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QUIZ CE105
Chemical Equilibrium Thermodynamics

Lucas Montogue

P> PROBLEMS

> Problem 1 (Smith et al., 2004, w/ permission)

For the cracking reaction,

C,H,, — C,H,  +CH,

8(g) (g) (2)

the equilibrium conversion is negligible at 300 K, but becomes appreciable at
temperatures above 500 K. For a pressure of 1 bar, determine the fractional
conversion of propane at 625 K.

A)£=0.263
B) ¢ = 0.501
C)£=0.780
D) £ = 0.925

> Problem 2 (Smith et al., 2004, w/ permission)

The following reaction reaches equilibrium at 500°C and 1 bar:

4HCl , + 0, —2H,0 , +2Cl,

If the system initially contains 5 mol of HCl for each mole of oxygen, what is
the composition of the system at equilibrium? Assume ideal gases.

Equilibrium
Component .
molar fraction
HCly
029)
Ha0y)
Clyg

> Problem 3 (Smith et al., 2004, w/ permission)

For the ammonia synthesis reaction

1 3

ENz(g) +5H2 —> NH3

() (¢)

with 0.5 mol N, and 1.5 mol H; as the initial amounts of reactants and with the
assumption that the equilibrium mixture is an ideal gas, show that

-12
P :1—(1+2.99K£J
PO

> Problem LI' (Smith et al., 2004, w/ permission)

Calculate the equilibrium constant for the vapor-phase hydration of
ethylene at 200°C. The reaction in question is of course

C,H,,, +H,0,, - C,H,0H,

A) K =3.92x1073

B) K = 0.0308
C)K =0913
D)K =272
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> Problem 5 (Smith et al., 2004, w/ permission)

The following reaction reaches equilibrium at 650°C and atmospheric
pressure.

C,H,CH:CH,, +H, —CH,.C,H,,

If the system initially contains 1.5 mol H, for each mole of styrene, what is
the composition of the system at equilibrium? Assume ideal gases.

Equilibrium

Component .
molar fraction

CeHsCHICHz(g)
H29)
CeHs.Csz(g)

-> Problem 61 (Smith et al., 2004, w/ permission)
For the ammonia reaction,

1 3

ENz(g) +5H2 —> NH3

(g) (g)

the equilibrium conversion to ammonia is large at 300 K, but decreases rapidly with
increasing T. However, reaction rates become appreciable only at higher
temperatures. For a feed mixture of hydrogen in the stoichiometric proportions,
what is the equilibrium mole fraction of each component at 1 bar and 300 K?

Equilibrium
Component .
molar fraction
Nag)
H29)
NHsq)

- Problem 6.2

At what temperature does the equilibrium mole fraction of ammonia equal
0.50 for a pressure of 1 bar?

A)T =209 K
B) T = 305 K
Q)T =402K
D) T = 504 K

- Problem 6.3

At what temperature does the equilibrium mole fraction of ammonia equal
0.50 for a pressure of 100 bar, assuming the equilibrium mixture is an ideal gas?

A)T =603 K
B) T = 709 K
C)T =801K
D) T = 908 K

> Problem 7 (Smith et al., 2004, w/ permission)
Species N>O4 and NO; as gases come to equilibrium by the equation
NZO4(g) - 2N02(g)

For T = 350 Kand P = 5 bar, calculate the mole fractions of each species in
the equilibrium mixture. Assume ideal gases.

Equilibrium
Component .
molar fraction
N2O4q)
NOa)
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> Problem 8 (Smith et al., 2004, w/ permission)
For the methanol synthesis reaction,

CO,,,+2H, , — CH,0H

(g) (g) (2)

the equilibrium conversion to methanol is large at 300 K, but decreases rapidly with
increasing T. However, reaction rates become appreciable at higher temperatures.
For a feed mixture of carbon monoxide and hydrogen in the stoichiometric
proportions, what are the equilibrium mole fractions of each component at 1 bar
and 300 K?

Equilibrium
Component .
molar fraction
COy
Haig)
CH30Hg

> Problem 9 (Smith et al., 2004, w/ permission)

The following reaction reaches equilibrium at 650°C and atmospheric
pressure:

Nz(g) + Csz(g) — 2HCN(g)

If the system initially is an equimolar mixture of nitrogen and acetylene,
what is the composition of the system at equilibrium? Assume ideal gases.

Equilibrium
Component .
molar fraction
Nag)
GHag
HCNg)

> Problem 1 O (Smith et al., 2004, w/ permission)
Carbon black is produced by the decomposition of methane:

CH,,, - C,,+2H,

(2) (g)

For equilibrium at 650°C and 1 bar, what is the gas-phase composition if
pure methane enters the reactor?

Equilibrium
Component .
molar fraction
CHyg
Haig)

> Problem 1 1 (Smith et al., 2004, w/ permission)

Oil refineries frequently have both H,S and SO, to dispose of. The following
reaction suggests a means of getting rid of both at once:

2H,S ,+S0O, , —3S ., +2H,0

(e) (¢) (s) ()

For reactants in the stoichiometric proportion, estimate the gas
composition if the reaction comes to equilibrium at 450°C and 8 bar.

Equilibrium
Component .
molar fraction
HaS)
S0x)
H20y)
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P> ADDITIONAL INFORMATION
Table 1 Standard enthalpies and Gibbs energies of formation at 298.15 K

Compound Formula AH? (J/mol) AG¢ (J/mol)
Acetylene C,H, 227,480 209,970
Ammonia NH; —46,110 —16,400
Carbon monoxide co —110,525 —137,169
Dinitrogen tetroxide N,O, 9160 9160
Ethanol C,HOH —235,100 —168,490
Ethylbenzene CgHyg 29,920 130,890
Ethylene C,H,4 52,510 68,460
Hydrogen chloride HCI —92,307 —95,299
Hydrogen cyanide HCN 135,100 124,700
Hydrogen sulfide H,S —20,630 —33,560
Methane CH, —74,520 —50,460
Methanol CH,0H —200,660 —161,960
Nitrogen dioxide NO, 33,180 51,310
Propane CiHg —104,680 —24,290
Styrene CgHg 147,360 213,900
Sulfur dioxide SO, —296,830 —300,194
Water H,O —241,818 —228,572

With the exception of sulfur and carbon, whose data refer to the solid state, all data

Table 2 Heat capacity coefficients

C
Coefficients for use in the equation Tp =A+BT+CT*+DT"

are for ideal gases.

Chemical Species Formula A B x 10° C x 106 D x 10
Acetylene C,H, 6.132 1.952 - —1.299
Ammonia NH, 3.578 3.020 — —0.186

Carbon (graphite) C 1.771 0.771 — —0.867

Carbon monoxide co 3.376 0.557 — —0.031

Chlorine Cl, 4.442 0.089 - —0.344
Dinitrogen tetroxide N,O, 11.66 2.257 - —2.787
Ethanol C,H;OH 3.518 20.001 —6.002 -
Ethylbenzene CgHip 1.124 55.380 —18.476 -
Ethylene C,H, 1.424 14.394 —4.392 —
Hydrogen H, 3.249 0.422 — 0.083

Hydrogen chloride HCI 3.156 0.623 — 0.151

Hydrogen cyanide HCN 4.736 1.359 — —0.725

Hydrogen sulfide H,S 3.931 1.490 - —0.232
Methane CH, 1.702 9.081 —2.164 -
Methanol CH,0H 2.211 12.216 —3.450 —
Nitrogen N, 3.280 0.593 — 0.040

Nitrogen dioxide NO, 4,982 1.195 — —0.792

Oxygen 0, 3.639 0.506 — —0.227
Propane C;Hg 1.213 28.785 —8.824 —
Styrene CgHg 2.05 50.192 —16.662 -

Sulfur (rhombic) Sg 4.114 —1.728 — —0.783

Sulfur dioxide SO, 5.699 0.801 — —1.015
Water H,O 3.470 1.450 — 0.121
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P> SOLUTIONS
P.1=) Solution

Refer to the following table.

CsHgyg) - GHyg CHyg
ng (mol) 1 0 0
n (mol) 1-¢ £ £

The fractional conversion of propane is

— I-(1-¢
Fractional conversion of C,H, = D" (1 ) =
1y

The mole fractions of each component are written as

_ nC3H8 _ l1-¢

Yo, =
: ;  l+e
y — nC2H4 —_ g
C,H, — =
N
Vo = ey, ¢
CH, —  _  — 1
Y oon, l+e

The equilibrium constant is then

(i)
K:yC2H4yCH4 _\+e l+e¢

Yy, (l_gj
1+¢

o g’ X(1+8)
”K_(1+g)2 (1—6‘

2
&

LK== (1)

Heats of formation at 298 K, taken from Table 1, are listed below.

Compound AHZ (J/mol)
GsHsg —104,680
CH4 —-74,520
CGHg 52,510

The reaction change in enthalpy is found as
AH, = AH (products ) — AH  (reactants)
S AHS, = AH{(C,H,)+AH; (CH,)-AH (C,Hj)
S AH 3, =52,510—74,520—(—104,680) = 82,700 J/mol

Gibbs free energies of formation, also taken from Table 1, are listed below.

Compound AG# (J/mol)
GsHsg —24,290
CH4 —-50,460
CGHy 68,460

Taking values from Table 1, the variation in free energy for the reaction is
AGsy = AGY (products ) — AG} (reactants)
. AGjy = AG} (C,H, ) +AG (CH, ) - AG) (C,Hy)
5 AG, = 68,460 —50,460 — (—24, 290) =42,300 J/mol

Coefficients for heat capacities in the ideal-gas state, taken from Table 2,
are listed below.
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Compound A B x 10° C x 10° D x 107
CaHg 1.213 28.785 —-8.824 0
CoHy 1424 14.394 —-4.392 0
CHa4 1.702 9.081 —-2.164 0

Parameters AA, AB, and AC are determined next,
A=Ay +Acyy — Acyy =1.702+1.424-1.213
- A4=1913
AB =B, +B., —B., =(9.081+14.394-28.785)x10"

S AB=-531x10"

AC=Cgy +Cppy —Cepy =[-2.164-4.392—(-8.824) |x10°°
S AC=2268x10"°

AD =0

Equipped with these quantities, we can evaluate the enthalpy integral
25
AH 298-3625K _[298 CP,298dT
625
5 AH g s =R (AA +ABT +ACT? +M)dT
625 5 P
RN ; A RL% (1.913-531x1077 +2.268x10°T*)dT

AH 5 625 =8.314x(~11.2)=-93.1 J/mol

In turn, the entropy integral is evaluated as

6s( C'®
AS)05 625 = 208 ( pT,298 Jd
dT

©ASygy s =R[ (Ad-+ABT +ACT” + M)7

AS298—>625 = RI

298

625(%—5.3&103 +2.268><106Tde

ASue s =8.314x0.0228 = 0.190 J/mol-K

We now have enough information to compute the Gibbs free energy at 625
K, namely

AG =AH —-TAS
S AG =AH g+ AH o0 55 — T(AS298 + AS298—>625)

S AG =AH o = TAS )00 + AH y5 05 = TAS 05 105

— AG298

AH
S AG =AH - T( 2 J +AH 5 605 — TASzoxaszs

T

93.1-625%x0.190 =-2270 J/mol

- AG =82,670~ 625(82’ 700~ 42,300} _

The equilibrium constant K is determined next,
AG=—RTIhK > K= exp(—AG/RT)
o K =exp[—(-2270)/(8.314x625) | =1.55

We can now substitute K in equation (l) and solve for &,
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2 2
S 155=—
l-¢ l-¢

K=

. 1.55-1.556* =&

The fractional conversion of propane is 0.78.

¢ The correct answer is C.

P.2 =) Solution

To determine the mole fraction of each species, consider the following

table.
Species Initial moles (n; ) | Stoichiometric c-fft (v)) Nyp + Vi€
HCl 5 —4 5-4¢
0> 1 -1 1-¢
H,O 0 2 2¢
Cl 0 2 2¢

The total number of moles initially present in the system is ¥n;, = 6, and
the reaction stoichiometric number v = —1. The mole fractions are of course
expressed as

o, tVE
Yi=—————
n,+ve

Applying this relation to each component of the reaction, we get

5-4¢

Yual = 6—
_l-¢

Yo, 6—c
2&

Ym0 6—¢
B 2¢
Yai, 6—¢

To determine the composition of the system at equilibrium, we need the
equilibrium constant K. This in turn requires the reaction change in Gibbs free
energy AG at the reaction temperature of 773 K, which is given by

773 ACﬁd_T M
R T

RT. RI RT. T

298 298
773 773 773 R

AG,,, :(AG;)S — AHj,, ]+ Ay, 1 [ AC)

The heats of formation at 298 K, taken from Table 1, are listed below.

Compound AHZ (J/mol)
HClg) —-93,207
Oy 0
H>Oy —241,818
Clyg) 0

The reaction AH® is, accordingly,
AHS, =| mSAH' (products) |~ nZAH ) (reactants) |
S AHj, =2x(-241,818)+2x0—-4x(-92,307)-1x0
- AH3,, = —114,000 J/mol

The standard free energies of formation at 298 K, also taken from Table 1,
are listed below.

Compound AG# (J/mol)
HClg) —95,299
Oy 0
H>Oy) —228,572
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| Cly | 0 |

The reaction AGjeg follows as
AGyy, = [m LAGY (products)] - [n ZAGY (reactants)}
5 AG =2AGT o +2AGT o —4AGT L —1AGT
5 AGyyy =2x(-228,572)+2x0—4x(-95,299)-1x0
5 AGH =—=75,900 J/mol

The heat capacity coefficients for the four compounds in question, taken
from Table 2, are listed below.

Compound A B x 103 C x 10° D x 10°
HClg) 3.156 0.623 0 0.151
O 3.639 0.506 0 —-0.227
H>Ogq 3.470 1.45 0 0.121
Clyg) 4.442 0.089 0 —-0.344

Then, we compute the coefficient variations AA, AB, and AD, namely,
A=Y (v,4)=[(2x3.47)+(2x4.442) |- [ (4x3.156) +(1x3.639) |

- A4 =-0.439

AB =" (v,B,)={[2x(1.45)+2x(0.089) ][ 4x(0.623)+1x(0.506) ]} x 10~
S AB=8x10"

AC=%(vC,)=0
AD =" (vD,) ={[ 2x(0.121) + 2 (0.344) | [ 4x(0.151) +1x(=0.227) |} x10°
- AD =-82,300

Instead of evaluating the integrals directly as was done in Problem 1, we
will employ the formulas devised in the textbook by Smith et al. These expressions
require the temperature ratiot = 773/298 = 2.59. The first formula is

. 2( 2
J-773ACP dTZ[AATO(T—l)+AB% (2T 1)4_%%3(2_3_1)_’_&(7__1)}

298 R T

0

3 AC® 8x107°)x 2982 x(2.59% —1 - _
[ ”dT:[—O.439><298><(2.59—1)+( <107) 298" { ) 04! 82’300)(2'59 lﬂ
¥ R 2 298 2.59

7 AC
j L dT =357
298 R

The second formula is

ACS
["edl  adine+| aBT,+| acry + 22 [ 22 |(z-)
28 R T T 2

0

ACE -
. Pd_T=—o.439x1n(2.59)+{(8x105)x298{0+ ( 822’300)2}{2'59”]}(2.59—1)
w R T 2597 %298 2

AC®
- f mAC, dT ) 594
298 R T

Returning to equation (I) and recalling that In K = —AG/RT, we have

AG=—RTIhK ->-InK :E
RT

K = AG,os —AH 5, N AH?,, N 1 I773 AC) dT—j-m AC) dr
RT, RT. T J28 PR 2 R T

773 773
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k- —75,900—(—114,000)}(—114,000)+ 1 < (=357)~(0.774)
8.314x298 8.314x773 773
S—InK =-2.05
LK=" =771

At this point, we write the equilibrium constant in terms of molar fractions,
2 2 -v
Yu,0 X Val, ( P j
— 4 |5 K
Yo, X Yuci K

The standard pressure P, is 1 bar and, from the problem statement, the
system pressure is 2 bar. Substituting these data, along with the expressions for the
molar fractions obtained at the outset, we have

()& e
Bl

6—¢ 6—¢
(25]2 (25)2
X
\b—¢ 6-¢ 4:155
(1—8) (5—48)
X
6—¢ 6—¢

When expanded, the equation above is a fifth-degree polynomial in €. One
way to solve it is by dint of Mathematica's Solve function,

2e \* 2¢
—) *
(6—8) (6—5)4 —=155,¢
(1—5)*(5—43)
6—c¢ 6—¢
This returns four imaginary solutions and € = 0.798, which is a viable result.
Lastly, we can determine the equilibrium composition of the exit gases,

2

Solve

5-4s  5-4x0.798

_ - —0.348
e T T 6-0.798
y loe 10798
" 6-¢ 6-0.798
2 _2x0798 .

Y0 = e T 6-0.798
Yo, = Vo = 0.307

Note that £y; = 1, as it should be. The results are summarized below.

Equilibrium
Component .
molar fraction
HCly 0.348
Oay) 0.0388
H>O 0.307
Clyg) 0.307
P.3 =) Solution
The initial number of moles and the stoichiometric coefficients are listed
below.
Species (/) Initial No. of Stoichiometric N v ve
moles (n;,) c-efft (v;) Lo T
N> 0.5 —-0.5 0.5(1 - ¢
H> 15 -15 1.5(1 -¢)
NH; 0 1 £
Total 2.0 -1 2-¢

The molar fractions of each component are expressed in terms of the
reaction coordinate € as follows,
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~0.5-0.5¢

YN, = 7.
_1.5-1.5¢
Y, ¢
_ &
Yw, 2.

Equipped with these expressions, we state the equilibrium constant to be

&
v ~-1)
, ) ,
?)}gwﬁs =K|—| — 20.5 £ 15 :K(_}
Y, Vi, R (0.5—0.55) [1.5—1.55) R,

2—-¢ 2—-¢

)

. x| £
0% (1-¢)” 1.5 (1-¢)” _K(Poj
(2_8)0.5 (2_8)15

(2-¢)

. e(2-¢)

-.qum[g

_ 2
it —1.2991([5]

(1-e)

Here, we multiply both sides by —1,

2
L2 g9k £
(1-¢) h

Then, we add and subtract 1 in the numerator of the right-hand side,

2 —_ —_
(g 26+1) : = —1.299K{£]

(1 —6‘)2 0
2
(8_1—)2_1 = —1299K (ﬁj
(1 —8) 0
Manipulating the left-hand side,
sl ! >=-1.299K (ﬁj
(1 —-& 0

! >=1+1.299K (5]
(1—6‘) 0

Modifying the exponents on each side,

(1-¢) = {1 +1.299K %Hl
cl-g= {1 +1.299K [%H;

At equilibrium, € = ¢, and

10
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2
l-¢,=1+1.299K L
i
L
2
nle, =1-|1+1.299K £
{ [POH

The relationship has been demonstrated.

P.4 =) Solution

To compute the equilibrium constant, we first require the change in Gibbs
free energy, AG. The heats of formation at 298 K of the three compounds in

question, taken from Table 1, are listed below.

Compound AHZ (J/mol)
CGHy 52,510
H.O —241,818

CHsOH —235,100

The heat of reaction at 298 K is then

AH 3, =—-235,100— 52,510—(—241,818) =—45,800 J/mol

The Gibbs free energies of formation of the three compounds, also taken
from Table 1, are listed below.

Compound AGf (J/mol)
CGHg 68,460
H.O —228,572

CHsOH —168,490

The change in free energy at 298 Kis then

AG,,, =—168,490 - 68,460 —(—228, 572) =-8380 J/mol

The heat capacity coefficients, taken from Table 2, are listed below.

Compound A B x 103 C x 10° D x 10°
CGHq 1.424 14.394 —-4.392 -
H.O 3.470 1.450 - 0.121

GHsOH 3.518 20.001 —6.002 -

Gleaning coefficients from the table above, we can calculate the A’s.

A4 =3.518-3.470-1.424=-1.376

AB =(20.001-1.450—14.394)x10~ =4.16x10~
AC =[-6.002-0—(—4.392) |x10™° =-1.61x10

AD =(0-0.121-0)x10° =-1.21x10"

The temperature ratio is 7 = (200 + 273)/298 = 1.59. We proceed to

evaluate the integrals
AD( 7-1
+ _
I,\ 7

%298 x(1.59” —1)+(...)

jTAS deAAIB(r—l)+%TO2(r2 —1)+A3—C7;3(r3 -1)

Ty

4.16x107

r AC?
o LT =—1.376x298x(1.59-1)+

Ty

( )+—(_1'61X106)x2983 x(1.59° —1)+(0'121“05)(1‘59_1):—17 6
3 ' 298 1.59 '

and

T, R 2m2 2

ACS
[[ S22l Aine+| ABT, +| ACT + 52 (T—”j (r-1)
T T}

11

© 2020 Montogue Quiz



ACS
L[ d?T =1.376x1n(1.59)+(...)

g,

4
(...)+{(4.16x10‘3)x298+{(—1.61><10‘6)x2982 - 115521:;282 }(1'52+1j}x(1.59—1)

AC?
jT p 4T _ 0571
n R T

Substituting these and other data into the equation for In K, we get

-InK =

AG;os_AH;%_i_AH;% lJ'TAC; IT — TAC?E
RT, RT T°% R n R T

i g - Z5380=(45.800) | (45.800) 1 x(~17.6)—(~0.0571) = 3.48
8314x298  8.314x473 473

Lastly,
K = exp(—3.48) =10.0308
The equilibrium constant for this reaction at 200°C has been determined.

¢ The correct answer is B.
P.5 =) Solution

The number of moles initially present in the systemis 1 + 1.5 =2.5. The
stoichiometric coefficients of styrene, hydrogen, and ethylbenzene are —1, —1, and
1, respectively, and the stoichiometric coefficient of the reactionisv=—-1-1+1=
—1. The number of moles of gas at equilibriumisn =ny +ve=25-1x¢e=25-
€. The mole fractions of styrene, hydrogen, and ethylbenzene at equilibrium follow
as

(nsty)0+vsty8 Clee
n " 25-¢

Yencrn=ci, =

(nHz )0 TV, € B 1.5-¢

Yu, =

n 25-¢
_ (nebz )0 + vebzg _ &
Ve e CoHy = " 95 ¢

We can then write an expression for the equilibrium constant K,

&
K= Y1, .c,H; _ (2.5—8) _ 8(2.5—8) M
yC(,HSCH:CHZyHZ ( l-¢ j(l-s_gj (1—8)(1.5—8)
25-¢)\2.5-¢

To determine the composition of the system at equilibrium, we need the
equilibrium constant K. This in turn requires the reaction change in Gibbs free
energy AG. The heats of formation at 298 K, taken from Table 1, are listed below.

Compound AHZ (J/mol)
Styrene 147,360
Hydrogen 0
Ethylbenzene 29,920

The reaction AHS4g is, accordingly,
AH 3, =29,920-0-147,360 =-117,400 kJ/mol

The standard free energies of formation at 298 K, also taken from Table 1,
are listed below.

Compound AGf (J/mol)
Styrene 213,900
Hydrogen 0
Ethylbenzene 130,890

12
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The reaction AGjeg follows as
AGy,, =130,890—-0-213,900 = —-83,000 J/mol

The heat capacity coefficients for the three compounds in question, taken
from Table 2, are listed below.

Compound A B x 103 C x 10° D x 10°
Styrene 2.05 50.192 —-16.662 -
Hydrogen 3.249 0.422 - 0.083

Ethylbenzene 1.124 55.380 —18.476 -

Then, we compute the coefficient variations A4, AB, AC and AD, namely
AAd=2(v,4)=1.0x1.124—(1.0x2.05+1.0x3.249)
. Ad=-4.18
AB=%(v,B,)=[(1.0x5538)—(1.0x50.192+1.0x0.422) | x10™
S AB=4.77x10"
AC=3(vC,)=[1.0x(~18.476)~1.0x(~16.662) <10~
S AC=-1.81x10"°
AD =3%(v,D,)=—0.083x10

The temperature ratio is T = 923/298 = 3.10. Having established the A
coefficients, we can evaluate the heat capacity integrals

AC? _
[ PdT=AAT0(r—1)+§T;(12—1)+£T5(r3—1)+£(7—1]
25 R 2 3 L\ r
AC? 3
[ ar = —4.18%298x (3.10-1)+ 20008 (3.7 21) ()
298 R 2
~1.81x10°° ~0.083x10° _
(...)+ux2983x(3.103—1)+( - )(3'10 1)=_1270
3 298 3.10
and
ITAczd_T:AAlnT{ABTOJrACT(f+%(T_“H(T—1)
n R T o102
A (4.77x107)x 298 +(~1.81x10°)x 298" +(...)
rAC) dT
.-,J-TO RP7:—4.18X11’13.10+ (_0083X105)X(310+1j X(310—1)=—212
73,107 x 298 2

We now have all the information needed to compute In K,

—InK = AG o5 — AH 4 _l_AHz%+ 1 J‘mACp dT—ngAde—T
RT, RTyp; T ™™ R »RT

K- {—83,000—(—117.400)}+ (-117,400) 1 < (-1270)—(-2.12)

8.314x298 8.314x923 923
~InK =0.67
S K =1.95

Substituting K into equation (l) yields
e(2.5-¢)
(1—¢)(15-¢2)

This is a quadratic equation in ¢; solving it with a CAS such as Mathematica
yields € = 0.494. We can now determine the mole fraction composition of each
component at equilibrium,

=1.95

1-0.494

ey, == 0.252
Yequen-en =5 570,494
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1.5-0.494

= T 0501
Y = 550494

0.494

o = 0246
Yearcrcn. =5 570,494

The results are summarized below.

Equilibrium
Component .
molar fraction
CeHsCH:CHy) 0.252
Hag) 0.501
C6H5.C2H5(g) 0.246

P.6 =) Solution

Part 1: The reaction in question is of course

N, +3H,  —2NH,

(g) (g) (g)

The only compound with a nonzero heat of formation is ammonia, for which
AH/? =—46,110 J/mol. Accordingly,

AHS, =2AH® (NH, )~ AH® (N, )~3AH® (H,)
o AHS = 2%(~46,110)—0—3x0 = =92,200 J/mol

Since the reaction we are concerned with is

1 3

ENz(g) +5H2 —> I\IH3

() (g)

it follows that AHS9g = —92,200/2 = —46,100 J/mol. The reaction change in Gibbs
free energy, given AGp values taken from Table 1, is

AGjys =2x(-16,400)—0-3x0=-32,800 J/mol

For the conditions in question, AGSyg = —32,800/2 = —16,400 J/mol. The
reaction is taking place at 300 K, not 298 K, and hence AG will be slightly different
from the foregoing result. The correct AG can be found from the equation

A(;300 — AG;% +AH0 ( 1 L]
298

];00 ]—'298

]—;00 7—'2’9‘8

- A0 _—16.400 —46,100x(L_L]
300 298 300 298

5. AGy, =—16,200 J/mol

Equipped with this result, we can determine the equilibrium constant K,
AG=—-RTInK —-16,200=-8.314x300In K
S K =662

Normally, we'd apply this result in the law of mass action and solve the
ensuing equation — usually an intricate polynomial — for the extent of reaction «.
However, in Problem 3 we derived a relation between K and ¢, for the ammonia
synthesis reaction,

P -1/2
g, =1—(1+1.299K—]

0

Let us make use of this expression. Substituting the pertinent variables
brings to

1.0Y"
€ =1—(1+1.299x662xﬁj —0.966

The mole fraction of each component follows as

. 0.5-0.5¢  0.5-0.5x0.966

_ —0.0164
M T, 2-0.966
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_15-1.55  1.5-1.5x0.966

=0.0493
Ve, 2-¢ 2-0.966
& 0.966
= = =0.934
N S e T 220,966
The results are summarized below.
Conpone eq.IIllbI'IUI.‘n

molar fraction

N2(g) 0.0164

Hag) 0.0493

NH3g) 0.934

Part 2: et the mole fraction of ammonia be 0.50. Solving for the extent of
reaction €, we obtain

&

&
=——05=
Y 2—-¢& 2—-¢

-.£=0.667

Substituting in the &-K relation for ammonia synthesis, we get
1.0 -05
0.66721—(1+1.299K><ﬁj —>K=6.17
The temperature at which K = 6.17 can be obtained with the relation
K, AH (1 1 6.17 (—46,100)( 1 1
Inf —|=—|———|—>In =-— —_———
K, RI\T T, 662 8314 \T 300

¢ The correct answer is B.

Part 3: As established in the previous part, the extent of reaction for a 0.50
mole fraction of ammoniais € = 0.667. Substituting in the &-K relation and solving
for K, we get

100 0.5
0.667=1- 1+1.299><K><T — K =0.0617

The temperature that corresponds to this equilibrium constant is found as

K, AH (1 1 0.0617 (—46,100)(1 1
Infl —|=——| =——|—> =— —_———
K, R\T T, 662 8314 \T 300

~|T =603 K

¢ The correct answer is A.
P.7 =) Solution
The molar fractions of each component are

l1-¢

w0, 1+¢

2&

Mo =Tig

The heat of reaction at 298 K, given the AHE values from Table 1, is
AH 3, =2x33,180-9160=57,200 J/mol

Likewise, AG,qg is given by
AGy =2x51,310-97,540 = 5080 J/mol

The heat-capacity equation parameters, taken from Table 2, are listed
below.
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Compound A B x 10° C x 10° D x 10°°
N>O, 11.66 2.257 - —2.787
NO, 4982 1.195 - —-0.792

The A terms are calculated next,

A4 =2x4.982-11.66=—1.70
AB =(2x1.195-2.257)x107 =1.33x10™"
AC=0

AD =[2x(-0.792)—(-2.787) |x10° =1.20x10’

The temperature ratio is 7 = 350/298 = 1.17. We proceed to evaluate the

integrals
AC® _
jT ”deAATO(r—l)+§T02(r2—1)+£T03(r3—1)+£T—l
L R 2 3 T, T
AC? -4 5 _
IT pdT=—1.70><298x(1.17—1)+wx2982x(1.172—1)+O+1'20X10 x(1'17 1]
n R 298 1.17
r AC®
o —rdr=-254
n R
and
AC® ]
[ 29T _ iz +| ABT,+| acr? + A2 |[ 221 (o -1
L R T T3 2
AC® s
[ e Al 70xn(117) 4| (133x107 )x 298+ | 0+ 200\ [ LATHLY 471y
n R T 1.17% x 298 2
AC®
o 2T _ 0781
n R T
so that
_an:AG§98_AH2098+AH§98 +lI3OOAC; dT — 3OOAC;d_T
RT, RT T R 2 R T

K_5080—57,200+ 57,200 N 1
8.314x298  8.314x350 350

K=e%=393

From the law of mass action,

x(~25.4)—(~0.0781) = ~1.37

( —(39()11 5 (5} *
.-.%{f%gjlm

Solving the equation above yields € = 0.405. Accordingly, the equilibrium
mole fractions of N2O4 and NO; are, respectively,

1-¢ 1-0.405
= = =0.423
Mo T T 150405
2x0.405
=———=0.577
vo. =17 0.405
Component Equilibriur.'n
molar fraction
N>O4() 0.423
NOzg) 0.577
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P.8 =) Solution

The molar fractions of each component are

_1—8
Yeo. T30,
_2—23
Vi =3 0,
&

Yeron = E

The heat of reaction at 298 K, given the AHE values from Table 1, is
AH 3, =—-200,660 — (—1 10, 525) =-90,100 J/mol

Likewise, AG,qg is given by

AGy, = —161,960—(—137,169) =-24,800 J/mol

The heat-capacity equation coefficients, taken from Table 2, are listed

below.
Compound A B x 103 C x 10° D x 10°
CHs0OH 2211 12.216 —3.450 0
Cco 3.376 0.557 0 —0.031
H, 3.249 0.422 0 0.083
The A terms are calculated next,
AA=1x2211+ (—1)><3.376 + (—2)>< 3.249=-7.66
AB =[1x12.216 +(~1)x0.557 +(~2)x 0.422|x 10~ = 0.0108
AC=-3.45x10"
AD =[1x0+(=1)x(=0.031)+(-2)x0.083 |x10° =—1.35x10*
The temperature ratio is T = 300/298 = 1.01. We proceed to evaluate the
integrals
AC? _
jT L dT = AAT, (1—1)+£T(3(r2 —1)+£7;3 (< —1)+£(T—1)
I R 2 3 I, \ 7
AC?
IT LdT = —7.66><298><(1.01—1)+ 0.0108 x 298 ><(1.012 —1)—(...)
Ty
3.45x10°° 1.35%10* _
(...)—gxz%&(l.oﬁ—l)—( )x(LOl 1j=_14.6
3 298 1.01
and

0

AC®
[[ = 9T _ ainz+| ABT, +| ACT? + 22 (T—”j (r-1)
L R T T, 2

AC®
B dT—T = —7.66In1.01+(...)

n R

4

(...)+{0.0108x298+[(—3.45x10—6)x 298 - 116?25 X;ggz }(LO;I]}X(LM—U =—0.0486
. X

so that
“InK = AGys — AH 4 n AH +l‘[300 ACI(; dT—rOO AC; d_T
RT, RT T2 R % R T
—24,800—(-90,100 -90,100
S—-InK = ’ ( )+ ( ) + ! X(—14.6)—(—0.0486)=—9.75
8.314x298 8.314x300 300

K =¢"" =17,100
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From the law of mass action,

2 2
M:(ﬁj K =1.0x17,100
4(1-¢) \ R

Solving the equation above yields € = 0.975. Accordingly, the equilibrium
mole fractions of each component are listed below.

1-0.975
=——=0.0238

Yo T 37950.975
Yy =M=0_0476

> 3-2x0.975
0.975 0.929

Yemon =35 0.975

The results are summarized in the following table.

Equilibrium
Component .
molar fraction
COyq) 0.0238
Hag 0.0476
CHsOHy, 0.929
P.9 =) Solution
The molar fractions of each component are
l-¢
YN, = T
l-¢
Yo, = >
2¢

Yhen =57 &
The heat of reaction at 298 K, given the AHE values from Table 1, is
AH 3, =2x135,100-1x0—-1x227,480 = 42,700 J/mol
Similarly, AG2eg is given by
AGyy, =2x124,700—-1x0-1x209,970 = 39,400 J/mol

The heat-capacity equation parameters, taken from Table 2, are listed

below.
Compound A B x 103 C x 10° D x 10°
N> 3.280 0.593 - 0.040
GH» 6.132 1.952 - —-1.299
HCN 4.736 1.359 - —-0.725

The A terms are calculated next,

A4 =2x4.736-1x3.280-1x6.132=0.06
AB =(2x1.359-1x0.593-1x1.952)x10™* =1.73x10™*
AC=0
AD =[2x(—0.725)-1x0.04—1x(-1.299) |10’ = ~1.91x10"

The temperature ratio is 7 = 923/298 = 3.10. We proceed to evaluate the
integrals

rAC AB AC AD (-1
LO R”dT:AATO(r—l)+7T02(12—1)+TT03(73—1)+TO(TJ
ACO —4 4 _
o [T ar = 0.06%298x (3.10-1)+ 22510 9082 (3,102 -1) + 0 - L2110 {3'10 1)
5 R 2 298\ 3.10
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Ty

r AC°
j 2 dT =60.3
R

and

ACS
[ e T \ine +| ABT, +| acT? + 22 (T—”j (r-1)
n R T 217 )\ 2

AC® ‘
[ Cpd—T:0.06><1n(3.10)+{(1.73x104)x298+{0— L91x10 z}x(3'10+1j}x(3.10—1)
nR T 3.10° 298 2

AC°
jT v 4T _0.0798
n R T
so that

_an:AG;98_AH§98+AH§98 +lj'300AC; dT_rOOAC;ﬂ

RT, RT T R 2 R T
.'.—an=39’400_42’700+ 42,700 n I x60.3—0.0798 = 4.22

8.314x298 8.314x923 923

K =e*?=0.0147

From the law of mass action,

2¢ Y
— | =K=0.0147
1-¢

Solving the equation above yields € = 0.0572. Accordingly, the equilibrium
mole fractions of nitrogen, acetylene, and hydrogen cyanide are, respectively,

1-& 1-0.0572

= =0.471

Yeu, =V, = 0471
Yoy =€ =0.0572

The results are summarized in the following table.

Equilibrium
Component .
molar fraction
Naig) 0471
GHag) 0471
HCNg) 0.0572

P.10 = Solution

The carbon exists pure as an individual phase, for which the activity is unity.
Thus, we leave it out of consideration. The mole fractions of the other two

components are

_1—8
Yer, 1+¢
2
i, 1+¢

The heat of reaction at 298 K, given the AHg values from Table 1, is

AH3 =1x0+ 2><0—(—74,520) =74,500 J/mol

Similarly, AG,qg is given by
AG =1x0+2x0— (—50, 460) =50,500 J/mol

The heat-capacity equation parameters, taken from Table 2, are listed

below.
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Compound A B x 103 C x 10° D x 10°
CH4 1.702 9.081 —-2.164 -
Cy) 1.771 0.771 - —-0.867
H> 3.249 0.422 - 0.083

The A terms are calculated next,
AA=2%x3249+1x1.771-1.702 =6.57

AB =(2x0.422+1x0.771-1x9.081)x107 = -7.47x10™
AC =[2x0+1x0-1x(-2.164)|x10° =2.16x10"°

AD =[2x0.083+1x(-0.867)—1x0 |x10° =—7.01x10*

The temperature ratio is 7 = 923/298 = 3.10. We proceed to evaluate the
integrals

ACO —
j: T = AT, (r—l)+%7}f(r2 —1)+%7;3 ( —1)+%(T71j

ACS -
- 2 a7 =6.57x298x(3.10-1) -0 08 (3,107 1) ()

L R

-6
() + 2200 0087 (3.10°-1) -

7.01x10* X(3.10—1j
298 3.10

7 AC®
j 2 AT =1645

L R

and

ACS
[l ainc+| BT, +| ACT? + 52 (T—Hj (r-1)
nR T )\ 2

0

A 0
“, If” % =6.57x1In(3.10)+(...)

4
(...)+{(—7.47x103)x298J{(2.16x106)><2982 - 32’821:;(;82}(3'12*1}}43.10—1)

AC?
: jT p 4T _ 553
n R T

so that

-InK

_ AG;% _AH§98 n AH;% 1 (300 AC; dT — roo AC; d_T

RT, RT T3 R 2w R T
50,500—74,500 74,500 1
K= +

+
8.314x298 8.314x923 923

x1645-3.23=-1.43

K=e%=418

From the law of mass action,

()

(1+&)(1-¢) A
.-.%:1%18:4.18

Solving the equation above yields € = 0.715. Accordingly, the equilibrium
mole fractions of methane and hydrogen are, respectively,

_1-¢ _1-0.715

— - =0.166
Yo T e T 170715

_2x0.715

= =0.834
1+0.715

Vi,
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The results are summarized in the following table.

Equilibrium
Component .
molar fraction
CHag) 0.166
Hag 0.834

P.11 =) Solution

The sulfur exists pure as a solid phase, for which the activity is f/f,. Since f

and f, are for practical purposes the same, the activity is unity, and it is omitted
from the equilibrium equation. The molar fractions of each component are

_2-2¢
Vess 3-¢
_1—6‘
Yso, 3_¢
_ 2¢
Yo 3-¢

The heat of reaction at 298 K, given the AHg values from Table 1, is

AH 3, =2x (—241,818)— 2x (—20, 630) —(—296,830) =-146,000 J/mol

Likewise, AGyg is given by

AGSy, = 2x(-228,572) - 2x(-33,560) - (~300,194)

—-89,800 J/mol

The heat-capacity equation parameters, taken from Table 2, are listed

below.
Compound A B x 103 C x 10° D x 10°
H>S 3.931 1.490 - —-0.232
SO, 5.699 0.801 - —-1.015
Se) 4114 —1.728 - —-0.783
H.O 3.470 1.450 - 0.121

The A terms are calculated next,

AA=2x3.470+3x4.114-2x3.931-1x5.699 =5.72
AB =[2x1.490+3x(~1.728)-2x1.450—1x 0.801]x 10~ =—5.99x10~

AC=0

AD =[2x0.121+3x(—0.783) - 2x(-0.232) = 1x(~1.015) |x10° = —6.28 x10°

The temperature ratiois 7 = 723/298 = 2.43. We proceed to evaluate the

integrals
AC? )
J-T pdT:AA]I)(T_l)'i_&TOz(TZ—1)+£7;)3(T3_1)+£(T ])
L R 5 3 TO -
AC? 73 4
o[ Eorar = 5725208 (243 -1) - 222210 9082 (2,43 —1) 0~ 22210
o 298
r AC?
~ [ =rar =1010
h R
and
AC? _
J-T Pd—T:AAlnz'+ ABT(')+ ACTO2+ %DZ T+1 ('[—])
n R T —771) — |
AC? )
J‘T p£:5.72xln(2.43)+ (_5-99><10_3)><298+ 0— 6.2§§x10 |«
v 2.437x298
AC?
. J.T pd_T:223
L R T
so that
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AG;%_AH;% +AH;98 +l'|'300 AC; dT—J.wO AC;d_T
RT RT T72% R 298 R T

0

~ —89,800—(—146,000) 146,000 N 1
- 8.314x298 8.314x723 723

-InK =

~.—In x1010-2.23 =-2.44

K=*"=115
From the law of mass action,

(2¢) (3-2) :(ﬁjlj{:(§jxll.5=92

(2-2¢) (1-¢) \R

Solving the equation above yields € = 0.759. Accordingly, the equilibrium
mole fractions of H,S, SO,, and H,O are, respectively,

_2-2&  2-2x0.759

= =0.215
Y = 3T T 320,759
1-¢ 1-0.759
= = =0.108
5o, T3, 7320759
2%x0.759
=—=0.677
Ym0 = 370,759
The results are summarized below.
QT Equilibriur.'n
molar fraction
H>Sg) 0.215
SOy 0.108
H>Oq 0.677
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Got any questions related to this quiz? We can help!
Send a message to contact@montogue.com and we'll

answer your question as soon as possible.
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