
So, taking square root of K¢

C 1/2 Cp
VKe =—2¢ ¢, "Cy-—2 =0
1/2 > Ae Be
CAe CBe VKC

CDe

Tk

1/2
1y =kp|Cyo "Cpe -

Which satisfies the irreversible rate law.
Hence it is the required rate law.

CDP3-C (c)
A+B—>C+D
. , kPAPB
Irreversible rate law: —7, '=
1+ K, P, +KpPp
P-P P-P
We know, Kp = €D PPy - €D _
PB A P
Hence assume rate law as:
P-P
k(PAPB --C D)
P

—74 =
A 1+ K,P, +KgPs + KoPr + KpPp

Which satisfies both the above mentioned conditions.

CDP3-D
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4N’H3 + 502 -=> 4NO + GHZO

h4 = 0.15 P=8.2 atm T = 227°C = 500K
NE?: 0

a) Assuming ideal gas law

P
c - :T" e 8.2 atm = 0.2 gmol/1
Fo Yo BRI, g.082 13t® (sq0p)
.gmol°K
b) CNH - YNB CTO = (0.15)(0.2 xmol/l.) = 0.03 gmol/1
3,0 3,0
) NE, + 30 0 + = H,0
c 3%v% 0% N+ TH
Compound Symbol Initial Change Final
HT‘T; A C.15 -0.15X 0.15(1-x)
0 B 0.18 - 3(0.151) 0.18- 3(0.15%)
2 . 4 4
e C G +0.15X 0.15X
3 3
BZO D 0 + '2'(0.15I) + i‘(o.lsx)
NZ I 0.67 0 0.67
Total T 1.00 + 1/4(0.15X) 1+ 1/4(0.15X)
Initial N2 = 0.79(1-0.15) = 0.75(0.85) = 0.67
Initial 02 = 0.85-0.67=0.18
1) P P ! s
. ™= - - - * s
27T TR P 8.2 s ()
c. _,22_- zi - i 8.2 atm - 0.2 gmol ¢ i
i v RT 1 + 0.15/4 X .082 1 atﬂ(SOOK) 1 1 +0.15/4 X

gmol®K
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i P.L (a.:m) Ci '
A 0.15(1-X) —1=-X 1-X
1.23 T00.15/41% 0.03

1+(0.15/41X

B 18 - 2 0.,18-5/4(0,15X).
0.18 - % (011 3.2 ey 2 0036 - 3din . L0
cC  ol1sX - 123 3{15 : o.cms/ 1+ 2%
1+ -—'—--]X 4
4

D -} (0.25%) 1.35 I;m_.z}/Txi' 0.04s/ (1AL 1)
1 0.67 3.49 m 0.133/(1.24L 1
check P = 23Xe 4).(0 -

1+(0.15/4)X

- 32203033 . o
1+(0.15/4)X :

vVeyv (1421
) 4

2) Constant volume

Cl = 0.2 n,

P, = C.RT = (0.082)(500)(0.2)n, = 8.2 m,

L it s Py

A 0.15¢1-X) 0.03 (1-X) 1.23 (1-0)

B 0.3 -3 (0.5 0.036 - 233 s.2c0.18 - T 0.15D)

c 0.15 X 0.03 X 1.23 %

D 2 (0.153) 0.045 X 1.85

1 0.67 0.133 5.49
0.199 + 0,003X 8.2 -0.313 X
0.2 1+ 3E D
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Pror = 3.2 - 0.313 X at=

3) Same at (1)

d) 4A+5B>4C+6D
Mole balance for a PFR
dF
v -
dF
v T
dF
FA
Rate Law(assume elementary):
—r, =kC,'Cy’

Combine with equation 3-40 and 3-48

9 4 5
dFA =k PTD FA FB
dv RT, |\ F,+Fz+F; ]\ F,+F; +F;

9 4 5
.dF._B.zék PTO FA FB
dV 4 |RT, |\ F,+Fy+F. || F,+Fy+F,
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A+2B—> C+D

a)

Species Symbol Inidal moles Change  Final moles Concentration
Bcnzoyl chloride A Nao -NaoX Nao(1-X) Naog(1-X)y/V
Ammonia B Naobg -2NaoX Nao(8p-2X) Nao(8p-2X)V
Benzylamide C NaoB¢c NaoX Nao(8c+X)  Nap(Bc+X)/V
Ammonium Chloride D Naobp NaoX Nag(6p+X)  Nao(Bp+X)WV
b) CAO - NAOIV = 2 gmol/1l
Nao - Na
= = - X —

GB CBOICAo 6/2=3 I{AO

GC = 6D=0

X=0.25

"

Final conc. of ammonia = ?(_), (OB—ZX)=2(3—2(0.25))=53n01/1

M

Final conc. of benzylamide = —V-Q (ec+x) =2 (0 + 0.25) = 0.5 gmol/1

¢) Stoichiometric table for a flow system using ammoniz as the basis

A C D

2 FBET ey
Species Symbol Entering
Ammonia B Fgo
Benzo chloride A 8.Fro
Benzylamide .C 8cFro
Ammonium Chloride D 6pFro

Change Exit
-FgoX Fgo(1-X)
-FpoX/2 Fpo(6,-X2)
FpoX/2 Fpo(8c+X/2)
FpoX/2 Fgo(Bp+X/2)

3-28
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Table for the flow system using ammonia as the basis is different from the

original in the following ways.

1) Molar flow rates considered rather than number of moles.
2) 8. =F
i io/FBo' as opposed to Nio/NAo
3) Concentration found by dividing the exiting molar flow rate by the
volumetric flow rate v .,
CDP3-F

Given : A + B =) C taking place in a square duct.

po = 1 atm. = constant
6

r = 10 ft3/(1b.molo)(5cc.)
T = TO = 540°F = 100C°R

o
PB = 0.25 atm.

FAO = 1.5 1b mole/sec.

(a) If B is at equilibrium in the gas phase throughout the reactor
° e
g
CB = 3T = comstant. Since B maintains its equilibrinm vapor pressure
throughout the reactor, as soon as 1 molecule of B is consumed by the reactiom,

it is replaced by 2 molecule of B in the liquid. Hence, § =x1-1=0, 2= !AOB
-, = x CA CB =k C‘BO CAo[l—Il; Just inside the reactor,
_ Taofo (7o’

Cao = " ®RT - RT

. [fg 2 (1-x)
-T. —ty =k CpCp = ¥ ypollvgel T
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(b) At X = 0.5

6. 3
10°¢ (.25 » 75 artm .
T, = (lbnolc):sec) ( T = t‘g); 15 atm) 1 15.5] = 174 Abmole
100 5 < sooorm? e,
CDP3-G
a)
3 Si HCl3 + 3H; — 25i (S) + THCI + Si Hy Cly
Take S; HCl, as basis
SiHCl3+Hz——>%-Si(s)+g-HCI +-%—SinC12
S; HCl3 (g) A Fao -FaoX Fa =Fa0 (1-X)
H, (g) B Fao=0sFao  FaoX Fa =Faol6s-X)
H,HCl (g) C 0 +LF,0X Fe =%F~0X
SiHCla (g D 0 +1FaX  Fp =13~FAoX
Si (s) S 0 %FAOX‘ —

Assume isothermal and constant pressure. Neglect the vapor pressure of Si(s)

65 = 1 Stoichiomerric feed

8 only involves the changes in gas phase
= =1{l4+Z_1.

E=Yya00d 2{34—3 1 1}

=1(2\-1
& 2(3) 3

— Po _1 2.0 \ - 3
Cao = yaogT: =3 ({o_ogz\mrm Cao = 0.0088 mol/dm
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F {(1-X) 0.0088 (1 - X)
=——A-= =
Ca=3 C"“(l+eX) 1+X/3
_Fs _ ~ (68-X) _ 0.0088(1-X)
=3 = Al ) - T 12X3
=Fc _7_FaX _ 7, X _X
Ce v 3vg(l+eX) 3 C"o(l + €X) 0.021 (1+X73)
F, 1 F,X X
Cp=-L=——"4°" _0003]—>—
3,1 X
v Vo( +£X) 1+A
‘IThe solunon to parts (b) and (c)
b) 2S5;HC3 +2H; — §; (S) +3HCl + S; HCI3
and -
c) 2 S; HCl3 — S; + 2HCl + S; HCL,
are similar o Part (a).
CDP3-H
- C + 4HC1
4 C:]_2 + CE‘ > C ].4
T = 75°C = 348 K P = 950 xPa = 9.39 atm

‘314 vapor pressare = 95 ¥Pa = 0.54 atm = PV

F. F. F.

C m = o —r 1
i v v (1+sX) v
Q o

- - - ’ r
So we can use the stoichiometric table, substituting C's for F's

i F, c.

A F,o(1-X) C,uol1-X)

B 4F  4(1-X) 4C, (1-X)

c 4FA0 X 4CAO X

D FAO X CAQ X
5 FAO 5 CAO

where CAQ = 0.0658 gmol/1 and FAO = 0.02631 gmol/s
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After copdensation

. F -
emy t., —a0 D o sx
o Fto o S.FAO (0.90) o 4.5
F. F. Mote: at X = 0.5 (beginning of
C; - v_1 = ;—: i:_;; condensation) gCi = g'x
i F; G
A SFa0-FaoX Cao(1-X)(4.5)/(5-X)
B Fao(5-X) AC 20(1-X)(4.5)/(5-X)
C 4F 50X 4C 50X (4.5)/(5-X)
D 0.1F 50(5-X)/0.9 Cao(5-X)(4.5)/(5-X)/9=0.5Cxo
Total Fao(5-X)+F a0(5-X)/9 CA0(5-X)2/40.5

whare FXO = 0,.02631 gmol/S and C

v _ 95
Ype =P T 9s0 - 9-10

Stoich Table CH4 + 4C12 —> 4HC1 + CCl4
Assume stoichiometric feed Fi

Before Condensation

A0 = 0.0658 gmol/1

After Condensation

Speacies Symbol In Change PD { Py remaining PD = Py, remaining
CH4 A FAO —I-tAOI FA = FAo(l—X) FAO(]'-X)
CZI.2 B 4F A0 —4FA°X I-’B = 4F A0(1—1) CFAO(I—X)
HC].4 c Q +4{-‘A01 FC = 41-‘on 4FA°X
CCL“ D(g) 0 +FAOI FD - FAOX 0.101:1.
D(1) Qo - - -
FI‘O = SFAO E'.r =5 FAO FI=SFA0-FAOX+0.10F-1.
T" 0.90
Whez condensation first begins F_ = F'
T T
(5-X)
b) = _—— - =
FAO FAO 0.90 > Xc = 0.5C
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Beofore Condensatign

z = YAOS & = Q —> e = Q
AT = AP = 0 ——=> Total concentration is constant
Po 9.39 atm gmol

C‘l‘ =C 3T = = 13 = 0.329 lit

b o 0.08205 2@ 1t . 348 K :

gmol K
1 0.329
= = - = 0.,0658 ol/1

CAO S CTQ S gmal/l gm

= = .4) 1/s = 0.02631 gmol/s
FAO CAO A (0.0658) gmol/l (O s 3

CDP3-1
Czﬂé(g) + 285,(3) =) CZH43r: (z,1) + 2HBz(g)

T + 200°C =2 473 K P = 2500 xPa = 24,7 atm; Pv,c g8 " 506.5 xPa

2472

<]

v  506.5

> 7500 = 0,203

Tpg ©

Stoich table

CZHG(g) + 2 B:z(g) -=> 2 HBr(g) + CZH4Br2(8.1)
issume stoichiometric feed

Species  Symbol In Change F; before

F’; After condensation Pp =
condensation Pp

Py remaining

< Py remaining
C;Hs A Fao -FaoX  Fa=Fao(1-X) Fao(1-X)
Br, B 2F a0 2Fa0X  Fg =2Fx0(1-X) 2F p0(1-X
HBr C 0 2F A0X Fe = 2F 70X 2F 50X
C,HBr, D(g) 0 FaoX Fp = FaoX 0.203F 1
D(1) 0 - - -
Fro=3Fa0 Fr=3Fao

F’1=3Fa0-FaoX+0.203F 1
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FAO(S—X)
when coadensation first begins FI‘ = F!

T Er' = T 0.797
F,.(3-X)
AQ
3FA0 = '7.797—— - Xc = Q0,609
Before conden:a-tion
e = YA;05 5 =0 -——> £ = Q0
AT = AP = 0 So total concentration is coanstant
Po 24.7 t —
Cr=C. = = 22 .. = 0.673 1/1
'r ™ - - 330
fo RI, 4.0s20s5 2= it | 473 ¢
gmol X
1 0.673
Cao = 3 Cpp = — 3 smol/l = 0.212 gmol/l
i F; G
A Faoa-x) Cao(1-X)(2.39)/(3-X)
B 2F o(1-X) 2C0(1-X)(2.39)/(3-X)
C 2F aX 2C0(X)(2.39)/(3-X)
D Fao(3-X)/3.93 Ca0(0.609)
Total Fao(3-X)/0.797
where FAO = 0.106 gmol/s and CAO = 0,212 gmol/1l
t L s Fe s o <
gmel/s gmells gmel/s gnel/s gmol/s gmal/l
LI WS LIRS S LR LI € pli-T}
0.106 6.212 a e 0.118 0.212
0.2 0.0188 0,170 0.042 0.0121 0.3118 0.170
0.4 0.064 0.127 0.018 0.042 0.313 0.127
0.60% 0.041 0.083 0.119 0.065 0.318 0.013
t LT I RTINS Foas e e Ll
0.609 0,041 0.08) 0.119 0.06$ 0.313 0.083
0.8 6.021 0.042 0.170 0.059 0.293 0.039
1.0 0 [ 0.2112 0.094 0.266 0
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S Ce g

lcmuq) zcmx me
0.424 5 .
Q.139 Q.08s 0.042
9.234 0.170 o.08s
ic A (9. 609)
M (1-X) 2ot O S
Q.166 Q.2138% 0.139
o.m‘ o.)lz o.xm
Q ;
OOJ”Q 0.0”
= = = 0.106 gmol/s
FAO CAO Vo (0.212) gmol/1l (0.5} 1/s g
F. F. F.
C = —}" = 1 - 1
i v v (1+2X) v
o o

So we can first use the stoichiometric table, substituting C's for F's

F C

i . i

A FAO(I_I) CAo(l—I)

B ZFAO(l_X) 2CA0(1—X)

C 2FA0 X 2CA0 X

D FAO X C!Q X
Total 3 FAO 3 Cio

where FAO = 0,106 gmol/s and CAO = 0.212 gmol/s
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Fe' Fao (3-x) _ _ £3-X)
v=y = v,.. o 2.39
o Fto o 3FA0 0.797
F. EF.
2.39)
cr om b, -1 (2:35)

i T v v (3-X)
Q
Note that at X = 0.609 (beginning of condensation) Ci = C;

0S5

04 \ —
0,
03 /
C(gmolst) \ /

02 '\ .><°

Q.

000 \

00 01 02 03 04 0S 08 07 08 09 10

b
0.4 L

03 \\ + E(A)
A
— < F(B)
gmal/s) o2 ' s
/ F(C)
) < F(D)
0.1 + F(T)
00 .
00 Q! 02 03 04 05 05 0.7 08 09 19
X
CDP3-J
Species Symbol Entering Change Leaving
SiHy A Fao -3F A0 Fao(1-X)
NH3 B Fo=0gFA0 —4F p0X Fao(©—4X/3)
Si3N4 C 0 FaoX FaoX/3
Hp D 0 12Fp0X 4F A 0X
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8=yA05=0'5(12_3_4)=2’5

CA0=yAOCTO=o.5(;;;)=o.5 P *IZ 4 =6.18%107°
0 8314474 973K
mol =k
_Cuo(1-X)  6.18%107(1- X)
1+eX 1+2.5X
1.68*10-8(1—4;()
C —
B 1+2.5X
_2.06%10°X
€ 425X
_247x107X
b 425X
CDP3-K
h
CH,(8) + 2 C1,(g) =0> CH,C1,(g,1) + 2HC1(g)
(a) Component Symbol Initial moles Change Ous
Ci2 A 1.0 -X 1-X
CH4 B 0.5 -0.5X 0.5(1-x)
CHE2C12 C +0.5X 0.5X
HC1 D 0 +X X
Total T 1.5 1.5
(g; & =1 + 2 - — = - =
1 2 0o Ya0 1.0
= Va0 5§ =0
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(c) System is gas phase until Pc = 400 mmHg
Q,.3X"

1.5 F760) = 400

. X7 = 1.5789 — Cﬁz C12 does not condense at 1 atm.

dm3

gmole
2
rA = k CA CB

2 1

r=0.2 ( ) g'—-) 3rd order

Cy = -;— Cpo (1-XA)

1 3 3
T, = 2 X CAO (1-XA)
P
{(a) CAO = on xz-
1 L 1 Emol
Cao ™ 1.5 = 0.08206 3333 = 0-02724 N

= - - - Emol
Co = Cpo (1-X,) = 0.02724 (1-0.6) = 0.01090

dn3

_ _ a2 3 3
(e) T X CAO (l-IA)

-r

u

N -;-(0.2)3(0.02724)3 (1-0.6)°

-7 _gmol
A 1.297 x 10 dm3 s

-T
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(f) X = A _E‘
ex? (= 3T
6
A =2 x 1012 dm
s 3molz
0.2=2;—_1012‘x { - E
TP T(8.314)(298.2)! at 25°C
E = 74212 —
gmol

(g) At 100°C = 373.2 °og

100 E 1
- 1
= exp (- = (—2>— _ 1, _
¥as B "373.2 298.20° 4095.8
dm3 2
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