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Exercises Topic 5: Equilibrium reactions

1. Considering the values of,KHor the chemical dissociation of molecular bromim@&tomic bromine
as a function of temperature shown in Table 1,rd@tee: a)AG®, AH® andAS® for this reaction and b)
K. at 1500 K. Assume thaH® andAS° are constant throughout this temperature range.

Tablel
Ky 0.05 0.12 0.25
T (K) 1400 1500 1600

Solution
(a)Br,(g) = 2Br(9)
AG® =-RTln Kp;
AG? = AH® - TAS®

AS® AHC 1 . : . : :
InKp= R - R -? = PlottingIn K, vs T (K™) it should yield a straight line of
which zero ordinate it is possible to calculA® and of its slopeAHY/R.
1.2 Therefore:
1
InK_=989-18034—;
-1.6 P T
20, Then:AS’ = 82.2 J-mot- K* andAH’= +149.97
s kJ-mol.
5 -2.4-
Zero ordinate: 9.89 +- 0.15 And
-2.8-Slope: -18034 +- 220 AGP° (1400) = 149970-1400-82.2= 35.9 kJ ‘Mol
AGP (1500) = 149970-1500-82.2= 26.7 kJ-mol
-3.2 T T T T o = - . = .
6.3x10" 6.6x10° 6.9x10° 7.2x10° AGP° (1500) = 149970-1600-82.2= 18.5 kJ-mol
UT (KY)
n —_— K —_— —-An. H —
(h) K, =K (RT)" =K, = (RT;A” = K, (RT)™"; Since An=1, therefore
K, = Ki"l =K, (RT)™ K, = 012 _ 497540
(RT) (0082 * 1500)

2. The equilibrium constant at 298.15 K for the swsik of ammonia from its elements is K
3.6-16.
N,(9) +3H,(9) = 2NH;(9)

What is the value of Kat 298.15 K for the following reaction?

NH,(9) = 2 N2 (9) + 2 H,(0)

2
Solution: The equilibrium constant for the direct reactidpis:K, = NH33 : and for the reverse

Nz " H,

reaction k', is

woPeRS_ 1 1 1 1
P~ PNHg, - PHe;/zpl\}:z - [Pﬁz PN2 T/Z - KP1/2 - (3'6‘108)1/2

2
PNH3 PNH3

= 5270°
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3. At equilibrium in the following reaction at 50 °@e partial pressures of the gases are found to be
P(HI) = 3.65 - 18 atm and P(kB) = 9.96 - 10 atm. What is the value of:R
H,S(9) +1,(s) = 2HI(g) + (s)

a(S)-a(HlI)?
a(lz)'a(st)
activities of pure liquids and pure solids is X #quilibrium constant can be written as
_a(Hl)? _ P(HI)?* _ (3658L0°%)° _

P a(H,S) P(H,S) 996100

Solution: The equilibrium constant in terms of activitieggisen by K, = . Since the

13410°

4. A gaseous mixture containing 0.05 moles gfadd 0.039 moles of, is prepared at 300 °C. The
equilibrium mixture is found to contain 0.068 mot#sHI. Calculate: a) the equilibrium constantsafd
Kp; b) the net change in free energys( ) of this reaction.

H2(9) + k(9) - 2HI(9)
Solution: (a) Kc = Kp = 57.8; bAG° = -19.32 kJ/mol

5. Starting with 0.1 moles of Asg{g) in a 1-L flask, the system is heat up to X82Ad when equilibrium
is established 0.087 moles of As@te present. Consider the dissociation reactigxs@l into AsCk and
chlorine and determine: a) the numerical valueKpénd K and b) the concentrations of the different
gases if the volume is raised from 1 to 3 litréthe same temperature.

Solution: (a) Kc = 1.93-18; Kp = 0.07245; (b) Equilibrium constant only degeron temperature.
[AsCl3] = 4.33-1CG mol/L; [AsCls] = 0.029 mol/L

6. Consider the following reaction:
CO (9) + Ch(9) ~ COCL(9) AH° =113.19 kJ.

Predict how each of the following factors affedie themical equilibrium: (a) Introduce 1 mole of
chlorine at constant volume. (b) Double the voluwhéhe flask at constant temperature. (c) Introduce
one mole of a noble gas at constant volume andeasatyre. (d) The temperature is raised at constant
pressure. (e) The pressure is raised at constapetature.

Solution: (a) —; (b)~; (c) No effect; (d)—; (e) -

7.5 g of Shd (s) are introduced in a 1-L flask and hermeticalibsed. The temperature is raised at 200 °C
causing the complete sublimation of ShChe final pressure is 1 atm. Also it is well knothat the PGl

can dissociate according to the following reac&®Ck (g) -~ SbCk (g) + Ck (g). Explain whether the
dissociation of the PElakes place or ndbata: M (Sb) = 121.76 g-md] M (Cl) = 35.45 g-mal.

Solution: The dissociation of SbEWill not take place since Kp<1 and>>0

8. Propanoic acid reacts with ethanol yielding etbsdpionate and water according to the following
reaction:

CH;-CH,-COOH + GHsOH ~ CH;-CH,-COOCH--CH; + H,O

At 35 °C Kc is 4. At this temperature, calculajeth@ numeric value of moles of ethyl propionateried if
initially a mixture of 3.2 moles of propanoic aeidd 2 moles of ethanol is prepared; b) the amdwethgl
propionate (in grams) that will be obtained mixit@p g of ethanol with 150 g of propanoic acid wiien
equilibrium is established.

Data: M(CH;-COOH)=74 g/mol; M(GHsOH)=42 g/mol; M(CH-COOCH-CH;)=102 g/mol.
Solution: (a) 1.6 moles; (b) 29.5 g
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9. For the reaction: CO(g) + H (g) = CO (g) + HO (g), at 1573 K, 63 % of an equimolecular
mixture of CQ and H is transformed into CO and,8. Calculate: a) KandAG’ at 1573 K and b)
AH® y AS’ for this reaction. AssumAH® andAS’ to be constant within the range of temperatures
considered.

CO2(9) | H2(9) | CO(g) | H20(9)
AG° at 25°C (kcal mol™) -94.7 0 -31.8| -54.9

Solution: (a) Kp (1573 K) = 2.899AG° (1573 K) = -13.92 kd/mol; (b) Kp (298 K) = 1.36% AG® (298
K) = 33.47 kJ/moIAS® = 37.17 J/molAH® = 44.5 kd/mol

10. For the reaction: CO (g) +:B (g) -~ H (g) + CQ (g), the equilibrium constant is 5.1 at 800 Ka If
gaseous mixture of 1 mol each of CO and H20 is inedb 800 K in a 50-L container, calculate: (agTh
moles of CO present in the reaction mixture oneeetiuilibrium is established. (b) The partial puesof
each gas as well as the total pressure in thelvégsk two moles of water are added how manyesaf
CO would be present in the container when the ibguin is re-established?

Solution: (a) 0.307 moles of CO; (b) P(CO) = B® = 0.402 atm; P(kl = P(CQ) = 0.909 atm; (c)
0.08 moles of CO

11. For a 0.2 M sodium acetate aqueous solution aleuhe pH and the concentrations of all the
species present at the equilibrium

Data: K, (HAc)=10""°.

Solution: [Ac]=0.199%:0.2M; [AcH]=1.06510°M; [OH]=1.06510°M; pH=9.02

12. Calculate the pH of the solutions resulting frdra mixture of: a) 10 mL de NaOH 0.1M and 5 mL
de HCI 0.1M; b) 20 mL de NaOH 0.1M and 20 mL de HCM; c) 10 mL de NaOH 0.1M and 25
mL of HCI 0.1M.
Solution: NaOH and HCI are strong electrolytes so they ameptetely dissociated. The
corresponding ions are monovalent so number of srextel number of equivalents coincide. For
solving, we first calculate the number of molesoilred for a given mixture and then we consider the
final concentration taking into account the finalwme and assuming that the volumes are additive.
a) The initial number of moles, expressed in mmolesitnoles = 1- I®moles):

mmoles of NaOH: 10mL- (1/mL) x 0.1mol-L* = 10° mol = 1 mmol

mmoles of HCI: 0.1 = 0.5 mmol

Viotar (MI)=10+5=15 mL

When NaOH and HCI are mixed the following neuttatiian reaction takes place:

HCI + NaOH - Ccr + Na" + H,O
MmMOoleSitial 0.5 1 -- --
MMoleShange -0.5 -0.5 0.5 0.5 0.5
mMmoleSGnal -- 0.5 0.5 0.5 0.5

Neither Cl nor N& hydrolyzes. Therefore, the pH is given by:
NaOH + H,0 - Na"* + OH"
MmMOoleSitial 0.5 --
mMmoleSnal 0.5 0.5
mmoles de OH= 0.5= [OH] = 0.5/15 = 0.0333M=>
pOH=-log [OH] = 1.47 = pH= 1252

b) Following the same approach than in (a), we have:

mmoles of NaOH: 2€0.1 = 2 mmol
mmoles of HCI: 280.1 = 2 mmol
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Vol (MN)=20+20=40 mL

A strong acid (HCI) reacts with a strong base (Na@Elding a neutralization reaction:

HCI - NaOH - CI + Na" - H,O
Mmolesiiiales 2 2 - -
MmoleS$hange -2 -2 2 2 2
mmolegna - 2 2 »

Neither Cl nor Nd hydrolyzes. Therefore, the pH is given by the-gmifzation of water:

HO - OH  + H '

MMolesiial -
MmMOoleShange X 2
mmolesgna X X

Ko(H,0) =10 =|oH " |x[H,0%]= 0+ (0 = x=[H,0%]= /K, =107M = pH =7

c) Initially we have:
mmoles of NaOH: 1€0.1 = 1 mmol
mmoles of HCI: 280.1 = 2.5 mmol
Viota (MI)=10+25 = 35 mL

HCI + NaOH - Ccr + Na" + H,O
MmMoleSitial 2.5 1 -- --
MmoleS$hange -1 -1 1 1 1
mmolesgna 15 1 1 1

Here, pH is given by:

HCI + H,0 - Ccr + H;O"
MmoleSitial 15 --
mmolegna 15 1.5
mmoles of HO" = 1.5= [H;0"] = 1.5/35=0.043M= pH=-log[H;0"] = 1.37

13. Calculate the pH of each of the following soluso) 60 mL of a 0.5 M NHsolution. ) The
resulting solution if 30 mL of HCI 0.5 M are addidthe solution in (a).
DATA: pKy(NH3) = 4.8

Solution: a) Considering the following equilibrium for ammonman aqueous solution:
NH + HLO = NH,” + OH

Cinitial 05 - -
Ciinal 0.5-x X X
+ - 2 2
Ky(NH, =[NHOR T XF X2 - 05K, = 28210° =

[NH,] (05-x) 05
pOH = 255=> pH = 1145

b) Assuming that volumes are additive, first weateglate the initial concentrations of each of the
species. The new concentrations can be calculatéallaws:
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[NH,] = [NHsb XVo _ 05%60 _ o0y
v, 80
[HC] = [HC\I/]° Vo - 05%30 _ 1 g7

f
Consider the following neutralization reaction:

NH; + HCI - NH," + Ccr
Cinitial 0.375 0.1875 -- --
Cehange -0.1875 -0.1875 0.1875 0.1875
Cﬂnal 0.1875 -== 0.1875 0.1875

Note that ammonia is in excess with respect to A@er neutralization, a buffer solution is formed
(weak base/conjugate acid - [MJHINH ,']). Both species are in equilibrium so we can write

NH3 + H->0O = NH," + OH"
Cinitial 0.1875 0.1875 --
Cchanqe -X -X X X
Cfina| 0.1875-x - 0.1875+x X
G, (NH, =10 = NI O] _ (01875 % _0.1875 _ 1] -1 gyqgop

[NH,] 0.1875-x  0.1875
pOH = 474= pH = 926

14. Calculate the percent ionization of hydrofluorgidaat the following concentrations: a) 0.50 M; b)
0.003 M and ¢) 2.1-10M and comment on the trend3ata: pK (HF) = 3.18.
Solution: (a) 3.57 %; b) 37.19 %; (c) 79.77 %

15. Determine the titration curve of a 100 mL 0.1 M acid solution with a 0.1 M NaOH solution.
Hint: Use a worksheet to calculate pH every 5 mL ofegddaOH; calculate pH for three additions
after the equivalence point. Plot the results usineggraphical tools of the worksheet .

Data pK(HAc) = 4.75

Solution: (a)Before NaOH, pH = 2.87; (b) After addition @8 NaOH, pH = 6.02; (c) At the
equivalence point, when 100 mL of NaOH are addet=8.02; (d)After addition 105 mL NaOH, pH
=11

16. Consider a solution that is 0.15 M in acetic a@H;COOH) and 0.5 M in hydrochloric acid
(HCI), calculate: a) the concentration of acetatesj b) the concentration of non-ionized acid (HAc)
and c) the pH of the solution.

Data: Ka(CH3COOI—D =1.8 :l.O'3

Solution: (a) [Ac] = 5.4-10F M; (b) [AcH] = 0.15 M; (c) pH = 0.3

17. Given a 0.2 M NHECI solution: (a) What is the pH of this solutior{8)If 100 mL of 0.1 M HCI
solution are added to 100 mL of the original solufiwhat is the pH? (c) And if 200 mL of 0.1 M RIH
are added to 100 mL of the original solution?

Data: Ky(NH3) = 1.8 10

Solution: (a) pH = 4.98; (b) pH = 1.3; (c) pH = 8.95

18. Given the following buffer solution containing bdd.1 M each HAc and NaAc, determine: a) the
pH and b) the change in pH after adding 50 mL dlewto 50 mL of the buffer solution.

Data: Ka (HAc) = 1,8 10.

Solution: pH = 4.74. pH does not change appreciably wikiitidin.

19. You need to prepare 2 L of a phosphate buffertssiuat pH = 7. How many grams of sodium
hydrogen phosphate and dyhydrogen phosphate shouldeight?

-5-
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Data: The pK values of phosphoric acids can be takem fthe transparencies.
Solution: mass (NgHPQ,) = 283.94 g; mass (NaHFQ,) =38.7 g

20. Calculate the pH interval in which a change ofocolwill be observed for the two following
indicators: methyl orange (pK =3.4) and phenol@ita(pK = 9.4).
Solution: pH =pK, -1 acid form; pH =pK+1 basic form; methyl orange 34l; phenolphtalein 91

21. Determine the concentration of ammonia that vélisiitable for the precipitation of Fe(QHijom
a solution that is initially 0.005M in FeBr

Data: Ks(Fe(OH)) = 1.6-10° Kb(NH,) = 1.8 1C.

Solution: [NH3] = 1.96-1G M

22. To a solution that is 0.01 M in Gind Br is slowly added AgN©®(aq). Determine: a) which anion
should precipitate first; b) what is the [Agconcentration at the point at which the seconibran
begins to precipitate? c) Can the &id Bi be separated effectively by this fractional preatpn?
Data: K(AgBr) = 7.7- 10" K(AgCl)=1.6-10".

Solution: (a) AgBr will precipitate first; (b) Clwill begin to precipitate when [A§= 1.6-10° M; (c)
The initial concentration of Bris 0.01 M; The final concentration of Bbefore Cl begins to
precipitate is 4.81- 10 The yield of the separation will be 99.5 %

23. Compare the molar solubility of Mg(OHin water and in a solution buffered at a pH of ®&ta:
Ks (Mg(OH),) = 1.2-10".

Solution: In water, solubility is 1.44-10M and at pH = 8.5, solubility is 1.2 M. But pH =58s lower
than the natural pH Mg(OHB¥olutions, which is 10.46.

24. An agueous 0.5M N8O, solution is electrolyzed: (a) Write the oxidatiand reduction half-
reactions. (b) What will be the volume of Bnd Q produced if a 4 A current is passed through the
circuit for 45 minutes and the gases are colleeted40 mmHg and 27°C? Assume that the current
efficiency is 100%. (c) If the total voltage of thell is 5 V, what is the energy consumption is RW/
per nt of generated bP

Solution:a) When you hydrolyze a water solution the posiglectrode will be the anode and the
negative electrode will be the cathode. Electrarierehe water at the cathode giving rise to radoct
reactions. Cations, because of their positive aghéegd to concentrate in the cathode and aniotisein
cathode. Therefore, cations will tend to reduceamdns to oxidize.

Which are the possible reduction processes thatal@place at the cathode is the first question to
analyze for a proper experiment design. Theseharesduction of Nacations and the reduction of H
cations according to:

Na" +1le - Na(s)

H" +1e - Hy(g)

Obviously, S& anions are also susceptible to be reduced buubeaat their negative charge they
accumulate in the anode so this reduction procéssat take place. The reduction potential for'Na
iIs -2.714 V; this is a very large negative valuatthlearly indicates that this reduction process is
thermodynamically very unfavorable. Therefore hiérie are any other species with a lower reduction
potential they will reduce before. Water can beuced according to:

H* +1e” - Hy(g), which has a zero potential in standard coonlgi
2H,0 +2e - H,(g) + 20H, which has a reduction potential of -0.828 V.

Since sulphate anion is the conjugate base of kygmhsulphate acid, a relatively strong acid,
hydrolysis of sulphate can be disregarded. Theeefat is almost 7 so the preferred reduction vell b

-6 -
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the second one. At the anode the oxidation thastpkace must be the oxidation of water since sulfu
in the sulphate anion is in its highest oxidatitates The reaction is

2H,O - O,(g) + 4H +4e", which has an oxidation potential of -1.229 V

Therefore, the two reactions that take place are:

H,O = %Oz(g) +2H" +2e- oxidation
H,O+2e- < 20H- +H,(g) reduction

2H,0 = %Oz(g) +H,(g) overallreaction

The potential that must be applied for the elegtislto occur will be -1.229 +(-0.828) = 2.06 V.

b) To obtain %2 mol of ©and 1 mol of Hwe need 2 moles of.€A current of 4 A is equivalent to a
charge of 4 Coulombs per second. Taking into adcthat the charge of 1 mol of electrons is 96500
coulombs, the number of moles of hydrogen and axyyat are produced is:

N, =4x45x60x ! - 5595107mol
z 96500

—_ nHz —_ —2
No, = > - 279810 “mol
Assuming ideal gas behavior, the volume occupiethbge two gases will be:

_ nHZRT _ 5595107 0082300 _

760
_ N, RT _ 2798107 0082300 _
Vo, === 720 = 0707L
76C

c) The consumed energy in joules is E = 30x 60x 5 = 36 000 J. But since 1Kw-h is equivalent to
3.6-106 J, the energy in Kw-h will be 0.011 Kw-h. This qtity divided by the volume of Hgives
7.78 Hw-h/mi(H,).

25. A cell where the following reaction takes place:
5F€* (ac) + MnQ(ac) + 8H(ac)« 5F€&*(ac) + Mrf'(ac) + 4HO(l)

can be built in the following way: a platinum elexte is introduced in a container containing a
solution of potassium permanganate and sulfurid.a&hother platinum electrode is introduced in a
second container that contains a solution of ingfete. A saline bridge is used to connect the two
containers, and the electrodes are connected titrmeter. (a) What is the standard potential of the
cell? (B) What reaction takes place in the anodithe cathode? What is the direction of electron
movement through the external circuit? (c) Whahes equilibrium constant of the reaction at 25 °C?
(d) What can you conclude from the value of thelldyium constant?
Data: E°(MnO,/Mn?") = 1.512 V; B(F€*" [F€) = 0.771 V
Solution: First we need to recognize which species are raduand which are oxidizing. Fe
oxidizes into F& and MnQ" reduces to Mfi. So we must turn the reduction potential of*F@he
cell potential will be BMnO,/Mn*) - EX(F€’* [F€") = 1.512 - 0.771 = 0.739 V.
Fe* oxidizes into F& in the anode and MnQOreduces to Mfi in the cathode. Electrons are produced
in the anode and move to the cathode.
The equilibrium constant of the redox reactioniieg by

E=E° ——0'0§57 InQ =E° ——0%59 logQ at equilibriu mE =0and Q =K

E% 0739%5

K =1009%9 =10 005 =4,24.10%
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The redox reaction is totally displaced throughright.

26. Complete and balance the following redox reactions

I5(s) + HS(g) — H" + I +S(s) in acid media

Cu(NHy),** + SO7 - SO + Cu + NH in basic media

Al(s) + NO; +OH - Al(OH)4 + NH; in basic media

S,0:7 +I3 » S0 +1in acid media

MnO,* -~ MnO,(s) + MnQ in acid media

ClO + Fe(OH)(s) — CI +FeQ? in basic media
Solution:

I(s) + HS(g) — 2H" + 2T +5(s)

2Cu(NHy),** + SO~ + 40H - 2SQ7 + 2Cu + 8NH + 2H,0

8Al(s) + 3NQ; + 50H +18 HO — 8AI(OH), + 3NH;

25,05" +13 — S0 + 3l

3MnO,Z + 4H" = MnO4(s) + 2MnQ + 2H,0

3CIO + 2Fe(OH)(s) + 40H- 3CI + 2FeQ” + 5H,0
27. Balance the following redox processes and expldiatiher they are spontaneous processes or not.
Assume standard conditions: (a) Oxidation metaliicer in an acid aqueous solution. (b) Oxidation
metallic silver in an basic aqueous solution

Data: E°(Ag'/Ag)= +0.80 V; E(O,/OH)= +0.40 V

Solution: (a) 2Ag(s) +2H(ac) — 2Ag'(ac) + H(g); E<0, non spontaneous; (b) 4Ag(s) ) +
2H,0 - 4Ag" + 40H; E<0, non spontaneous

30. Calculate the potential generated by a cell ctingi®f a half-cell of 0.5M iron sulphate (Ill) and
0.1M iron sulphate (II) and another half-cell catisig of an acidic solution at pH=3.5 of potassium
permanganate OM and Mrf* 10* M at 1 atm pressure and temperature of 40 °C.

Data: E° (MnO,/Mn?*) = 1.51 V; B (F€""/F&") = 0.77 V; R = 8.314 J/mol-K; F = 96500 C

Solution: E=0.392 V

31. Calculate the concentration of Aign in moles per liter in the following cell
Cu|Cd*(0.1M)[|AG (¢ M?)|Ag

where E=0.36 V.

Data: E° (CUF*/Cu) = 0.34 V; B (Ag'/Ag) = 0.80 V.

Solution:[Ag*] = 6.38-10°' M

32. For a cell Zn|Zfi||Cd*|Cd at 25 °C of temperature. Find the following: Te normal cell
potential and electromotive force given that 7r0.015 and [C&]=0.02M; (b) The equilibrium
constant of the reaction that takes place.

Data: E° (Zn*"/Zn)= - 0.76 V; B (Cd*/Cd)= - 0.403 V.
Solution: (a) E°=0.357 and E = 0.361 V; (b) 1.26*40

33. A galvanic cell is built according to the follovgirprocedure: one electrode consists of a platinum
wire introduced in a beaker containing’F&M and F& 1M; the other half-cell consists of a solid
indium block submerged in a solution containing M. Answer the following questions: (a) Which
is the electrode with negative polarity? (b) In @thielectrode takes place the reduction reaction? (c
Write the balanced spontaneous reaction. Whichhés rtormal cell potential? (d) Calculate the
equilibrium constant for the redox reaction; (e)nf* concentration is reduced, how will be modified
the cell potential?

Data: E° (In*'/In)= - 0.34 V; B (F€""/[F€")= 0.77

Solution: (a) In/Ir**; (b) Cathode; (c) 3B& +In° — In** + 3F€"; E = 1.11 V; (d) 2.76- 18 (e)
Potential will increase



