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1. A student is asked to calculate AG at 25 °C for the combustion of butan-1-ol. The teacher provides two
pieces of information.
*  The equation for the combustion of butan-1-ol.
CH;(CH,);0H(l) + 60,(g) — 4CO.(g) + 5H,O(I) Equation 2

* Standard entropies of butan-1-ol oxygen, carbon dioxide and water.

CH;(CH;);0H(1) Oa(g) COx(g) H;O(1)

5% J K mol™ 228 205 214 70

The student carries out an experiment using the apparatus below and obtains the following results.
The specific heat capacity of water is 4.18 J g ' K.

clamp —|
- 100cm® of water

wick — | spirit burner
butan-1-ol

Mass of burner and butan-1-ol before burning / g 08.997

Mass of burner and butan-1-ol after burning / g 08.738
Initial temperature / °C 18.5
Maximum temperature reached / °C 39.0
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Use the information on the previous page to calculate AG, in kJ mol™', for the combustion of

butan-1-ol according to Equation 2 at 25 °C.
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AG=. 23713 kI mol™ [7]
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2. This question is about free energy changes, AG, enthalpy changes, AH, and temperature, T.
(a) The Gibbs' equation is shown below.
AG =AH-TAS

A chemist investigates a reaction to determine how AG varies with T.
The results are shown in Fig. 18.1.

A
+
AG Q
-1 0,0 b=
/kJmol TK
=]
Y

Fig. 18.1

What is significant about the gradient of the line and the values P and Q shown in Fig. 18.17
Explain your reasoning.
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(b) lron can be extracted from its ore Fe,O, using carbon.
Several equilibria are involved including equilibrium 18.1, shown below.

equilibrium 18.1  Fe,0,(s) + 4C(s) = 3Fe(s) @c AH = +676.
AS = +703. 1K~ mol" |

%5 a)l 3SpPee.ey n Xve QSOoNve
(i) Why is equilibrium 18.1 a heterogeneous equilibrium?

(ii) Write the expression for Kp for equilibrium 18.1.

ko =© ( G &— Shethiomariy,
e =¥(COcqy)
(1
(ili) The forward reaction in equilibrium 18.1 is only feasible at high temperatures.
»  Show that the forward reaction is not feasible at 25°C.€— +27 3 = 28 8 \«

*  Calculate the minimum temperature, in K, for the forward reaction to be feasible.

AP

AU
0HS

I =3

NG = DA — TS
AG = €76. 4 — 298 x

DE>0 so ndk (eanule

64
R S oEY

- -\

= QG2 lc

minimum temperature = ............. Clgz ......................... K [3]
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(iv) Another equilibrium involved in the extraction of iron from Fe,O, is shown below.
Fe;0,4(s) +4CO(g) = 3Fe(s) +4C0O,(g) AH = -13.5kJmol"

Enthalpy changes of formation, A:H, for Fe,0,(s) and CO,(g) are shown in the table.

Compound | AH/kJmol™
Fe;0,(s) -1118.5
CO,(g) —3935

Calculate the enthalpy change of formation, A;H, for CO(g).
-\7.5

tho‘(—cs\ ¥ E O T 3Fsy ¢ 4(-6"(%)

gxms.s Jﬁq”: ?Q} Tﬁx-ﬁg.s

(UB.S-4x) £ (G +(4x243.S)) = —12. 5
WS -G = 536085
-4 = G472
2 T - 00 S ey

AH, for cO(g) = ... = \NQ. S kJmol-! [3]
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3.

The table below shows standard entropies, S°.

Substance

CO(9)

H,(9)

CH,OH(l)

Se/Jmol K™

197.6

130.6

239.7

What is the entropy change, AS®, in J mol~1K~1, for the following reaction?

=219.1

-88.5

+88.5

o o W »

+219.1

Your answer

CO(g) + 2H,(g) — CH;0H(l)

-V

PhysicsAndMathsTutor.com

239.7 - (121.6 + (22130 &)

= =219 | vad."lc'l

(11
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4.

A student carries out two experiments in the laboratory based on succinic acid (butanedioic acid),
(CH,COOH),.

(a) Aqueous succinic acid can be neutralised by aqueous sodium hydroxide, NaOH(aq):

(CH,COOH),(aq) + 2NaOH(aq) — (CH,COONa),(aq) + 2H,0(l)

This reaction can be used to determine a value for the enthalpy change of neutralisation,

ApeutH- e reeosed Yo

b wme_ \ WAL Ok waXxeN
The student follows this method: Ao ale So Ty 2
»  Add 50.0cm?3 of 0.400 mol dm~3 succinic acid to a polystyrene cup. ok AR A

. Measure out 50.0 cm? of 1.00 moldm=3 NaOH(aq), which is in excess. ok Ve PN

*  Measure the temperature of both solutions. Ca.\cm

* Add the NaOH(aq) to the aqueous succinic acid in the polystyrene cup, stir the mixture,
and record the maximum temperature.

Temperature readings

Maximum temperature of mixture/°C 26.5

Initial temperature of both solutions/°C 215

Calculate a value for the enthalpy change of neutralisation, A__ .H, in kJ mol-1.

neut

Assume that the density of all solutions and the specific heat capacity, ¢, of the reaction
mixture are the same as for water.

‘g SOXIG > « G-& = A.0Zm3\

B =nCAtT&— 2€-5-21.5=5

a Na.g

100 om*
looxdc-\g xS = ZOGLOS' = 2 -0a0 e

2 .040
T o-02

\O&-S 450, 3 uyvoh

=+ 04 -S kyrar ™!

H= - S2:3 kJmol~" [4]
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(b) Succinic acid is esterified by ethanol, C,H;OH, in the presence of an acid catalyst to form an
equilibrium mixture.

The equilibrium constant, K, for this equilibrium can be calculated using the amounts, in
moles, of the components in the equilibrium mixture, using expression 5.1.
Estex Pord Jce.l\S
‘- P . _ MCH,C00CHy),) x n(H,0P dve Sroickiomerny
< ¥ recocandK, n((CH,COOH),) x n(C,H.O0HD Sk Xve P
eo U\ YTt

A student carries out an experiment to determine the value of K for this equilibrium.
*  The student mixes together 0.0500 mol of succinic acid and 0.150 mol of ethanal,
with a small amount of an acid catalyst.
*  The mixture is allowed to reach equilibrium.
*»  The student determines that 0.0200 mol of succinic acid are present in the
equilibrium mixture.
(i) Which technique could be used to determine the equilibrium amount of succinic acid?
T A L N w0 OSSOSO [
(ii) Write the equation for the equilibrium reaction that takes place.

(CALCO0H)., .2 Ca bt OH. Z7.(CHL00CH,), 4 21O

(iii) Draw the skeletal formula of the ester present in the equilibrium mixture.

Q
OY\/,\O /\ (1]

(iv) K. is the equilibrium constant in terms of equilibrium concentrations.

Why can expression 5.1 be used to calculate K for this equilibrium?

nolwane s  canced  oux / SOWE . nuanoRx

(v) Calculate the value of K for this reaction. E GFfUS\"e Q.
N 3

Show your working.
(cH,cooH); € LHSOHEK cGoc HQ ,O

T QOS :C'j'(s ! S O
— I 1 63
C -G.63 -0:0& ! +O '
| ! .
' .03 (O
'E S-67 IO -OA | ©
a-&671
oGT K= Qe L [3]
©-63x0. G o en

ke =562 xo. oqt
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5. Sir Humphry Davy discovered several elements including sodium, potassium, magnesium, calcium

and strontium.

{a) Explain which block in the Periodic Table sodium and magnesium belong to.

\oLGo'C ecCau®
Dy - c:rth-\a.i

AS. A

M

(b) A sample of magnesium, A = 24.305, is found to consist of three isotopes. The accurate
relative isotopic masses and % abundances of two of the isotopes are shown in the table.

Isotope Relative isotopic mass % abundance
24Mg 23.985 78.99%
Mg 24.986 10.00%

Determine the relative isotopic mass of the third isofope of magnesium in the sample.

Give your answer to 5 significant figures.

<1 g.2% x23.9¥3 ) *<1c:n< 24

100

= 14.303

1L .o\l x™M
(fele

. 2-3606 4B

relative isotopic mass = ............

e ja)

a&“ey (n OLXM

.Gl xpn = 286.0643S5

m

{c) Astudent adds an excess of calcium oxide to water in a test tube.
In a separate test tube, the student adds an excess of strontium oxide to water.

(i) Write the equation for the reaction of calcium oxide with water.

State symbols are not required.
CqO+HLC)——-3CC~COH)1 [1]

(ii) Suggest the approximate pH of the two solutions formed in the test tubes.

= 2S. ABLLS s¢)

pH with calcium oxide l‘?_

pH with strontium oxlde\‘g

(1]
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{(d) The table below shows enthalpy changes involving potassium, oxygen and potassium oxide,

Enthalpy change
IkJmol™1
formation of potassium oxide =363
1st electron affinity of oxygen -141
2nd electron affinity of oxygen +790
1st ionisation energy of potassium +419
atomisation of oxygen +249
atomisation of potassium +89

(i) The incomplete Born—Haber cycle below can be used to determine the lattice enthalpy of
potassium oxide.

In the boxes, complete the species present in the cycle.
Include state symbols for the species.

+ -
2Ky O oy

2K*(g)+O(g)+2e” ]

I\ M +790
-141 . - .
+4 (A %2 2le .;S)*O(,_\)"‘e-\

2ZW o * Qo

AH

[

Y A xe = (okhCe
2K(s)+0(g)
| QIPN\py
£240

2 Mesy?t V’Z-Ozrg)

-3673

Wy K,0(s) Y

[4]
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(ii) Calculate the lattice enthalpy of potassium oxide.

—90 + 14\ - (Zx&\A)- (BAx2Y -2 4=
-363 = -22717 Wyl

|attice enthalpy ="'Z'2-’T—r kdmol™ [2]
(e) A similar Born-Haber cycle to potassium oxide in (d) can be constructed for sodium oxide.
(i) The first ionisation energy of sodium is more endothermic than that of potassium.
Explain why.
Sedhum. o nayy o Syvodher L oes . C RO U
S0 Ao’ Mook alvaokon

--[2]
(ii) The lattice enthalpy of sodium oxide is more exothermic than that of potassium oxide.
Explain why.

x50, Nat hey o Shonger.. atvoocten

-2
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6. Sulfuric acid is an important chemical used to make detergents, fertilisers and dyes. It is
manufactured in a multi-step process.

(a) In the first step of the manufacture of sulfuric acid, sulfur dioxide, SOZ, can be made from the
combustion of hydrogen sulfide, H28, shown in Reaction 1.

2H,S(g) + 30,(g) — 2S0,(g) + 2H,0(l) AH =-1125kJmol™’

Reaction 1
(i) Explain why the enthalpy change for Reaction 1 has a negative value.

Use ideas about enthalpy changes associated with bond breaking and bond making.

(ii) Some standard entropy values are given below.

Substance

H,S(g) 0,(9)
S 1JK Tmol™!

206 205

S0,(9) H,O(l)
248 70

Using calculations, explain whether Reaction 1 is feasible at 20°C.
Calculations

DS - (2% 248+ (2x0N)- ((2x206) +($x20S))
DS -32l 5 vk 7!
—o-3a rywe v

NG = -U2S - ((272+4720) x-0:32\)
NG = - 1O\Gleyva ™!

Explanation for feasible or non feasible .......

tras\ale  RCaur
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(iii) Calculate the standard enthalpy change of formation, AH®, of hydrogen sulfide using
the enthalpy change for Reaction 1, and the standard enthalpy changes of combustion

below.
Substance A H®IkJmol™
S(s) -296.8
H,(g) -285.8
- ||7_s
2H,S(g) + 30,(g) — 2S0,(g) + 2H,0() AH = -1125kJmol-! Reaction 1

f 1% -296. 8/2_3( -185.%
1x

S + 2”2 L@Oz

(296.3%2)+ (-285 -8 x2)) + )28 =-40.2=27¢

gc-:."‘EO-Z

-2

= -20.\

He of hydrogen sulfide = ... .29\ . kJmol'[3]
A
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(b) The second step in the manufacture of sulfuric acid is the conversion of SO, into sulfur
trioxide, SOS, using Equilibrium 1.

vaQ

exorvom o
280,(g) + O,(g) = 280,(g) AH = =197 kJmol™! Equilibrium 1

An industrial chemist carries out some research into Equilibrium 1.

The chemist fills a 10.2dm?® container with S0,(g) at RTP, and then adds 12.0g of O,(g).

The chemist adds the vanadium(V) oxide catalyst, and heats the mixture. The mixture is
allowed to reach equilibrium at a pressure of 2.50atm and a temperature of 1000 K.

A sample of the equilibrium mixture is analysed, and found to contain 0.350 mol of SO,.

(i) Write an expression for K_ for Equilibrium 1. |
) p p q M . 2 —
Include the units. oA\ akm
<z
P(307)
leg = €(0,) ~0(0) \
units = ..........J OGN ) N 2]
(i) Determine the value of Kp for Equilibrium 1 at 1000K. ~
sdome(am®) =
Show all your working. —
_ . 2%
Give your answer to 3 significant figures.
f¥aY="0= 3
(G.2
= O0.42Swok ot SOz X @FmMm
24
-——2':—= O.37S wol Ok O'a. Mw {-"M
372 3
S = ol ¥
.:L__ o428 0.37S %
C -Q-350 -0-35 *—0-330 v S Ndeg:O-Q?S
L w
E o.ars o.200 —
c -0
= T .S = , z
R a2 \2
1 Ry . - S — (0-2)x©O ®)
1.) > .25 X77-5 G- Baiw

PLCOR) = 935 L0 s 1. Gokw

k‘:= 2% .2, o\km"

L
©-62S
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(iii) The chemist repeats the experiment in (b) at a different temperature.

The chemist finds that the value of Kp is greater than the answer to (b)(ii).

Explain whether the temperature in the second experiment is higher or lower than
1000K.
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(c) Vanadium(V) oxide, V,0c(s), is used as a catalyst in equilibrium 1.
280,(g) + 0,(g) = 2804(g) AH = -197 kJmol™’ Equilibrium 1
(i) Explain how the presence of V,0,(s) increases the rate of reaction.
Include a labelled sketch of the Boltzmann distribution, on the grid below.

Label the axes.

A €o ot

v d

NOo. of

hN

Y

QJV\QJP‘*’)

...................... WAe 0uU8Y . CAWEES LW eroug
Moo e N1 S L SAT qx\%Cmm ........................

(ii) Explain whether vanadium(V) oxide is acting as a homogeneous or heterogeneous
catalyst.
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7. This question is about copper(ll) sulfate, CuSO,, and sodium thiosulfate, Na,S,0,.

(a) The enthalpy change of reaction, A H, for converting anhydrous copper(II) sulfate to hydrated
copper(Il) sulfate is difficult to measure directly by experiment.

CuSO,(s) + 5H,0(l) — CuSO,*5H,0(s) AH reaction 5.1

The enthalpy changes of solution of anhydrous and hydrated copper(ll) sulfate can be
measured by experiment. The reactions are shown below.

In the equations, ‘aq’ represents an excess of water.

CuSO,(s) + aq — Cu?*(aq) + SO, 2 (aq) A H(CuSO,(s)) reaction 5.2

'sol

CuSO,*5H,0(s) + ag — Cu2*(aq) + SO,27(aq) A, H(CuSO,*5H,0(s)) reaction 5.3

Experiment 1

A student carries out an experiment to find A, ,H(CuSO,(s)) for reaction 5.2.

sol

Student’s method

*  Weigh a bottle containing CuSO,(s) and weigh a polystyrene cup.

*  Add about 50cm? of water to the polystyrene cup and measure its temperature.
*  Add the CuSQ,(s), stir the mixture, and measure the final temperature.

*  Weigh the empty bottle and weigh the polystyrene cup with final solution.

Mass readings

Mass of bottle + CuSO,(s)/g 28.04
Mass of empty bottle/g 20.06
Mass of polystyrene cup/g 23.43
Mass of polystyrene cup + final solution/g 7413

Temperature readings

Initial temperature of water/°C 20.5

Temperature of final solution/°C 34.0

Experiment 2
The student carries out a second experiment with CuSO,*5H,0 (reaction 5.3). The student
uses the same method as in Experiment 1.

The student calculates A, \H(CuSO,*5H,0(s)) as +8.43kJ mol~1.

sol
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(i)* Calculate A ,H(CuSQ,(s)) for reaction 5.2 and determine the enthalpy change of
reaction 5.1, ArH.

Assume that the specific heat capacity, ¢, of the solution is the same as for water.

Show your working, including an energy cycle linking the enthalpy changes. [6]

e T N G N e

Z'SG(.___ ...... S?Z'Z—WQW—‘QSO\W(C(L&)*LSA
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(ii) The thermometer had an uncertainty in each temperature reading of £0.1°C.
USeo\ %2 \
The student calculates a 20% uncertainty in the temperature change in Experiment 2.

Calculate the temperature change in Experiment 2.

(ce :
(0-1x2) x 22~ =1.0%C

temperature change = (. T < °CI1]

(b) The standard enthalpy change of reaction, A H*, and the standard free energy change, AG*,
for converting anhydrous sodium thiosulfate to hydrated sodium thiosulfate are shown below.

Na,S,0,(s) + 5H,0(1) — Na,S,0,°5H,0(s) AH® = -55.8kJmol!
AG® =-16.1kJmol""

Standard entropies are given in the table.

Compound S®/JK 'mol™
Na,S,0,°5H,0(s) 3724
H,0(1) 69.9

Determine the standard entropy, S®, of anhydrous sodium thiosulfate, Na,S,0,(s).

Give your answer to 3 significant figures.

AG =480 ~"TAS
-6 =-55.8 -2a8 (AS)
29.7 = -22% (AS)
<0.1393 E AS € =«(23 \SM"M_'
oW et
AS= 2724 -(3%X62.q) =22 A3k wal”

A BB S = 133) =156 v vl ™

se= 1SSQ. ... JK"mol™ [4]
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(c) Sodium thiosulfate contains the thiosulfate ion, S,0, 2-,
The displayed formula of S,0, 2= can be shown as below

0
-0 s Tve - O

@]
thiosulfate ion

(i) Predict the O—S-S bond angle and name of the shape of the thiosulfate ion.
o
Bond angle ...\ QA . S

Name of shape ¢Q£‘QV\M .....................................................................

1]
(ii) In some of its reactions, the thiosulfate ion forms the tetrathionate ion, 84062‘.
The S,042 ion is a ‘dimer’ of $,0,%".
Draw a displayed formula for the 84052‘ ion.
« N © o
- - (\ t\
O ~sS-5S-S - S o
m " @-S-S-0-5-S
(l \!
(@)
e o o
o o 1]
I |\ )
S -S-g-0-S—S
( \(
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8. Methanol, CH30H, can be made industrially by the reaction of carbon monoxide with hydrogen, as
shown in equilibrium 1.

CO(g) + 2H,(g) = CH,OH(g) AH=-91kJmoal™ Equilibrium 1

(a) Predict the conditions of pressure and temperature that would give the maximum equilibrium
yield of CH,OH in equilibrium 1. "

Explain your answer. ww M
R.ishk, Jond o Side. hos . feugx.. gasq:us ?ft’i

So.. m@n.preSsuwre

... [3]
(b) A catalystis used in the production of methanol in equilibrium 1.

State two ways that the use of catalysts helps chemical companies to make their processes
more sustainable and less harmful to the environment.

1xmm%de.rm

2 lc.:scoz emmcu\a
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(c) Standard entropy values are given below.

Substance CO(g) H,(g) CH,OH(g)
s°1JK T mol™ 198 131 238

A chemist proposed producing methanol at 525K using equilibrium 1.

Explain, with a calculation, whether the production of methanol is feasible at 525K.

AS=..288. =128 2 (2x)3\)).2 m222 s imd T

,_,5..:_.9.:.,2.272:...t_g,\.}k.ﬁ.".m“"
AG.7. %~ TAS...

AG = -a\. .- (5 Z,Sx - O. 232) 25 55

Nk 5o 08 AG SO

.. [5]

(d) At 298K, the free energy change, AG, for the production of methanol in equilibrium 1 is
-2.48 x 10*Jmoal™.

\nke = L&
AG s linked to K, by the relationship: AG = -=RT InK,,. ¢ - 2T
R = gas constant a
T = temperature in K. \nkp = 2-4¥ %X\0
Calculate Kp for equilibrium 1 at 298 K. -8.34 x223
Give your answer to 3 significant figures. =\0. 0O\

-\3. 0\

Lp= e = 2.22x\0%

p (cH;0W)
ke = pleo)xplv,

RN A 'lQ units a.\-m .. [3]



