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4.

10.

The equation
HCN (ag) = H* (ag) + CN™ (aq) K=7?
issimply the sum of the two equations given.
HCN (aq) + OH (ag) = CN™ (ag) + H,O () K;=4.9x 10
H,0 (I) = H* (ag) + OH (aq) K,=1.0x10 %

Therefore, the equilibrium constant for the equation is the product of K; and K,. K =K;K, =
(4.9x 10%(1.0x 10 =49x 10 %,

In a homogeneous equilibrium, all the of the reactants and products are in the same phase. Ina
heterogeneous equilibrium, two or more different phases (solid, liquid, gas or solute) are
present. Therefore, aand ¢ are homogeneous equilibriaand b and d are heterogeneous
equilibria

The magnitude of the equilibrium constant usually tells us whether products or reactant
predominate in the equilibrium mixture or whether they are present in roughly equal
concentrations. If K isvery large (K >> 1), products predominate. However, if K isvery
small (K << 1), reactants predominate. If K =1, there will be comparable concentrations of
reactants and products. Care must be taken in using this rule of thumb where coefficients of
reactants and products are very different.

The reaction quotient, Q, is an expression which has aform identical to the equilibrium
constant, but whose concentrations are not limited to equilibrium concentrations. It isuseful in
determining whether areaction is at equilibrium (Q = K), and if not the direction the reaction
needs to go to reach equilibrium.

The equilibrium composition of a reaction can be altered by changing concentrations or partial
pressures of reactants and/or products, changing the volume of the vessel (only if there are
different numbers of moles of gaseous reactants and products), changing the temperature of the
mixture.

The platinum is acting as a catalyst, a substance that increases the rate of a reaction without
being consumed in the reaction. At room temperature, the rate of the reaction between H, and
0O, isvery small, because the activation energy islarge. The platinum provides a suitable
surface on which the reaction can occur at a greater rate, via a different mechanism with a
smaller activation energy. The reaction could also be sped by igniting the mixture with a spark,
thereby providing the required activation energy. The catalyst does not influence the equilibrium
composition of the reaction mixture, only the rate at which equilibrium is established.
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13. xmolH.'Qz—=—xmolNH3

15. CO(g) + 2H,(g) = CH3O0H (g) Starting with 2 mol CO and 2 mol H,, the maximum yield of
CH3OH would be 1 mol. Since the reaction is at equilibrium, there must be some H,
remaining. Therefore, less than 1 mol of CH;OH is produced.

4

16.  Thereaction may be written as. 4 H, (g) + Fe;0, (S) = 3 Fe () + 4 H,0 (g) Pao
where an equilibrium exists between all four substances. =
The reaction quotient for the reaction is given to the right: PE,

When water vapor is passed over the hot iron, Q, exceeds K ;, and the reverse reaction
predominates. When hydrogen gasis passed over the hot magnetic iron oxide, Q, is smaller
than K, and the forward reaction must predominate.

24.  Since equimolar amounts of NO and NO, are produced in the reaction, 0.90 mol of NO is aso
formed. The formation of 0.90 mol of NO and NO, requires that 0.90 mol of N,O react, so
the number of moles of N,O5 remaining is 3.00 - 0.90 = 2.10 mol N,Os.

26.
2NO(g) + Br, () = 2 NOBr (g)
initia mol 0.0524 0.0262 0
change in mol - 2X -X +2X
equilibrium mol 0.0655 - 2x 0.0328 - x 2X
2x is the number of moles of NOBr. Since this correspondsto 0.0311 mol, x = 0.01555 moal.
Therefore, at equilibrium we have 0.0311 mol NOBr, 0.0524 - 2(0.1555) = 0.0213 mol NO,
0.0262 - 0.01555 = 0.0106 mol Br.,.
28.
CO(g) + 2H, (9 = CH3OH (g)
initid mol 0.1500 0.3000 0
change in mol -X -2X +X
equilibrium mol 0.1500 - x 0.3000 - 2x X

The number of moles of CO at equilibrium is 0.1187 mol = 0.1500 -x. Therefore,
x =0.0313 mol. the number of moles of H, is0.3000 - 2(0.0313) = 0.2374 mol and the
number of moles of CH;OH is x = 0.0313 mol.
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31.

33.

35.

37.

15.3

[NO,][NO]
N,O5(g) = NO, NO K, =
a) ©) (9) +NO(g) “Nod
2[s
B 2HSE ~2H©+S@ K, = o2 2
[B,STF
0  2NO(g)+0,(g) =2NO,(g) X, - [NO,P
[0,]NOT
G PCL(Q)+INHs(@ - P(NH)s (@ +3HO@ &, = EOaslECIF
[PCL] [NE,

2H,S(9) +30,(9) = 2H,0 (9) +2 S0, (9)

The equation for the original reactionis: 2 N,Os (g) = 4 NO, (g) + O, (g). If thisequation is
halved and reversed, it becomes. 2 NO, (g) +¥2 O,(g) = N,O5 (g) and itsequilibrium
constant expressionis:

z - _ N0
© O[O,

Alternatively, if the reaction is halved, we smply halve al of the exponents in the equilibrium
constant expression. When we reverse the reaction, we invert the equilibrium constant
expression.

The second equation is simply the reverse of thefirst. Therefore, the value of its equilibrium
constant at the same temperature is the reciprocal of the equilibrium constant of the original
equation:

1 0543

184

The equilibrium concentrations are as follows:

0.488 mol 0.206 mol
= 2P 7 = 0.08133 M = ———— = 0.03433 M
] 6.00 L ] 6.00 L
[HI] = 2.250 mol _ 4 2950 s

6.00 L
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Since these are equilibrium concentrations, we simply plug them into the equilibrium constant
expression to determine the equilibrium constant.

R = [EP? - (0.3750)% - 504
* L] (0.08133)(0.03433
39.
2380,(9) + 0, (9) = 2 505 (9)
initid [ ] 0.0200 0.0100 0

changein| ] -2X -X +2X
equilibrium| ] 0.0200 - 2x 0.0100 - x 2X

2x is the concentration of SO5. Since this corresponds to 0.0148 M, x = 0.0074 M.

Therefore, at equilibrium we have [SO5] = 0.0148 M, [SO4] = 0.0200 - 2(0.0074) = 0.0052

M and [O,] = 0.0100 - 0.0074 = 0.0026 M.

Since these are equilibrium concentrations, we simply plug them into the equilibrium constant

expression to determine the equilibrium constant.

SO 2
z - | s _ - __QOMB . 5q54
[O,1[S0,] (0.0026)(0.0052)
41.
2 NOBr (Q) = Br,(g) + 2NO (g)
initia [ ] 2.00 0 0

changein|] - 2X +X +2X

equilibrium [ ] 2.00 - 2x X 2X

x = 0.094

[NOBr] =2.00 - 2(0.094) M=1.81M

[NQO] = 2(0.094) M =0.188 M

[Br,] = 0.094 M

0 2 2
g = EOlNOF - 0.0940.188° . . .s

[NOB:P (1.81)°
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45.

47.

49.
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PQ
8  H(Q)+Br(Q) ~2HBr(9 E, = —=

Py, Pa,
Pen, Pas

b) CS;(9) +4Hz(9) = CH,(g) +2H,S(q) K = —

P2, P2
)  4HCI(g)+0,(Q) ~2HO@Q) +2Ch(Q) K, = ———

P
d)  CO(Q)+2H,(g = CHOH (g R, = —

Pep B3
K, =K, (RT)* where Ris the gas constant, 0,082058 L8

T is the absolute temperature

n is the difference between the number of moles of gaseous
products and reactants

here An=3-5=-2and RT =96.25
K,=0.28 (96.25)2=3.0x10°

Here, An=-%

R, = K .85 _ 3
®DA*  (73.85)°12

The concentrations of pure solids and liquids do not appear in the equilibrium constant
expression.

[COF
C(s)+CO,(g) = 2CO R, =
a) C(s) + CO, (g) (9) [CO,)

z - [0
°  [co]

b) FeO (s) + CO (g) = Fe(s) + CO, (9)



51.

53.

55.

15.6

[CO,]
¢) Na,CO; (s) + SO, (g) + %20, (9) = NaSO, (s) + CO, (9) K =———
[S0,][0,1'2

d) Pbl, (s) = Pb*" (ag) + 21" (aq) K= [Po*][IT?

a) This reaction has an extremely small equilibrium constant, indicating that only an
exceedingly small amount of product isformed . The reaction is nowhere near
completion.

b) This reaction has an extremely large equilibrium constant, indicating that proceeds very
nearly to completion.

From the size of K, we expect that practically no decomposition occurs.

10g 5% o BIE] _ EIF]
[BFP (100

Since the H, and F, come solely from the decomposition of HF, [H,] = [F,]

[H,] =yi0x 100 =32z 108 M

Thisisin agreement with our prediction that the reaction has practically no tendency to
proceed.

(5) 2
For the reaction, K.=3.07x10“*at 24°C and Q = w
[NOB:}
2
a Q= (©.0123)(0.0162) _ 403 ¢ 107 Q> K., reaction goesto the left
(0.0720)°
2
b) Q = (0.0135)(0.0139)" _ 240 z 104 Q < K., reaction goesto theright
(0.121y

Q= DOIBHOOIBN _ooc oy

Q = K, reactionis ~ at equilibrium
(0.103)?

d Q= (0.0105)(0.0121)> = 650 x 10°# Q > K, reaction goesto the left
(0.0472)
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_ [CHOH] _ 0.020

57. = = =
[CO] [32]2 (0.10)(0.10)?
K.=10.5 Q > K so the reaction goes to the | eft.
co Co
50. .= [CO | IO 310
[CO]ICL]  (0.012)(0.025)
[COCI,] = 1.23 x 10° (0.012)(0.025) = 0.37 M
61.
l,(9) + Br, (9) - 21Br (g)
initia [ ] 0.00030 0.00030 0
changein| ] -X -X +2X
equilibrium [ ] 0.00030 - x 0.00030 - x 2X
g - B _ 2=y’ = 12z 10°

¢ [LIMr,]  (0.00030 - x)(0.00030 - x)

Taking the square root of both sides of the equation:

= .12z 10° = 1095

0.00030 - =

2x =10.95(0.00030 - x) = 0.00328 - 10.95x
12.95 x = 0.00328

x=254x10"

[1,] = [Br,] = 0.00030 - 0.000254 = 4.6 x 10°5 M

[IBr] = 2(2.54 x 104 = 5.08 X 104 M
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CO, (g + C(9 = 2CO(g)
initial [ ] 1.00 - 0
changein| ] -X - +2X
equilibrium [ | 1.00 - x - 2X

g - [COP @
[CO,] (100 - 2

K isfairly large, so x isnot likely to be negligible relative to 1.00 in the denominator. We will
have to set up and solve the quadratic equation.

4x2 = 140 - 140x

Rearranging,

4x2 + 140x - 140 = 0

which is of theform ax® + bx + ¢ =0, wherea =4 (exactly), b=14.0and c= -14.0

The quadratic formula gives the roots of such an equation:

- -b :I:\/b2 - 4aa

2a

_ -14.0 + 1407 - 4(4)(-14.0)
24

so Xx=0.81 or -4.31

The second root is physically meaningless because there cannot be any negative concentrations,
so we rgject it and take the first root.

[COJ = 2(0.81) =~1.6 M and [CO,] 1.00 - 0.81 = 0.19 M
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65.
CO(g) + 3H,(g) = CHy(g) + H.0 (9)
initid [ ] 0.1000 0.3000 0 0
changein| ] -X -3x +X +X
equilibrium | ] 0.1000 - x 0.3000 - 3x X X
g - CEIEO] D = 392
¢ [CO][IE.Z]S (0.1000 - =)(0.3000 - 3z
@ = x? = 3.92
(0.1000 - =)[3(0.1000 - BF  27(0.1000 - =*
Multiplying each side by 27 and taking the square root we get:
— X _ =./2DB) = 10.29
(0.1000 - ®°
x =10.29 (10.01000 - 0.2000 x + x?)
10.29 x> - 3.058 x + 0.1029 = 0
Theroots are: x = 0.258 or x = 0.0387. The first gives negative concentrations for CO
and H, and is rejected.
[CH,] =[H,0] =0.0387 M
[CO] =0.1000 - 0.0387 = 0.0613 M
[H,] = 0.3000 - 3(0.0387) =0.184 M
67.  Sincewe are removing acomponent of the equilibrium which is on the product side, the
forward reaction will predominate until equilibrium is reestablished.
69.  Assuming the pressureisincreased by decreasing the volume of the vessel, the side with fewer

moles of gases will be favored.

a) No effect sinceAn=0
b) No effect since An=0
c) An=+1, so thereactant side is favored. Equilibrium shifts to the left.
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73.

75.

17.

79.

15.10

din K) _ AH°
dT RT3

Thisimpliesthat if AH® > 0, an increase in temperature will lead to an increase in the value of In
K and therefore in K itself. Since AH° < 0, an increase in temperature decreases K and raising
the temperature decreases the fraction of methanol at equilibrium. Another more simple minded
approach involves writing the equation as:

CO(g) +2H,(g) = CH5OH (g) + heat

LeChatelier's Principle would tell us that increasing the temperature (adding hest, in effect)
shifts the equilibrium to favor the production of more dihydrogen and carbon monoxide at the
expense of methanal.

AB® = [4 mol AHH,0 (@) + 2 mol (AHS(NH, @)]
- [7 mol (AES(H, (@) + 2 mel AHSNO, ()]

AH® = [4 mol (-241.826 i) + 2 mol (-45.9 i)]
mol mol

_ EANCT 2
[7 msl (©) + 2 mel (332 =] = -11255 —

Since AH® < 0, an increase in temperature leads to a decrease in the equilibrium constant.

Since An > 0, adecrease in pressure will increase the yield of products. Since AH°< 0, the
equilibrium constant will increase with decreasing temperature. The optimum conditions for
maximum yield of products are low temperature and low pressure. However, we must realize
that the rate of reaction will also decrease with decreasing temperature, so there will be atrade-
off in temperature between the rate of the reaction and the equilibrium constant.

[CEOH] | 0015 _,,

K = =
[CO] [H2]2 (0.096)(0.151y?

90.55 g CO x 1 mel CO _ 0.03233 mol CO
100 g mexture 2801 g 100 g mixture

9.45g CO,  1mol CO, _ 0.00215 mel CO,

x
100 g mixture 4401 g 100 g mixture

The total number of molesis 0.03448 mol.
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83.
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Usetheidea gaslaw to calculate the volume of the mixture:

. (0.03448 mol)(0.082058 %)(1123 K)
V = = m = 318 L

P 1.000 afm
[co] = 203233 mol _ 55100 & [CO,) = 200213 mel _ g6 o 104 i

318 L 318 L
g -ICOP _ _@o1022 _ .0,
¢ [CO,] 6761074
The concentrations are:
1.00 mol 1.00 mol

= 2220 0% 5500 M = 222 00 5500 M

] 200 L [H] 200 L

2.00 mol
[NH,] = = 1.00 M
] 200L

Q- NEF a0 _
RLIEP  (0.500)(0.500)°

Q > K, so the reverse reaction must predominate for equilibrium to be established.

Ordinarily, we would need to know the volume in order to determine the concentrations to plug
into the reaction quotient. However, since there are equal numbers of moles on the product
and reactant sides, the volumes in the numerator and denominator of the reaction quotient will
cancel.

(.00, 1.00,
0 = [002]@]= V7V o
[COIH,] 100, 1.00 ‘
(—V >(—v )

Q > K. so the reverse reaction must predominate for equilibrium to be established.
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85.
2HBr (g) = Hp(9) + Br (9)
initid [ ] 0.010 0 0
changein| ] -2X +X +X
equilibrium | ] 0.010 - 2x X X
- [HQ] [BTQ] x?
K, =16x102 = =
[HReP (0.010 - 2z
Ji6x102= — = =0126
3 0.010 - 2z
x =0.00126 - 0.252 x
1.252 x = 0.00126
x =0.0010
[H,] =0.0010 M or 0.0010 mol in 1.0 L
[Br,] =0.0010 M or 0.0010 mol in1.0L
[HBr] =0.010 - 2(0.0010) =0.008 M or 0.008 mol in 1.0 L
87.
COCl, (9) = CO(g) + Cl; (9)
initia [ ] 0.0400 0 0
changein| ] -X +X +X
equilibrium | ] 0.0400 - x X X
610 2
K, =805 10* = [CONCH] | _=
[COCL] 0.0400 - x

x2 +B05x 1074 - 3222 10°° = 0

Solving the quadratic equation yields: x =5.29 x 103 and x = -6.09 x 103

The second root isimpossible, so 5.29 x 103 mol/L dissociates.

529 x 1073
0.0400

% dissootated = z 100 = 132 %
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89.
CO(g) + 3H,(g) = CHy(g) + H.0 (9)
initid [ ] 0.100 0.400 0 0

changein| | -X -3x +X +X

equilibrium | ] 0.100 - x 0.400 - 3x X X

g - CRIEST Lt = 392

¢ [CO][H.Z]B (0.100 - 2)(0.400 - 3=z)°

Since K. is close to 1, we can assume that there are comparable amounts of reactants and

products at equilibrium. Start by assuming x = 0.050.

f@ = = {0.050)(0.050) - 3%
(0.100 - 0.0530)(0.400 - 3(0.050))°

Thisisvery closeto 3.92, but alittle low, so we will increase our estimate of x to 0.055.

f@ = = {0.055)(0.055) - 59
{0.100 - 0.055)(0.400 - 3(0.055))°

Thisis greater than 3.92 and a little farther away than our initial value of 3.2, so our next

iteration will involve a guess between 0.050 and 0.055, but alittle close to 0.050.

f@ = = {0.052)(0.052) = 39
{0.100 - 0.052)(0.400 - 3(0.052))

Thisis K . to within two significant digits, so:

[CH,] =[H,0] = 0.052 M or 0.52 mol in 10.0 L

[CO] =0.100 - 0.052 = 0.048 M or 0.48 mol in 10.0 L

[H,] = 0.400 - 3(0.052) = 0.244 M or 2.44 mol in 10.0 L

91.  Thefact that the amount of product increases as the temperature increases implies that the

equilibrium constant increases with increasing temperature. Thisis consistent with an
endothermic reaction.
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P2
3. K, = MEP - =
AN Py P2,
Pm,: = [NHz]RT Pn, = [H,]RT I’u2 = [N,]RT
(INE,RT Y P 2 : K
KPE I-NHB 35 mHB =m.n4=ze=@lb2= 82
(INLIRT) ([LIRT Y DLIEP @D RT)
Therefore, K. = K, (RT)?
9. a KP =K x TYA® = 0.153 = [(0.082058)(1123)]' = 14.1
b)
C(s) + CO; (9) = 2CO(9)
initid P 1.50 atm 0
changein P -X +2X
equilibrium P 1.50 - x 2X
Péo 22’ 4x?
K, =141-= = =
Pco, 150 -x 150 - x
42+ 14.1x - 21.15=0
Therootsare 1.13 and -4.66. We reject the negative root.
Peo = 2(1.13) = 2.26 aim Pco, = 150 - 113 = 0.37 atm
97 358gP lmlMPCIS-0172 1P
- BB Rz o 1T mel BC
0.172 mel PCL

Initial concentration of PCl; = = 0.0344 M

50L
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99.

PCl;(g) + Cl, (9) = PCls (9)
initial [ ] 0 0 0.0344
changein| ] +X +X -X
equilibrium [ | X X 0.0344 - x

[PCL] _ 00344 - =

K, = = =41
[PCL]ICL] @@

41x*+x -0.0344=0

The roots are: 0.0306 and -0.274. We reject the second root.
[PCl;] =[Cl,] =0.0306 M

[PCIls] = 0.0344 - 0.0306 = 0.004 M

0.0306 _ 0.29
344

b. Thefraction of PCl; decomposedis:

c. A smaler volume would favor the side of the equilibrium with fewer moles of gas. The
PCl; would decompose to a lesser extent.

654 g Sb ! 5bC% = 0.215 mol Sb
a8 Cls b4 ng = L. mo Cls
. _ 0.219 mel SbCL
Initial concentration of SbCl; = S0 L = 0.0438 M

If the SbCl; is 35.8% decomposed, then its equilibrium concentration is
[SbCls] ¢, = (0.642)(0.0438 M) = 0.0281 M

[SbCly]eq = [Cly]eg = (0.358)(0.0438 M) = 0.0157 M

g = SPCLICL] _ 0.01577

. = 0.00877
[SbCL] 0.0281

E_x (RT)' = 0.00877[(0.082058)(463)]' = 0.337

s
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101. B25 g SO.C 1 mol 56,Ch 0.0611 mol SO
. N y —— R
8 S0Lh x — s : »,Cl
. _ 0.0611 mol SO,Cl,
Initial concentration of SO,Cl, = = 0.0611 M
100 L
SO,Cl; (9) = SO,(9) + Cl, (9)
initid [ ] 0.0611 0 0
changein| ] -X +X +X
equilibrium | ] 0.0611 - x X X
SO,]IC 2
K, = 0.045 = SOICH] | __=
[SO,CL] 0.0611 - x

22 + 00452 - 27521003 =0

Solving the quadratic equation yields. x = 0.0346 and x = -0.0796 and we reject the negative
root.

[SO,] = [Cl;] = 0.035 M

[SO,Cl,] = 0.0611 - 0.0346 M = 0.026 M

b)  Thefraction of SO,Cl, decomposed is. o

c) Addition of Cl, would shift the equilibrium to the left, decreasing the fraction of SO.Cl,
decomposed.
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103.  This problem involves the technique of achieving equilibrium from the product side. We assume
that the reaction goes to completion as written and that the products then react to a certain
extent to reach equilibrium. Our familiar table has one additional line which accounts for
complete reaction, and the changes in concentration are relative to these.

2 CH;COOH (9g) = (CH;COOH), (9)
initia [ ] 40x10* 0
complete dimerization 0 2.0x10*
changein| ] +2X -X
equilibrium [ ] 2X 2.0x10%- x
CO0. -4 _
9 E. =32z 10 = [(CH,COOH),] 20x10* -x
[GZE'BC:OOZIIJ2 (2z)?
1.28x10°x+x - 20x104=0
Therootsare: 3.6 x 10° and -4.4 x 10°°. We reject the negative root.
[CH,COOH] =2(3.6x10°)=72x10°M
[(CH;COOH),] =2.0x10* - 3.6x10°=1.6x10*M |
| | O--H—0
b) These molecules are capable of intermolecular hydrogen bonding / N
. _ | _ £ CHs
which resultsin alower overal energy. A possible structureis AN 7
shown with the hydrogen bonds indicated with arrows. O H_T_O
c) Theformation of the hydrogen bondsis an exothermic process,

lowering the overall energy. Asthe temperature increases, the percentage of dimer will
decrease because the equilibrium constant for this exothermic reaction will decrease.
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1822 g
155.81 ﬁ
105. [NO] = 0.112 M [Br,] = EETTS AN = 0.114 M
2NO (g) + Br, (0) = 2 NOBr (9)
initial mol 0.112 0.114 0
changein mol -2X -X +2X
equilibrium mol 0.112 - 2x 0.114 - x 2X

However, we know that [NOBr] = 0.0824 M = 2x
So, [NO] =0.112 - 0.0824 = 0.0296 M

[Br,] = 0.114 - 0.0412 = 0.0728 M

z - INOB:P _ (008242  _ ., @
[NOP[Br,]  (0.0296) (0.0728)




