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16 - Chemical Equilibrium

STUDY QUESTIONS & PROBLEMS
1. Writethe expressions for the equilibrium constant K. for the following reactions:
4 NHs(g) + 702(g) = 4NOx(g) + 6 HO(I)
HCN (ag) + H2O() = Hs3O%(aq) + CN(aq)
PCls(g) + = PCls(g) + Ch(g)
CaCOs(s) = CaO(s) + CO-(g)
302(9) = 205(9)
2 HyO(l) = H30"(ag) + OH (ag)
3Zn(s) + 2Fe**(ag) = 2Fe(s) + 3Zr(ag)

@ P Q0T

2. Write the equilibrium constant expressions for the following reactions. How are they related to one
another?
a 2N20(g) + 302(g) = 4 NO2(9)
b. N9 + *.02(g) = 2NO(g)
c. 4NOx(g) = 2N20(g) + 30,(g)

3. Cdculate the value of the equilibrium constant for the following system, given the data shown:
Ha(g) + CO(g) = H20(g) + CO(g)
Concentrations at equilibrium:

[H] = 1.5 mol Liter™
[CO3] = 2.5 mol Liter?!
[H20] = 0.5 mol Liter?
[CO] = 30mol Liter?

4. Chlorine molecules will dissociate at high temperatures into chlorine atoms. At 3000°C, for example, K¢
for the equilibrium shown is 0.55. If the partial pressure of chlorine moleculesis 1.5 atm, calculate the
partial pressure of the chlorine atoms: Cl(g) = 2ClI(g)

5. Suppose that 0.50 moles of hydrogen gas, 0.50 moles of iodine gas, and 0.75 moles of hydrogen iodide gas
are introduced into a 2.0 Liter vessel and the system is allowed to reach equilibrium.
Ha(g) + 12(9) = 2HI(g)
Calculate the concentrations of all three substances at equilibrium. At the temperature of the experiment,
K equals 2.0 x 10°2.

6. If the mechanism of achemical equilibrium consists of two reversible elementary steps, each with its own
equilibrium constant K¢; and K¢, what expression relates the equilibrium constant Kc for the overall
equilibrium to the two constants K¢; and K¢p?

7. When 2.0 mol of carbon disulfide and 4.0 mol of chlorine are placed in a 1.0 Liter flask, the following
equilibrium system results. At equilibrium, the flask is found to contain 0.30 mol of carbon tetrachloride.
What quantities of the other components are present in this equilibrium mixture?

CS(g) + 3Ch(g) = SCl(g) + CCl(g)



10.

11.

12.

13.

14.

3.0 moles each of carbon moroxide, hydrogen, and carbon are placed in a 2.0 Liter vessel and allowed to
come to equilibrium according to the equation: CO(g) + Hx(g) = C(s) + H>O(Q)

If the equilibrium constant at the temperature of the experiment is 4.0, what is the equilibrium
concentration of water vapor?

Nitrosyl chloride NOCI decomposes to nitric oxide and chlorine when heated:

2NOCI(g) = 2NO(g) + Ch(g)
At 600K, the equilibrium constant K, is0.060. In avessel at 600K, there is a mixture of al three gases.
The partial pressure of NOCI is 675 torr, the partial pressure of NO is 43 torr and the partial pressure of
chlorineis 23 torr.
a  What isthe value of the reaction quotient?

b. Is the mixture at equilibrium?

C. In which direction will the system move to reach equilibrium?

d When the system reaches equilibrium, what will be the partial pressures of the components
in the system?

Sulfuryl chloride decomposes at high temperatures to produce sulfur dioxide and chlorine gases:
SOLl(g) = SO2(g) + Clx(g)

At 375°C, the equilibrium constant K is 0.045. If there are 2.0 grams of sulfuryl chloride, 0.17 gram of

sulfur dioxide, and 0.19 gram of chlorine present in a 1.0 Liter flask,

a  What isthe value of the reaction quotient?

b. Isthe system at equilibrium?

C. In which direction will the system move to reach equilibrium?

Ammonium chloride is placed inside a closed vessel where it comes into equilibrium at 400°C according to
the equation shown. Only these three substances are present inside the vessel. If K, for the system at
400°C is 0.640, what is the pressure inside the vessel ?

NH4CI(s) = NH3(g) + HCI(g)

Bromine and chlorine react to produce bromine monochloride according to the equation. K = 36.0 under
the conditions of the experiment. Bra(g) + Ch(g) = 2 BrCl(g)

If 0.180 moles of bromine gas and 0.180 moles of chlorine gas are introduced into a 3.0 Liter flask and
allowed to come to equilibrium, what is the equilibrium concentration of the bromine monochloride? How
much BrCl is produced?

When ammonia is dissolved in water, the following equilibrium is established. If the equilibrium constant
is 1.8 x 10°°, calculate the hydroxide ion concentration in the solution if 0.100 mol of ammoniais dissolved
in sufficient water to make 500 mL of solution.

NHs(ag) + H20(l) = NH4'(ag) + OH (ag)

The following reaction is exothermic:
Ti(s) + 2Ch(g) = TiCl(g)
List all the ways the yield of the product TiCl, could be increased.
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STATION 1 ¢« MASS ACTION EXPRESSIONS
Write the mass action expression for the equilibrium: Fez0a(s) + 4 Ha2(g) = 3 Fe(s) + 4 H20(g)

Write the mass action expression for the equilibrium: Ca(OH)2(s) = Ca?*(aq) + 2 OH(aq)

The equilibrium constant, K¢ = 7.9 x 107, is this equilibrium system reactant or product-favored.

Chemical Equilibrium

STATION 2 « MANIPULATING K

Given:
H.O(l) = H*(ag) + OH(aq) Kc=1x10
HCN(agq) = H*(aq) + CN- (aq) Ke=4.0x 1010

Calculate K. for this reaction:
HCN(aq) + OH™(ag) = H20(I) + CN~(aq) K =272

This reaction is -favored.
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Chemical Equilibrium

STATION 3 « K, & K.
Consider the equilibrium: 2NO(g) + O2(g) = 2NO2(g).

At 100°C, the equilibrium concentrations for this system are:
[NO] =0.52 M; [O2] =0.24 M; [NO2]=0.18 M

Write the expression for K¢ and calculate its value at this temperature?

What is An for this system?

Write the expression for K, and calculate its value at this temperature.

Chemical Equilibrium

STATION 4 ¢« LE CHATELIER’S PRINCIPLE
Consider the gaseous equilibrium: 2CCls(g) + O2(g) = 2COClz(g) + 2Cl2(g) AH=+35kJ

Predict the effect each change would have on the concentrations of the each substance.
Add CCl.

Remove Cl

Add COCl;

Increase temperature
Reduce container volume
Add a catalyst

Remove O>

Add He to increase pressure

A different equilibrium shifts toward the reactants when the temperature is increased. From this observation,
you know that the reaction is (exothermic / endothermic).
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Chemical Equilibrium

STATION 5 « ICE BOX PROBLEM

Consider the equilibrium: 2SO2(g) + O2(g) = 2S03(g)

If 0.200 mol SO3(g) is placed a 0.500 Liter container, it is found that 0.050 mole of Ox(g) is in the container at
equilibrium. Fill in the ICE box and determine the K¢ for this reaction.
SO2 02 SO3

Initial

Change

Equilibrium

Chemical Equilibrium

STATION 6 « ANOTHER ICE BOX PROBLEM
At 985°C, the equilibrium constant, K¢, for the reaction, H,(g) + CO,(g) € H,0(g) + CO(g), is 1.63.

If 2.00 moles each of Hz(g) and CO(g) are placed in a 1.00-Liter container and allowed to come to equilibrium,
determine the equilibrium concentrations of the four chemicals.

H> CO2 H20 Co

Initial

Change

Equilibrium
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Chemical Equilibrium

STATION 7 « TEST QUOTIENT,Q
Consider the equilibrium: 2NO(g) + O2(g) = 2NO2(g). K¢ =0.499

The system is set up with the following concentrations:
[NO] =0.50 M; [O2] =0.25 M; [NO:] =0.25M

This reaction will (shift right, shift left, remain unchanged).

Justify your prediction.

Chemical Equilibrium

STATION 8 ¢« NChO PROBLEMS

33. Mercury(m) oxide, HgO, is decomposed upon heating Questions 32 and 33 should both be answered with reference to
according to this equation. this system.
2HgOrs) = 2Hg) + Oy Hyfg) + Lis) = 2HI(g) AH=+518KkJ
What is the equilibrium expression for this process? 32. Which would increase the equilibrium quantity of Hlrg)?
s Assume the system has reached equilibrium with all three
A) K- Hg 02 (B)  — .[_g]&]. components present.
[HgO]2 [HgO] I. increasing pressure IT. increasing temperature
- . A) Tonly B) II only
(©) K=[He][0:] ) K-=[0:] (A) Tonk (% THonk
(C) BothIandII (D) Neither I nor IT

34. Consider this reaction 33. What is the equilibrium constant expression for this

system?
2NO¢g) + Clyig = 2NOClrg AH=-T78.38 k] “

What conditions of temperature and pressure will A K= [HIT B K= w
produce the highest yield of NOCI at equilibrium? (A) (1, ][1.] (B) [HIT

L E P [HI] . [HI]?
(A) high high ©) B ]L] D)y &= [ ]
(B) high low
©) low high

D) low low
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Chemical Equilibrium - Not assessed. Challenge Problem

STATION 9 « PREDICTING REACTIONS

A solution of hydrochloric acid is added to a solution of potassium nitrite.

(i) Balanced equation:

(i) What are the oxidation states of the N atom before and after the reaction?




Answers to Study Questions and Problems

1. a.

K - [NO,J*
INH,)*[O,)
K = H;ONCNT]
[HCN]

_ [PCL)ICL)
T (PCL]
K= [CO,
k=19

[0,)°

K = [H,0")[ OH
K= 2P
[Fe3*)2

H,O(!) isaliquid and therefore not included.j

H,O() is the solvent and is not included,

CaCO,(s) and CaO(s) are not included.

H,O¢) s the solvent and is not included.

Zn(s) and Fe(s) are not included.
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o==d ! ——[Nozl‘

¥ MO@ + 30,6 = NOK K = mopiey
2
(NO,)?

b NOE + 320,60 = MOW K, = [roysm

(N,0)*(0,)°

e NOMp = W0 + 30,0 Ky= —h T
2

K] = (K?')Z :md Kl = (Ks)-l and Kz = (Ka)-uz

[H,0][CO]
K= =22 =(0.5x3.00/(1.5x2. = 0.40
TALN (0.5 % 3.0)/(1.5 x 2.5)
2
o _cn? _Pa
K, = K (RT)*" = 0.55 x 0.08206 x 3273K = 148 x 102 = I’:i

(=
and therefore Py = 14.9 atm

Hp + LE < 2HIg
I |Inical 0.25 0.25 0.375
C |Change +X +X -2x
E |Equilibrium 0.25+x 0.25+x 0.375-2x
2
o B L QBTS2 L 502
[Hzl “3] (0-254'!)(0-25*!)

(0.375-2x) = (0.25+x) x 0.1414 sox=0.159
the equilibrium concentrations are:

(H,) = 0.41 moles liter!

(] =0.41 moles liter™!

[HI] = 0.058 moles liter™!

The equilibrium constant for the combination of two suceessive equilib-

ria is the product of the equilibrium constants for the two steps.
K. =K, x K,

< LS <

Ans |
an increase of one mole of gas

Remember always to use
concenlralions {or partial
pressures).

Convert amounts given In
moles 10 concentrations by
dividing by the volume.

Remember that the change Is
always In the stolchiomelrc
ratio.

If you doa't know which way
the system will move, just
choose a direction arbitrarily,
then see If x turng cut to be
negative or positive.

Look out for the opportunity to
take the square root of both
sides<H avolds the quadratic.
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Chapter 16|
g‘;“r: :‘;n";m’::: :“&Y‘“& 7 CS,@® 3CLE = SChiy + CClp
have 1o be; there's no need for I | Inicial 2.0 4.0 0.0 0.0
S Sgevcain e prpbiee. C | Change -0.30 -0.90 +0.30 +0.30
1 030 motes of CCl are E | Equilibrium |17 3.1 0.30 0.30
formed, then the changes In the
olher concentralions can be
calculated directly from the
stolchlometry.
Remember always 10 use 8. COo® + H,@ = C# + HOR
otz il I | Initial L5 1.5 3.0 0.0
Convert amounts given In C | Change -X -X +X +X
moles 1o concentrations by E | Equilibrium | 1.5-x 1.5-x 3.04x X
diviging by the volume.
Nete that C(s) s not included In = [H,0) = (x) = 4.0, therefore x = 1.0
'&?&T’ﬁ'}flﬁm‘iﬁ? l:sg{ul [COllH,]  (1.5-x)(1.5-x) which is the cqmllbnum |
to Include the quantities In the concentration of water |
ieinaod of o the 50 being
licelt 2 =
Gt v, 5 2NOCIp = ANO@ + Cl(g
a Q= _Lx_PQL = (43% x 23)/ 675% =0.093
Ploct
b. No, Q, is greater than K ; ie. there is too much product present.
¢. The system will move to the left.
2NOCl(g) = NO@E + CLE
Sotving higher order equations -
ke thi s using algebra Is é g‘:‘d 6;5 4; 23
not especlally easy. An Heratlve ange: +aX —&X =X
method using a good calculator E | Equilibrium [ 67542x 43-2x 23-x
ora spreol:’s::e:’ ;‘s highly 3 7
recommended. Using a
spreadshect for example, enter P, Jy e 3\&#&. 25 (43_2,¢)2(23_x)/(675+2x)2 = 0.060
Symae " o
redese another e r X
Then ot vk e6 oy ¢ 1 8ot cof x = 2.90 so the partial pressure of NOCI at equilibrium = 681 torr
::::,';:: ;’;‘23“,',33 ,y:,e;;?u and the partial pressure of NO = 37 torr -
able 1o narrow the value for x and the partial pressure of Cl, = 20 torr
10 a sufficlent number of sig. fig.
MR 10. SOCLg = SO + CLE
SO,Cl, 2.0grams MM = 134.97 g mol-1 Moles = 0.0148
SO, 0.17gram MM =64.064 gmol-1  Moles = 0.0027
s O 019gam MM=7091gmol-l  Moles=0.0027
a. Qp= (0.0027)210.0148 =493 x 104,
b No, the system is not at equilibrium. Q does not equal K.

¢. Q, istoo small, the reaction will move toward product.
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1L

12,

13,

14.

NHClG) = NH,@ + HClp
The expression for K, is:

Kp=pNH3 x PHCl = 0-640

Since the partial pressures of ammonia and hydrogen chloride must be
cqual to one another, cach must equal 0.80 atm.

The rotal pressure is cthe sum of the partial pressures, so the total pressure
= 1.60 aum,

Brig) + Ch@ = 2BCly
[ | Inital 0.060 0.060 0.0
C| Change —x -X +2x
E | Equilibrium 0.060-x  0.060—x +2x
_[BCl)? {2x)? 36.0
" [BrllCl]  (0.060-x)(0.060—x) ‘
x = 0.045
So the concenrtration of BrCl produced = 2x = 0.090 mol L.
Quanticy produced = 0.090 mol L*! x 3 L = 0.27 mol = 31 grams.
NH, + H,0 & NH; + OH-
I | Inidal 0.200 0.0 0.0
C| Change -X *X +X
E| Equilibrium 0.200—x X +X
% i 2
K NECNORY. . 82 . o 1o
[NH,] (0.200—x)

x = 1.90 x 107> M —this is the concentration of hydroxide ion.

Tit) + 2CLGE = TiCl + hea
The yield of the produce TiCly is increased by moving the system to the
right:
a. remove hear; cool the system down.
b. remove TiCl ().
c. add chlorine gas Cl,(g).
d. increase the pressure (or decrease the volume).
Note that:

adding more Tis) has no effect,
adding a catalyst has no effect.

The amount of NH, present
must equal the amount of HC|
present since onc cannot be
made without the ¢ther.
Therefore thelr partial pressures
are equal.

Remember 10 change amouris
to concentrations,

Toke the squate root of both
sides.

Don't assume x 15 the deslred
answer to the prodleml In this
<ase the required quantity is the
concentration of B1Cl (whikh Is
2x) and the total amount of BrCl
(which Is the volume of 3 liters
x {his conceniration).

Remember to convert amounts
Into concentralions—1's easy to
forget,

Can assume thal 0.200-x Is
near enough 10 0 200
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16 « Chemical Equilibrium

STATION 1 « MASS ACTION EXPRESSIONS
Write the mass action expression for the equilibrium: Fe;%(As)"a+ 4 Hy(g)=13 Fé(é)‘—k 4 H>0(g)

ko= [HOTY

[T T

Write the mass action expression for the equilibrium: Ca(OIQé(é)*;—‘ Ca*'(aq) + 2 OH'(aq)

Kez [Ca* \[ow1*

The equilibrium constant, K¢ = 7.9 x 10, is this equilibrium system reactant or product-favored. E&Ac 74T
. GR ;L [PReoG 15 ] PANC 0

[\ZE’;AL “TAKNTS i&

16 « Chemical Equilibrium

STATION 2 « MANIPULATING K

Given: = \
& H,O(l) = H+(aq) + OH (aq) | = e Kc=1x 10 wovERSE ‘,’:;Tgi‘w’
() HCN(aq) = H(aq) + CN (aq) Ke=4.0x 10710
Calculate K, for this reaction:
HCN(aq) + OH (aq) = HO(l) + CN (aq) K.=7??
,‘,\‘\ O o A R i < . = ( —
Q") y/ - L;‘v’{ ‘é:_"" "’{_L(» (g \) ' .J‘_,Lj’!\r
&2/ A =9 W &GNy~ baz 4ic wgte
a 4_'__,_4_’..—-————— —— MW S o
e - Ok~ — l’h"\"(".‘} - ON Cer K ® Uy 2 AoOxi0 Gl
I 0 ‘b-“] o |
(400 |
Ke > 71 A i

This reaction is YPi2ot w7 -favored.




16 « Chemical Equilibrium

STATION 3 . Ky & K
Consider the equilibrium: 2NO(g) + Ox(g) = 2NOx(g).

At 100°C, the equilibrium concentrations for this system are:
[NO] =0.52 M; [02] =0.24 M; [NO,] =0.18 M

Write the expression for K, and calculate its value at this temperature?

k- -L“\ 1 _ L‘ lE"-BL

P— f

/

e B B o iRy '::{ 5o 4
[R5y (O3 L::S;L)L () i -
( i o / “hetes >
What is An for this system? % 2= 3 = = N edick (d'L“‘ \ Lt jM

Write the expression for K, and calculate its value at this temperature.

Cp - F(:;\i__ = ke LLOM (S X082 (% 318)

(/;*)s U?" TC O !u

- &

16 « Chemical Equilibrium

STATION 4 « LE CHATELIER’S PRINCIPLE

Consider the gaseous equ1hbr1um‘ 2CCly(g) + Ox(g) = 2COCIy(g) + 2Cly(g) AH=+35kJ
Predict the effect each change would have on the concentrations of the each substance.

Add CCl4 I TS | A 2. oy e
Remove Cl, L; «l_e LA __L 4 : :

Add COCl, 1 ey W 4

Increase temperature _l_ Jn_ A i) L

Reduce container volume L ’T_ = _47_ L

Add a catalyst o~ Al el s e

Remove O; /l\_ Ay R i 4

Add He to increase pressure

4‘5

K/ —
A different equilibrium shifts toward the reactants when the temperature is increased. From this observation,
you know that the reactionis & x o7 e qan ¢ gei(othemuc / endothermic).




16 « Chemical Equilibrium
STATION 5 « ICE BOX PROBLEM

Consider the equilibrium: 2SO,(g) + O,(g) = 2S0s(g)

If 0.200 mol SO;3(g) is placed a 0.500 Liter container, it is found that 0.050 mole of Oy(g) is in the container at
equilibrium. Fill in the ICE box and determine the K. for this reaction.

2. S0, 0, 2 50
o . 7_1. (& ‘Mk‘ :
Initial O D O M — = oo M
- ot -
Clange + Qoo K r.leoM ==, OO0 I
S - —-
L K3 . % L: “)’“. < "“‘-A) - ~
Equilibrium VIO M —;:::'* = :IC*‘L\’ . 206 M

Kes L—t"' B :
LS f& L0, () “(1o2)

16 « Chemical Equilibrium

STATION 6 « ANOTHER ICE BOX PROBLEM
At 985°C, the equilibrium constant for the reaction, H(g) + COz(g) H,O(g) + CO(g), is 1.63.

If 2.00 moles each of Hy(g) and CO,(g) are placed uara 1 OO ther container and allowed to come to equilibrium,
determine the equilibrium concentrations of the four ct chemicals.

Hy CO, H,O CcO
Initial | ) oo M ,Zik‘f_j Lﬁ O M
Change — ~ - FERve A
Equilibrium S.0¢ - JLLJ;L S ¥ . Ars -

SQUANE ool BETH SUDED




16 « Chemical Equilibrium

STATION 7

TEST QUOTIENT,Q

Consider the equilibrium: 2NO(g) + O,(g) = 2NO»(g). K.=0.499

The system is set up with the following concentrations:
[NO] =0.50 M; [02] =

This reaction will = ¢ LeeT

Justify your prediction.

wi

(15 M)*

0.25 M; [NO,]=0.25 M

(shift right, shift left, remain unchanged).

.o

-

Q [NCL_&

Cwol* Lol (sor) (e

TED WA

X 7 k¢ Prod wedd

5H )
(o
‘L_ \)(Zf DULCTS

|
_J

{ REACTANTY S

Svher Towwud PEACTANT Mo ety
) = L\L«ILILJM\"“"‘
16 « Chemical Equilibrium
STATION 8 ¢« NChO PROBLEMS

33. Mercury(m) oxide, HgO, is decomposed upon heating
according to this equation.
2ngr5,\— m@ + Oy

What is the equilibrium expression for this process?

@A) K= L]-Ll]Hg 2 [Hg]0,]

[HgOT’ [HgO]

(C) K=[Hg][O,] )

®B) K=

Questions 32 and 33 should both be answered with reference to
this system. | pate —d m

— &

i

S |

ead « Huw KQ)‘__. 2HIg) AH=+518k

32. Which would increase the equilibrium quantity of Hl(g)?
Assume the system has reached equilibriun: with all three
components present.

I. increasing pressure
B
(A) Ionly
(C) BothIand II

IL mcreasmg temperature

'(B) fi only}\‘
(D) Neither I nor I

| @ x=[0;]
34. Consider this reaction. gl
o d

v
2NOrg) + Clyig = 2NOCleg)* AH=-7838KkJ
What conditions of temperature and pressure will

33. What is the equilibrium constant expression for this

()
produce the highest yield of NOCI at equilibrium? ___, system
TW——W A P S——— A i : [I‘ﬂt}2 . |H3||IZ|
’ e - 4 K= A - *)
SHET Qe A) L] (B) [HI]
A hight h'gh | ]I, S
@) ' bigh - ,’ T“, e o B 2] " [r)
] @) low lngh \ A © [Hz][l»] \ ®) [HZ] \
(D) T low low e m w2 P

sht]




16 « Chemical Equilibrium

STATION 9 « PREDICTING REACTIONS
2HU +~ kN0 —= 200 & 287 NOg + 10 &+ Heo

A solution of hydrochloric acid is added to a solution of potassium nitrite.

(i) Balanced equation:
ZH* - ZNOL- —> NO + NO, + H20
.. . . ; -z S M L
(if) What are the oxidation states of the N atom before and after the reaction? - s ‘('-\t 5 ¥
NO., = conep oun da
2 NO NO2
N= &3 N=+2 N= +4

Note: Begin with: HCI + KNO, - KCI + HNO,
Recognize that HNO, decomposes into two gases (NO & NO,)
To show the correct decomposition, you need 2 moles of HNO,
2 HNO, — NO(g) + NO,(g) + H,O(l)

Molecular Equation:
2 HCI + 2KNO; —» 2KCIl + NO + NO; + H,O

lonic Equation:
2H" + 2CI"T + 2K" + 2NO,” - 2K" + 2CI" + NO + NO, + H,0O

Net Equation is shown above.
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