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Exercises and problems

CHAPTER 5 Simple mixtures

TOPIC 5A The thermodynamic description of mixtures

Discussion questions

5A.1 Explain the concept of partial molar quantity, and justify the remark th:
e p“ﬁal molar property of a solute depends on the Properties of the solvg:tt
too.

5A.2 Explain how thermodynamics relates non-expansion work to a change in

composition of a system.

5A.3 Are there any circumstances under which two (real) gases will not mix
spomaneously?

Exercises

5A.1(a) A polynomial fit to measurements of the total volume of a binary
mixture of A and Bis
=987.93+35.6774x—0.45923x% +0.017325x
where v=V/cm? x=ng/mol, and ng is the amount of B present. Determine the
ial molar volumes of A and B.
5A.1(b) A polynomial fit to measurements of the total volume of a binary
mixture of A and B is

1=778.55—22.5749x+0.568 92x2 +0.01023x3 +0.002 34x

where v=V/cm?, x=ng/mol, and ny is the amount of B present. Determine the
partial molar volumes of A and B.

5A.2(a) The volume of an aqueous solution of NaCl at 25 °C was measured at
a series of molalities b, and it was found that the volume fitted the expression
»=1003+16.62x+1.77x%2+0.12x> where v= V/cm?, V is the volume of a
solution formed from 1.000kg of water and x=b/b*. Calculate the partial
‘molar volume of the components in a solution of molality 0.100 molkg".
5A.2(b) At 18°C the total volume V of a solution formed from MgSO, and
1.000kg of water fits the expression v=1001.21 +34.69(x - 0.070)%, where
v=V/cm® and x=b/bx=b/b*. Calculate the partial molar volumes of the salt
and the solvent when in a solution of molality 0.050 molkg™.

5A.3(a) Suppose that 11, =0.107; and a small change in composition results in
11, changing by 841, = +12] mol-!, by how much will 5 change?
5A3(b) Suppose that 1, =0.221; and a small change in composition results in
14 changing by 84, =~15] mol-!, by how much will 4 change?

5A4(a) Consider a container of volume 5.0dm? that is divided into two
compartments of equal size. In the left compartment there is nitrogen at
1.0atm and 25°C; in the right compartment there is hydrogen at the same
temperature and pressure. Calculate the entropy and Gibbs energy of mixing
- when the partition is removed. Assume that the gases are perfect.
~ 5A4(b) Consider a container of volume 250 cm? that is divided into two
compartments of equal size. In the left compartment there s argon at 100kPa

adol in th compartment there is neon at the same temperature

5A.4 Explain how Raoult’s law and Henry’s law are used to specify the
chemical potential of a component of a mixture.

5A.5 Explain the molecular origin of Raoult’s law and Henry’s law.

5A.5(b) When carbon dioxide is taken into account, the mass percentage
composition of air is 75.52 (N,), 23.15 (O,), 1.28 (Ar), and 0.046 (CO,). What
is the change in entropy from the value in the preceding exercise?

5A.6(a) The vapour pressure of benzene at 20°C is 10kPa and that of
methylbenzene is 2.8 kPa at the same temperature. What is the vapour
pressure of a mixture of equal masses of each component?

5A.6(b) At 90°C the vapour pressure of 1,2-dimethylbenzene is 20 kPa and that
of 1,3-dimethylbenzene is 18kPa. What is the composition of the vapour of an
equimolar mixture of the two components?

5A.7(a) The partial molar volumes of acetone (propanone) and chloroform
(trichloromethane) in a mixture in which the mole fraction of CHCl; is
0.4693 are 74.166 cm®mol~! and 80.235 cm®mol-', respectively. What is the

volume of a solution of mass 1.000 kg?

5A.7(b) The partial molar volumes of two liquids A and B in a mixture in which
the mole fraction of A is 0.3713 are 188.2 cm*mol™! and 176.14cm?® mol™!,
respectively. The molar masses of the A and B are 241.1 gmol ™! and
198.2gmol!. What is the volume of a solution of mass 1.000kg?

5A.8(a) At 25°C, the density of a 50 per cent by mass ethanol-water solution

is 0.914gcm. Given that the partial molar volume of water in the solution is
17.4cm? mol™!, calculate the partial molar volume of the ethanol.

5A.8(b) At 20°C, the density of a 20 per cent by mass ethanol/water solution is
968.7kg m™>. Given that the partial molar volume of ethanol in the solution is
52.2cm*mol ™}, calculate the partial molar volume of the water.

5A.9(a) At 300K, the partial vapour pressure of HCI (that is, the partial
pressure of the HCI vapour) in liquid GeCl, is as follows:

i 0.005 0012 0019

pualkPa 320 769 1218

Show that the solution obeys Henry’s law in this range of mole fractions, and

calculate Henry’s law constant at 300 K.
5A.9(b) At 310K, the partial vapour pressure of a substance B dissolved in a

liquid A is as follows:
x 0.010
pufkPa 820

OO
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5A.10(a) Calculate t
25°C; partial pressures
5A.10(b) Calculate the mol

5A.11(a) Use Henry's law and the
(as a molality) of CO; in water a

atm, (ii) 1.00 atm.
5A.11(b) The mole fraction:
0.78 and 0.21. Calculate the molalities

of water at 25°C.
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Jar solubilit
e data in Table 5A.1 to
¢ 25°C when its partial

in air at sea level are approximately

s of N, and O,
formed in an open flask

of the solution

Problems
of the partial molar volume of a salt in water are

5A.1 The experimental values

found to fit the expression v, =5.117+ 19.121x172, where vy = Vy/(cm?®mol™")
and x is the numerical value of the molality of B (x= b/b®). Use the Gibbs—
Duhem equation to derive an equation for the molar volume of water in
the solution. The molar volume of pure water at the same temperature is

18.079cm*mol".
xyanisole forms a liquid crystal. 5.0g of the solid

5A.2 The compound p-azo:
phase rule

was placed in a tube, which was then evacuated and sealed. Use the
to prove that the solid will melt at a definite temperature and that the liquid
crystal phase will make a transition to a normal liquid phase at a definite

temperature.
5A.3 The following table gives the mole fraction of methylbenzene (A) in
liquid and gaseous mixtures (x, and y,, respectively) with butanone at
equilibrium at 303.15K and the total pressure p. Take the vapour to be perfect
and calculate the partial pressures of the two components. Plot them against
their respective mole fractions in the liquid mixture and find the Henry’s law

constants for the two components.

EN 0 0.0898 0.2476 03577  0.5194  0.6036
I 0 0.0410 0.1154 0.1762 02772 0.3393
p/kPa 36.066 34.121 30.900 28626 25239  23.402

for use in the home
fagf= _ stimate the mol ar §o

fant is aval
1 Je at 50807
 water carbonating
tm. Estimate the

) A water carbonating

i rbon
pepely medlns:;a water it produces.

concentration of the s
the
5A.12(b) After some weeks of u“"s £ Fi
mentioned in the previous exerci
concentration of the so!

5A.12(a)

XA 0.7188 0.8019 0.9105 :
pLs 0.4450 0.5435 0.7284 0
p/kPa 20.6984 18.592 15.496 12. 4
f aqueous solutions of copper(II) su!ialte atl :fvm ]
d plot the partial mO 2

5A.4 The densities 0! e
measured as set out below. Determine =
CuSO, in the range of the measurements:
5 10 15 20 x5

1.167 1.230

m(CuSO,)/8
1.051 1.107
Gungp

pl(gem=)
dissolved in 100g of solution.

responsible for oxygen

(CuSO,) is the mass of CuSO;,

5A.5 Haemoglobin, the red blood protein !
binds about 1.34cm? of oxygen per gram. Normal blood has a haemo

concentration of 150gdm™. Haemoglobin in the lungs is about 97 per
saturated with oxygen, but in the capillary is only about 75 per cent s:
What volume of oxygen is given up by 100cm® of blood flowing from

lungs in the capillary?
5A.6 Use the data from Example 5A.1 to d
has a minimum value.

where m

etermine the value of b at wl

TOPIC 5B The properties of solutions

Discussion questions

5B.1 Explain what is mq
iStin e eant by a regular solution; 3
distinguish a real solution froma ‘iu gulm‘:;:z‘;; :’hat additional features

5B.2 Explai i igil
Xplain the physical origin of colligative properties

Exercises

) ! ]
5B.1(a) Predict the Partial vapour ressure of HC aboye its solution i uid
pour p llq

germanium tetrachlori ;
5A.10(a). oride of molalty 0,10 mol kg1 oy data,
v see Ele'cise

f the component B ahye its

s¢ 5A.10(b) when th
€ ﬂlola]jty of Bj
is0.25 mojkg-l

The molar mass of A js 74.1gmol-!

2(a) The Vapour pressure o ene s 5.
5B, S5 f benz is 53.3

olar mass of the compoung issolved jp

sS(;(.)SkPa When 19,0 g of a non
8 of benzene, Calculate th

583 Colligative properti
perties are j
then, can osmometry be use; lt: ::Pt:rndmt :Lf;hﬂ .
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) The osmotic pressure of an aqueous solution at 300K is 120 kPa.
5Nlal te the freezing point of the solution.
~Jcula % 3 .
Calc The osmotic pressure of an aqueous solution at 288 K is 99.0 kPa.

SBV:(:ll'\ts the freezing point of the solution.
Calculd
sg5(a) Calculate the Gihl’?s cn.crg)-, entropys and enthalpy of mixing when
gs0mol CeFl (hexane) is mixed with 2.00mol C;Hi (heptane) at 298 K;
treat the solution as 1d§;\l_

58.5(b) Calculate the G’hl_‘s C”_“E,". fnlrki}v)’, and enthalpy of mixing when
1.00mol CeHis (hexane) is mixed with 1.00mol C,H, (heptane) at 298 K;
treat the solution as ideal.

5g.6(a) What proportions of hexane and heptane should be mixed (i) by mole
fraction, (ii) by mass in order to achieve the greatest entropy of mixing?
sp6(b) What proportions of benzene and ethylbenzene should be mixed (i) by

mole fraction, (ii) by mass in order to achieve the greatest entropy of mixing?

s57(a) The enthalpy of fusion of anthracene is 28.8 k] mol~! and its melting
oint i 217°C. Calculate its ideal solubility in benzene at 25°C.
58.7(b) Predict the ideal solubility of lead in bismuth at 280°C given that its
melting point is 327°C and its enthalpy of fusion is 5.2 k] mol-'.

5B.8(a) The osmotic pressure of solutions of polystyrene in toluene were
measured at 25 °C and the pressure was expressed in terms of the height of the
solvent of density 1.004g cm3:
6.613

9.521 12.602

cl(gdm™) 2.042

hfem 0.592 1.910 2.750 3.600

Calculate the molar mass of the polymer.

5B.8(b) The molar mass of an enzyme was determined by dissolving it in water,
measuring the osmotic pressure at 20 °C, and extrapolating the data to zero
concentration. The following data were obtained:

3.221 6.722

4.618 5112

¢/(mgem™)

hfem 5.746 11.990

8.238 9.119

Calculate the molar mass of the enzyme.

5B.9(a) A dilute solution of bromine in carbon tetrachloride behaves as an

ideal dilute solution. The vapour pressure of pure CCl, is 33.85 Torr at 298 K.
‘The Henry’s law constant when the concentration of Br, is expressed as a mole
fraction is 122.36 Torr. Calculate the vapour pressure of each component,

the total pressure, and the composition of the vapour phase when the mole
fraction of Br, is 0.050, on the assumption that the conditions of the ideal
dilute solution are satisfied at this concentration.

Problems

3B Potassium fluoride is very soluble in glacial acetic acid and the solutions.
have a number of unusual properties. In an attempt to understand them,
freezing point depression data were obtained by taking a solution of known
molality and then diluting it several times (J. Emsley, J. Chem. Soc. A, 2702
(1971)). The following data were obtained:

0.295 0.602

1.381 2.67

bl(molkg-1) 0.015
ATIK e

0.077
0.470

0.037
0.295

Calculate the apparent molar mass of the solute and suggest an interpretation.
Use A, H=11.4K] mol-! and Ty’ =290K.

$B2Ing study of the properties of an aqueous solution of Th(NO,), (by

A Apelblat, D, Azoulay, and A. Sahar, J. Chem. Soc. Faraday Trans., I, 1618
(1973)), 2 freezing point depression of 0.0703 K was observed for an aqueous
Solution of molality 9.6 mmolkg™!. What is the apparent number of ions per
Ormula unit?

e liquid A is 23 kPa at 20°C and its
alculate the vapour pressure of
tion of the vapour phase
that the conditions of

5B.9(b) The vapour pressure of a pur
Henry’s law constant in liquid B is 73 kPa. C
each component, the total pressure, and the composi
when the mole fraction of A is 0.066 on the assumption
the ideal dilute solution are satisfied at this concentration.

nzene is 53.3kPa and that of
osition of a liquid mixture
hat is the composition of

58.10(a) At 90°C, the vapour pressure of methylbe
1,2-dimethylbenzene is 20.0 kPa. What is the comp
that boils at 90 °C when the pressure is 0.50 atm? W]
the vapour produced?

5B.10(b) At 90°C, the vapour pressure of 1,2-dimethylbenzene is 20 kPa
and that of 1,3-dimethylbenzene is 18 kPa What is the composition of a
liquid mixture that boils at 90 °C when the pressure is 19kPa? What is the
composition of the vapour produced?

5B.11(a) The vapour pressure of pure liquid A at 300K is 76.7kPa and that of
pure liquid B is 52.0kPa. These two compounds form ideal liquid and gaseous
mixtures. Consider the equilibrium composition of a mixture in which the
mole fraction of A in the vapour is 0.350. Calculate the total pressure of the
vapour and the composition of the liquid mixture.

58.11(b) The vapour pressure of pure liquid A at 293K is 68.8kPa and that of
pure liquid B is 82.1 kPa. These two compounds form ideal liquid and gaseous
mixtures. Consider the equilibrium composition of a mixture in which the
mole fraction of A in the vapour is 0.612. Calculate the total pressure of the
vapour and the composition of the liquid mixture.

58.12(a) It is found that the boiling point of a binary solution of A and B with
x,=0.6589 is 88 °C. At this temperature the vapour pressures of pure A and B
are 127.6kPa and 50.60 kPa, respectively. (i) Is this solution ideal? (ii) What is
the initial composition of the vapour above the solution?

5B.12(b) It is found that the boiling point of a binary solution of A and B with
X, =0.4217 is 96 °C. At this temperature the vapour pressures of pure A and B
are 110.1kPa and 76.5 kPa, respectively. (i) Is this solution ideal? (ii) What is
the initial composition of the vapour above the solution?

5B.13(a) Dibromoethene (DE, ppg =22.9kPa at 358 K) and dibromopropene
(DP, ppyp =17.1kPa at 358K) form a nearly ideal solution. If x;; =0.60, what is
(i) proas When the system is all liquid, (ii) the composition of the vapour when
the system is still almost all liquid.

5B.13(b) Benzene and toluene form nearly ideal solutions. Consider an
equimolar solution of benzene and toluene. At 20°C the vapour pressures of
pure benzene and toluene are 9.9 kPa and 2.9 kPa, respectively. The solution

is boiled by reducing the external pressure below the vapour pressure.
Calculate (i) the pressure when boiling begins, (ii) the composition of each
component in the vapour, and (iii) the vapour pressure when only a few drops
of liquid remain. Assume that the rate of vaporization is low enough for the
temperature to remain constant at 20 °C.

5B.3* Aminabhavi et al. examined mixtures of cyclohexane with various long-
chain alkanes (T.M. Aminabhavi et al., J. Chem. Eng. Data 41, 526 (1996)).
Among their data are the following measurements of the density of a mixture
of cyclohexane and pentadecane as a function of mole fraction of cyclohexane
(x.) at 298.15K:

% 0.6965
0.7661

0.7988
0.7674

0.9004
pl(gem3) 0.7697

Compute the partial molar volume for each component in a mixture which
has a mole fraction of cyclohexane of 0.7988.

5B.4* Comelli and Francesconi examined mixtures of propionic acid with
various other organic liquids at 313.15K (E Comelli and R. Francesconi,

J. Chem. Eng. Data 41,101 (1996)). They report the excess volume of mixing
¥ These problems were provided by Charles Trapp and Carmen Giunta.
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oxane as VE= xxglao + @1~ )}, where x; i the mole
c acid, x, that of oxane, o= 24697 cm’® mol-! and j

1, The density of propionic acid at this temperanfre is

f oxane is 0.86398 gem™. (a) Derive an expression for
me of each component at this temperature. (b) Compute
+ each component in an equimolar mixture.

after it has been converted into an expression

| function of temperature: The data in
of calcium acetate in water as a function

propionic acid with
fraction of propioni
a,=0.0608 cm?mol”!
0.97174gcm™ that 0
the partial molar volus
the partial molar volume fo

5.5 Equation 5B.15 indicates,
for xy, that solubility is an exponentia
the table below gives the solubility, S,

of temperature.

g/°Cc 0 20 40 60 80

$/(g (100 g solvent)™) 364 SA0SbwoBla W 317

Determine the extent to which the data fit the exponential $= Sye?T and
ants in terms of properties of

obtain values for So and 7. Express these const:

the solute.
s of methylcyclohexane (MCH) and

5B.6 The excess Gibbs energy of solution:
found to fit the expression

tetrahydrofuran (THF) at 303.15K were
{0.4857—0. 1077(2x—1)+0.019 12x— 1)2}

methylcyclohexane. Calculate the Gibbs
£1.00 mol of MCH and 3.00mol of THE is

GE=RTx(1-x)

where x i the mole fraction of the
energy of mixing when a mixture of
prepared.
G(xpy, T) for a mixture of copper and lead. (a)

the miscibility of copper and lead and the
spontaneity of solution formation? What is the variance (F) at (i) 1500K, (ii)
1100K? (b) Suppose that at 1500K a mixture of composition (i) xp, =0- 1, (i)
xpy=0.7, is slowly cooled to 1 100K. What is the equilibrium composition of
the final mixture? Include an estimate of the relative amounts of each phase.
(c) What is the solubility of (i) lead in copper, (ii) copper in lead at 1100 K?

58.7¢ Figure 5.1 shows Apix
What does the graph reveal about

0
i
f 100 K
—~ -1 [ —
°
E v
22 1300 K
Gx

E
<3 1500 K

-4

Y 0.2 0.4 0.6 0.8 1

Mole fraction of B, x,

Fi i
igure 5.1 The Gibbs energy of mixing of copper and lead

5B.8 The excess Gibbs el ixtu;
nergy of a certain bij i
bt 3 ain binary mj i
8RTx (1-x) where g is a constant and x is the n‘}llole fra::i;:xeqfual til’
ofa solute A,

Find an expression f
2 or the chemical :
its dependence on the composition. potential of A in the mixture and sketch

58.9 Use the Gibbs-Helmholtz equation to find

in t .
erms of T. Integrate d In x, from e an expression for d | o
A

0 to the value of interest, anq
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chiogo fitting the curve to the virial
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and in good solveR™ equation for (H{q)‘“ and plot this

s Se»wnd f:;e: lgete,m}ne the second and third virial c?efﬁcients from the

g;;,::z :f,mpm}o the values from the first plot. Does this plot confirm the

assumed value of g?

LoxmmoNgem™gem) L 238
00050 0010 0.020 0.033  0.057 0

c/(gem™)

is often
vents, the paramet® 22
in al

381074 52 63
02 8

31.0
0.195 0245 0.27

19.0

10X(Icl(gem™//8 cm™)
0.145

cl(gem™)
ch, and J.E. Mark (J. Polymer Sci., Polym. Phys. 4
(1976)) have reported the data in the table below for the osmotic p{e'ssl:; &
of polyc'hloroprene (p=1.25gcm™) in toluene (p=0.858 gcm™) at 30 oces
Determine the molar mass of polychloroprene and its second osmotic V\nal

coefficient.

58,11+ K. Sato, ER. Eiri

2.10 7.18 9.87

246 390

c/(mgem) 133 452

IT/(Nm) 30 51 132

5B.12 Use mathematical software, a spreadshee or the I iving graphs on

i i

the web site for this book to draw graphs of A,,G against x, at different
'mix A

temperatures in the ran,
ge 298K to 500
depend on temperature most strongly?K' e e
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5ibbs energies
(@) 2CHCHOC

3C.1(a) Combine the reactior

1 entropies calculated in EXer
late the standard reaction C

the reaction enthalpies, and calcul
at 298K. . percise 3B.2(b) with the f
i s calculated in Exercise 3 (i)
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2 1,(s)+2 H,O(D at 298K, from the standars 3 @ Zn(9+CV o o 1 ¢! z 5.4) K- mol!.
mation given in the $sectiol y + i 1 ¢ 298 K.
O enOn O ot o e o e
3¢.2(b) Calculate the st 5 < . standard entropies enth@'P?, o  grad ati® ino acid &
& CH,OH() —> CH,CH,COOH( at 228 £, f";‘l‘;::,:m 0 scsto The stande o and F5 Ly of S0EoftHE ami d molar entropy is
O thalpies of formation given in the Resotr® y 152231 KMo B Gibbs encf® abustio g ts SO0 e emation of glycine
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e
: p (NH,CH:CZ culate
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ub;aiucd from a fuel cell in which the chemical reaction is the combustion of at 298K
propane at 298 K. .
¢ enthalpy an
4 temperatul’f? ::;d —_—31kjmol™,
. bloo ol 3 i
Rroblems s N T e of 1 mol ATP* (&)
3¢.1 Consider a perfect gas contained in a cylinder and separated by a 3 H_nerg)’ of olyst andilions' 2 that can be used -to do non-
e i O and B. All changesin B Gibbs ¢! or these 7€ fene’® o m amino® acids, muscular
frictionless adiabatic piston into two sections A and b. g respecﬂ"ely' % to J coteins fr° e Gy €aRa)
are isothermal; that is, a thermostat surrounds B to keep its tempefa.ture results in the extract! 2 esis circuit jn our DT - culate
constant. There is 2.00 mol of the gas molecules in each section. Imtfally expansion works such s of rolysis of ATP at pH=7.0 and
T,=T,=300K, V= V,=2.00dm’. Energy is supplied as heat to Section A. Contraction> and the ?C fthe entropy @ i biological cell is 10um and
and the piston moves to the right reversibly until the final volume of Section bt or the sig? <3 adius O a2 typic e B ch secon 4 What is the
Bis 1.00dm?>. Calculate (a) ASy and AS, (b) AA, and Adp, (c) AG, and AGBi) 310K. () Suppose tha! T are I droly ips ppailypaminind
(d) AS of the total system and its surroundings. If numerical values cannot be “hat inside it 1x10° AT - gatts per cubic metr P (R g A T
obtained, indicate whether the values should be positive, negative, orlzerojr = densith of the cell in e hasa volume of 100cm”- i F 00 :
are indeterminate from the information given. (Assume Crm=20]17 ki) 5 ttery delivers about 1 the batterY? (c) The formatio glutamine
T ¢ density, the cel1 &% ) 14.2k) mol " of energy input. I
3¢.2 Calculate the molar internal energy, molar entropy, and molar Helm reater pOWe! i it S o jons requires T B bt e
energy of a collection of harmonic oscillators and plot your expressions as & from glutamate aﬂd : 5§ P to ADP mediate: y t Y glutamine
is driven bY 2 2k les Of ATP must be hydrolysed to form 1 mol
synthetase- How many moies

function of T/6", where 6¥=hv/k.
3¢.3In biological cells, the energy released by the oxidation of foods is stored o
sence of ATP’s action is glutamine?

in adenosine triphosphate (ATP or ATP*). The es!
its ability to lose its terminal phosphate group by hydrolysis and to form

adenosine diphosphate (ADP or ADP*):
ATP* (aq)+H,0(l) ——)ADPJ‘(aq)+HPO§‘(aq)+H3O+(aq)

TOPIC 3D Combining the First and Second Laws

Discussion questions
3D.2Suggest a physical interpretation of the dependence of the Gibbs e

3D.1 Suggest a physical interpretation of the dependence of the Gibbs energy
on the pressure.

on the temperature.

EXercises
D.1(a) Suppose that 2.5mmol N,(g) occupi
pies 42 cm?
sothermally to 600 cm?. Calculate AG for the processa T Fla 3D.2(a) The ch
; change in the Gj
was found to § e Gibbs ener;
t the 8y of a certain ¢
onstant-pressur

D.1(b) Suppose that 6.0 mmol Ar(, i
8) occupies 52 cm? at 29,
8K and ex
pands

othermally to 122.cm’. Calculate AG for the process eXpression AG
N 1)=~85 40
. “40+36.5(T/K). Calculate




image2.jpeg
in the Gibbs
) The change in t energy of a certai
:::found to fit the expression AG/J=-73.1 + 42.;’:;‘7;;‘3
S for the Process: -
sp3ta) pstimate the change in the Gibbs energy and mo},
|,odm‘ of octane when the pressure acting on it is incre: S
J00atm- The mass density of octane is 0.703 gem3 %S

ni-pressure process

ibbs energy of
from 1.0atm to

problems

ulate A,G® (375K) for the reaction 2 CO(g)+0,(g) 2 CO,(g)
: 28,

3p.1 Calc
value of A,G® (298K), A H® (298K), and the Gibbs-Helmholt
i oltz

from the

equaliun,
Estimate the standard reaction Gibbs energy of N,(g)+3 Hiy(,

3 (g)at (&) S00K. () 1000K from their values at 298K, D

3p3At2
KJmol an¢
Estimate
the temperature
3p.4 Two empirical equations of state of a real gas are as follows:

98K the standard enthalpy of combustion of i
T sucrose is —5'
d the standard Gibbs energy of the reaction is 7633l3$k] :190:*!

to blood temperature, 37 °C.

RT
van der Waals:p=ﬁ—‘:i2
e m
RTe~4/RTVar

Dieterici: p= v

Evaluate (dS/9V) for each gas. For an isothermal expansion, for which kind of
sider a perfect gas) will AS be greatest? Explain your conclusion.

gas (also con:

3p.5 Two of the four Maxwell relations were derived in the text, but two were

not. Complete their derivation by showing that (9S/0V);=(dp/dT)y and
(3T/9p)s=(@VI0S),-

3D.6 (a) Use the Maxwell relations to express the derivatives (9S/0V) 1>
(V/2S),, (0pl 9S)y»
(9V/3p)y- (b) The Joule coefficie
wCy=p-oT/%p

3D.7 Suppose that S is regar
aTVdp. Hence, show that tl

Calculate the value of

the additional non-expansion work that may be obtained by raisi
ing

and (9V/98), in terms of the heat capacities, the expansion

coefficient a=(1/V)(@V/9T),, and the isothermal compressibility, k=—(1/V)
nt, /1y, is defined as 14;=(0T/0V)y: Show that

ded as a function of p and T. Show that TdS=C,dT-
he energy transferred as heat when the pressure

Exercises and problems 153

31(0)5(” lilslimale the change in the Gibbs energy and molar Gibbs energy of
s cm t_x[ water when the pressure acting on it is increased from 100kPa to
0kPa. The mass density of water is 0.997 g cm>.

3D4(a) Calculate the change in the molar Gibbs energy of hydrogen gas when
its pressure is increased isolhcrma‘ly from 1.0 atm to 100.0atm at 298K.
3D.4(b) Calculate the change in the molar Gibbs energy of oxygen when its
pressure is increased isothermally from 50.0 kPa to 100.0 kPa at 500 K.

on an incompressible liquid or solid is increased by Ap is equal to —aTVAp,
where a=(1/V)(dV/9T), Evaluate q when the pressure acting on 100 cm’ of

mercury at 0°C is increased by 1.0kbar. (=1.82x10K™".)

3D.8 Equation 3D.6 (77,=T(dp/dT)y - p) expresses the internal pressure 7y in
len.ns of the pressure and its derivative with respect to temperature. Express
7y in terms of the molecular partition function.

3D.9 Explore the consequences of replacing the equation of state of a perfect
gas by the van der Waals equation of state for the pressure-dependence
of the molar Gibbs energy. Proceed in three steps. First, consider the case
when a=0 and only repulsions are significant. Then consider the case when
b=0and only attractions are significant. For the latter, you should consider
making the approximation that the attractions are weak. Finally, explore the
full expression by using mathematical software. In each case plot your results
graphically and account physically for the deviations from the perfect gas
expression.
3D.10* Nitric acid hydrates have received much attention as possible
catalysts for heterogeneous reactions which bring about the Antarctic
ozone hole. Worsnop et al. (Science 259,71 (1993)) investigated the
thermodynamic stability of these hydrates under conditions typical of
the polar winter stratosphere. They report thermodynamic data for the
sublimation of mono-, di-, and trihydrates to nitric acid and water vapour,
HNO,7H,0(s) - HNOs(g) + nH,0(g), for n=1,2, and 3. Given A,G® and
A,H® for these reactions at 220 K, use the Gibbs—Helmholtz equation to

compute A, G at 190K.

n 1 2 3
A,G®/(K] mol™) 46.2 69.4 932
AH®I(K) mol™) 127 188 237

Integrated activities

ng of 1.00mol molecules is described

3.1 A gaseous sample consisti
373K, it undergoes

—RT(1+Bp). Initially at

by the equation of state pVr, >
Joule-Thomson expansion from 100atm to 1.00atm. Given that

C,=2R, p=021Katm™ B=—-0.525(K/T) atm~! and that these are

St i ; o wolved, calculate AT and AS for

constant over the temperature range involved, calculal

the gas.

3.2 Discuss the relationship between the thermodynamic and statistical
definitions of entropy. A
3.3 Use mathematical software, a spread.sheet, or the Living graphs on the wel

site for this book to:

() Evaluate the change in entropy of 1.00mol CO,(g) on expansion from
0,001 m? to 0.010m’ at 298K, treated as a van der Waals gas.

(b) Allow for the temperature dependence of the heat capacity by writing
C=a+bT+c/T? and plot the change in entropy for different values of the

three coefficients (including negative values of ¢).
f G, (0G/dp) varies with pressure, and

(c) Show how the first derivative o d .
plot the resulting expression over a pressure range. What is the physical

significance of (0G/p)2
(vf) Evaluate the fugacity coefficient as a function of the reduced volume

of a van der Waals gas and plot the outcome for a selection of reduced

temperatures over the range 0.8<V,<3.




image3.jpeg
i

ysical transfcrrnat

174 4 Ph
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TOPIC 4A phase diad
ons

1 of chemical polential unifies the discussion

Discussion quest
4A.1 Describe how the concep!
of phase equilibria:

4A.2 Why does the chemical poten
(that i, remains at the

is incompr:ssible
applied)?

tial change with pressure even if the system
Jume when pressure is

same VO!

Exercises
4A.1(a) How many phases are present at each of the points marked in Fig. 4.1a%
resent at each of the points marked in Fig. 4.1b?

4A.1(b) How many phases are P
n two regions of a system is

al potential betwee
0.10mmol of

the Gibbs energy change when
egion to the other?

n two regions of a system is
15mmol of

4A.2(a) The difference in chemic:
+7.1kjmol™. By how much does
d from one ¢

chemical potential betwee!
ch does the Gibbs energy change when 0.
egion to the other?

of phases that can be in mutual

a substance is transferre
4A.2(b) The difference in
_g.3kJmol™". By how mu
a substance is transferred from one r
4A.3(a) What is the maximum number
equilibrium in a two-component system?
4A.3(b) What is the maximum number of phases
equilibrium in a four-component system?

that can be in mutual

For problems relating to one-component phase diagrams, see the Integrated

activities section of this chapter.

4A.3 Explain why
SYS'EmA

4n4 Discuss Wh
path that encircle

i be observed 222
its cr!

at WO!
es and is close to

Pressure

Pressure

Temperature

(b)

Temperature

rams referred t© in (a) Exercise 4A(a)

(a)

Figure 4.1 The phase diag!
(b) Exercise 4A.1(b)-

TOPIC 4B Thermodynamic aspects of phase transitions

Discussion questions

4B.1 What is the physical re:
ason for the fact that the chemi
‘mical i
pure substance decreases as the temperatures is raised? R

4B.2 What is the physi
ysical reason for the fact th i
pure substance increases as the pressure is rai.siil;he PR

Exercises

4B.1(a) Estimate the difference between
b eng
e en the normal and standard melti ng
4B.1 i i el
: (b) Estimate the difference between the normal and standard boilin,
points of water. & L
g

48.3 How may differential scanning calorimetry (DS(})bc used to

phase transitions?

4B.4 Distinguish between a first- & raary e
transition, and a A-transition a%:;‘f: phase Fmgi;epn second-ord
molecular and macroscopic le
BELTE 5 APPTOMM

4B.2(a) Water i
potential Chm:;eh:ated from 25
4B.2(b) Iron s heg

Potentia] Change;t';:kgom 100°C to |




image4.jpeg
175

Exercises and problems

ow much does the chemical potential of

e copper ch:
v how much does the chemical potential of benzene M-
ted on a sample is increased from 100kPa to 10 Mpavg Fs

483(a) BY h

pressure
4830 B;
pressure exer
ted with a pist \
4(a) Pressure was exer’ . Ppiston on water at 20 °C. The vapour
ressure of water under 1.0 bar is 2.34kPa. What s its vapour pres:“»e i
the pressure o° the liquid is 20 MPa? ef
4BA(b) Pressure was exerted with a piston on molten naphthalene at 95°C.
The vapour pressure of naphthalene under 1.0 bar is 2.0 kPa. What is its .
yapour pressure when the pressure on the liquid is 15 MPa?

45.5(a) The molar volume of a certain solid is 161.0cm®mol! at 1.00 atm
dod 350.75K; its melting temperature. The molar volume of the liquid at

(his temperature and pressure is 163.3cm? mol-!. At 100 atm the melting
emperature changes (0 351.26K. Calculate the enthalpy and entropy of fusion
of the solid.
48.5(b) The molar volume of a certain solid is 142.0 cm® mol-! at 1.00 atm
and 427.15K, its melting temperature. The molar volume of the liquid at

this temperature and pressure is 152.6 cm® mol™!. At 1.2 MPa the meltin:
(emperature changes to 429.26 K. Calculate the enthalpy and entropy ofg fusion

of the solid.

4p.6(a) The vapour pressure of dichloromethane at 24.1°C is 53.3kPa and its
enthalpy of vaporization is 28.7kJ mol-1. Estimate the temperature at which its
yapour pressure is 70.0kPa.

48.6(b) The vapour pressure of a substance at 20.0°C is 58.0 kPa and its
enthalpy of vaporization is 32.7 kJ mol". Estimate the temperature at which its

48

yapour pressure is 66.0 kPa.
48.7(a) The vapour pressure of a liquid in the temperature range 200K to
260K was found to fit the expression In(p/Torr)=16.255—2501.8/(T/K). What

is the enthalpy of vaporization of the liquid?
48.7(b) The vapour pressure of a liquid in the temperature range 200K to
260K was found to fit the expression In(p/Torr)=18.361~3036.8/(T/K). What

is the enthalpy of vaporization of the liquid?

4B.8(a) The vapour pressure of benzene between 10°C and 30°C fits the
expression log(p/’ Torr)=7.960—1780/(T/K). Calculate (i) the enthalpy of
vaporization and (ii) the normal boiling point of benzene.

48.8(b) The vapour pressure of a liquid between 15°C and 35°C fits the
expression log(p/Torr) =8.750— 1625/(T/K). Calculate (i) the enthalpy of
vaporization and (ii) the normal boiling point of the liquid.

Problems

481 The temperature dependence of the vapour pressure of solid

sulfur dioxide can be approximately represented by the relation
log(p/Torr)=10.5916— 1871.2/(T/K) and that of liquid sulfur dioxide by
log(p/Torr)=8.3186— 1425.7/(T/K). Estimate the temperature and pressure

of the triple point of sulfur dioxide.

482 Prior to the discovery that freon-12 (CF,Cl,) was harmful to the Earth's
ozone layer, it was frequently used as the dispersing agent in spray cans for
hair spray, etc. Its enthalpy of vaporization at its normal boiling point of
-29.2°C is 20.25k] mol-'. Estimate the pressure that a can of hair spray using
freon-12 had to withstand at 40 °C, the temperature of a can that has been
standing in sunlight. Assume that A, H is a constant over the temperature

range involved and equal to its value at -29.2°C.

483 The enthalpy of vaporization of a ce
at 180K, its normal boiling point. The mol
vapour at the boiling point are 115 cm?’mol
(a) Estimate dp/dT from the Clapeyron equ
in its value if the Clausius-Clapeyron equatio
f the chemical potential against

freezing point of water and (b)

lar volumes of the liquid and the

n is used instead.

484 Calculate the difference in slope 0
temperature on either side of (a) the normal

rtain liquid is found to be 14.4k] mol™!

1! and 14.5 dm’mol™, respectively.
ation and (b) the percentage error

<C its density changes from 0.879g cm™>

4B.9(a) When benzene freezes at 5.5
1, Estimate the freezing

t0.0.891 gem-. Its enthalpy of fusion is 10.59k] mol~
point of benzene at 1000 atm.

4B.9(b) When a certain liquid freezes a
0.789g cm? o 0.801 g cm. Its enthalpy of fusion is 8.6
the freezing point of the liquid at 100 MPa.

ent sunlight at ground level hasa
swimming pool of area 50m? is
ss of water?

t —3.65°C its density changes from
8 kJ mol~!. Estimate

4B.10(a) In July in Los Angeles, the incid
power density of 1.2kW m~ at noon. A
directly exposed to the sun. What is the maximum rate of lo:
Assume that all the radiant energy is absorbed.

4B.10(b) Suppose the incident sunlight at ground level
0.87 kW m-2 at noon. What is the maximum rate of loss of water
of area 1.0 ha? (1 ha=10*m2.) Assume that all the radiant energy

4B.11(a) An open vessel containing (i) water, (ii) benzene, (iii) mercury stands
in a laboratory measuring 5.0mx5.0mx3.0m at 25 °C. What mass of each

11 be found in the air if there is no ventilation? (The vapour
0.23Pa.)

has a power density of
from a lake
is absorbed.

substance wil
pressures are (i) 3.2kPa, (if) 13.1kPa, (ii)
4B.11(b) On a cold, dry morning after a frost, the temperature was —5°Cand
the partial pressure of water in the atmosphere fell to 0.30kPa. Will the frost
sublime? What partial pressure of water would ensure that the frost remained?
4B.12(a) Naphthalene, CyoHg, melts at 80.2°C. If the vapour pressure of the
liquid is 1.3kPa at 85.8°C and 5.3kPa at 119.3°C, use the Clausius-Clapeyron
equation to calculate (i) the enthalpy of vaporization, (ii) the normal boiling
point, and (iii) the enthalpy of vaporization at the boiling point.
4B.12(b) The normal boiling point of hexane is 69.0°C. Estimate (i) its
enthalpy of vaporization and (ii) its vapour pressure at 25
4B.13(a) Calculate the melting point of ice under a pressure of 50 bar. Assume
that the density of ice under these conditions is approximately 0.92gcm™ and

that of liquid water is 1.00g >

4B.13(b) Calculate the melting point o
Assume that the density of ice under these con
g cm and that of liquid water is 0.998gem™.
4B.14(a) What fraction of the enthalpy of vaporization of water is spent on

expanding the water vapour?
4B.14(b) What fraction of the enthalpy of vaporization of ethanol is spent on

expanding its vapour?

°C and 60°C.

f ice under a pressure of 10 MPa.
ditions is approximately 0.915

normal boiling point of water. (c) By how much does the chemical potential of
water supercooled to —5.0°C exceed that of ice at that temperature?

4B.5 Calculate the difference in slope of the chemical potential against
pressure on either side of (a) the normal freezing point of water and
(b) the normal boiling point of water. The densities of ice and water at 0°C

are 0.917 gem™ and 1.000gcm ™, and those of water and water vapour at
100°C are 0.958 gem™ and 0.598 gdm>, respectively. By how much does the
chemical potential of water vapour exceed that of liquid water at 1.2atm and

100°C?

4B.6 The enthalpy of fusion of mercury
freezing point is 234.3K with a change in molar volume of +0.517

on melting. At what temperature will the bottom of a column of mercury
(density 13.6g cm™) of height 10.0m be expected to freeze?
48.7 50,0 dm? of dry air was slowly bubbled through a thermally insulated
beaker containing 250 g of water initially at 25 °C. Calculate the final
temperature. (The vapour pressure of water is approximately constant at
3.17 kPa throughout, and its heat capacity is 75.5 JK-' mol™. Assume that the
ot heated or cooled and that water vapour is a perfect gas.)
nitric acid varies with temperature as follows:

is 2.292k] mol™!, and its normal
cm~>mol™

air is n¢

he 4B.8 The vapour pressure, p, of
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20 40 50 70 80 90 100

6/°C 0

p/kPa 192 638 177 277 623 89.3 1249 170.9
What are (a) the normal boiling point and (b) the enthalpy of vaporization of
nitric acid?

48.9 The vapour pressure of the ketone carvone (M = 150.2gmol ™),
component of oil of spearmint, is as follows:

6/°C 57.4 100.4 133.0 157.3 203.5 227.5
p/Torr 1.00 10.0 40.0 100 400 760

What are (a) the normal boiling point and (b) the enthalpy of vaporization of

carvone?

essure of chloromethane, A. Bah and N.
Data 40, 869 (1995)) presented data for the

low temperatures. Some of that

48.10* In a study of the vapour pr
Dupont-Pavlovsky (J. Chem. Eng.
vapour pressure over solid chloromethane at

data is as follows:

T/K 145.94 147.96 149.93 151.94 153.97 154.94
p/Pa 13.07 18.49 2599 36.76 50.86 59.56
Estimate the standard enthalpy of sublimation of chloromethane at 150K.

(Take the molar volume of the vapour to be that of a perfect gas, and that of

the solid to be negligible.)

4B.11 Show that, for a transition between two incompressible solid phases,
AG is independent of the pressure.

4B.12 The change in enthalpy is given by dH= C,dT+Vdp. The Clapeyron
equation relates dp and dT at equilibrium, and so in combination the two
equations can be used to find how the enthalpy changes along a phase
boundary as the temperature changes and the two phases remain in
equilibrium. Show that d(AH/T)=AG, dln T.

4B.13 In the ‘gas saturation method’ for the measurement of vapour pressure, a
volume V of gas (as measured at a temperature T'and a pressure p) is bubbled
slowly through the liquid that is maintained at the temperature T, and a mass
loss m is measured. Show that the vapour pressure, p, of the liquid is related

to its molar mass, M, by p=AmP/(1+Am), where A=RT/MPV. The vapour
pressure of geraniol (M=154.2gmol"), which is a component of oil of roses,
was measured at 110°C. It was found that, when 5.00 dm? of nitrogen at 760

uid, the loss of

i
field varies with the

heated lid

through the "¢
lowly aniol:

Torr was passed sl o %
Calculate the vapour pressure of g o
cquid 1 ravitaﬁo
4 The vapour pressure of a liquid i a Bh rostatic pressure ex CW*
% 1 Pthe surface on account of the 3’ o the apou pre R
depth below (€ & + eqn. 4B:3 10 predic e o on themm"
the overlying liquid- Adapt ed! P stimate pY

ies wit
liquid of molar mass M varies
A f water at 25°Cin 2 column 1

om high-
pressute 12 P=p -, where H=8km, for the

q i g LA ius—-Clapeyron

ine the ‘barometric formula; F ¢ Clausius

,.d.:; j“ﬁii‘;‘ﬁizh:*’"““'° on altitude; w::;‘:c o liquid depends on the
and predict hovtv the boiling temP Hmes aoﬂ;‘;‘:‘ temperature as
d the ambient tem] at 3 o
he boiling 1P z how the chemical
ance vary with

equation,
altitude an
20°C and predict t

perature, ake
of

4B.16 Figure 4B.1 gives
potentials of the solid,
temperature.
straight lines as i
curvatures (specificallys
these lines. Is there @ restriction on A
of matter shows the greatest curvature?

4B.17 The Clapeyron equ
transitions, but there ar¢

that do. They are: P &

the curvature O these lines? ‘Which state

: cond-order phase
ation decsps A the Ehrenfest equations,

two analogous equations,

p_ Cpma=Cpml

= dj
dp_ =% (b) AT TVa (az_al)

@R

1 coefficient, K7 the isothermal com?ressibility,
2 refer to two different phases. Derive these two
Clapeyron equation not apply to second-order

11 &k
e

where is the expansio’
and the subscripts 1 and
equations. Why does the
transitions? 1
4B.18 For a first-order phase transition, to which the Clapeyron equation does
apply, prove the relation 2

aVAH
AV

Cs=Cp—

.:
where Cg = (99/0T)s is the heat capacity along the coexistence curve of tw
phases.

Integrated activities

::dcsoglstréct the p:asfe diagram for benzene near its triple point at 36 Torr
.50 °C using the following data: Ag, JH=10.6. Vigs = 3
p(s)=0.891gem?, p(1)=0.879 gem™. - T aidtion

éz‘ I; an investigation of thermophysical properties of toluene, R.D.
p 0 ;.'m (J. Phys. (j‘hem. Ref. Data 18, 1565 (1989)) presented expre.ssi fi
o phase boundaries. The solid-liquid boundary is given by s

p/bar = py/bar +1000(5.60 + 11.727x)x

where x=T/T;- 1 and the triple point pressure and te

P3=0.4362pbar and T;=178.15K. The liqui [
hq%xdfvapour curve is given by:

i

In(p/bar) =~10418/y +21.157 ~ 15996y + 14.015y2
=5.0120y° + 4.7334(1 - )70

where y=

TIT.=T/(593.95K). (a) Pl
. 4 2 ot the solid-li 3.3
undaries. (b) Estimate the standa:l :Jeil f[ugic:)mﬁindtl;f tolu uene. b

& dard g point of tol;
enthalpy of vaporization of toluene, givenu;;:\et.t(};dg x(r:le?rpuuhxtrh:é
volumes of the

and vapour at the 2
respectively, ormal boiling point are 0.12dm’ mol-! and 303
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_termolecular interactions in the chain. A i
of;ﬂv:s predictions to be made of the tempcran:'::r;':ot:?:;‘en:;;ml:"mem
helical polypeptide he{d together by hydrogen bonds into a ran:onlnncg Sf:f
B o]YP‘Pﬁde has N amino acids, N—4 hydrogen bonds are formed to f(c’nr' B
E-helix, the most common type of helix in naturally occurring protein: ? e
Jopic 17A). Because the first and last residues in the chain are free to r:ofree
N-2 residues form the (mepaCl helix and have restricted motion Based -
these ideas, the molar Gibbs energy of unfolding of a polypeptide‘with N:ns
may be written as

AunfoldG= (N-4)Ap,H—(N=2)TA,S

where AwH and Ay,S are, respec}ively, the molar enthalpy and entr f

dissociation of hydrogen bonds in the polypeptide. (a) Justify the f:z,x‘:)fthe
equation for the Gibbs energy of unfolding. That is, why are the enthalpy and
entropy terms written as (N=4)Ay,H and (N=2)AyS, respectively? (b) Show

methane (D.G. Friend, J.E. Ely, and H. Ingham, J. Phys. Chem. Ref. Data 18,
583 (1989)), which included the following data describing the liquid-vapour
phase boundary.

TIK 100 108 110 112 114 120 130 140 150 160 170 190

p/MPa 0.034 0.074 0.088 0.104 0.122 0.192 0.368 0.642 1.041 1.593 2.329 4.521

(a) Plot the liquid-vapour phase boundary. (b) Estimate the standard boiling
point of methane. (c) Compute the standard enthalpy of vaporization of
methane, given that the molar volumes of the liquid and vapour at the
standard boiling point are 3.80x 102 and 8.89 dm*mol™', respectively.

4.5* Diamond is the hardest substance and the best conductor of heat yet
characterized. For these reasons, it is used widely in industrial applications
that require a strong abrasive. Unfortunately, it is difficult to synthesize
diamond from the more readily available allotropes of carbon, such as

graphite. To illustrate this point, calculate the pressure required to convert

that T, may be written as
graphite into diamond at 25 °C. The following data apply to 25°C and 100kPa.

A (N—4)AnH Assume the specific volume, V,, and k; are constant with respect to pressure
= (N-2)AnS changes.
(c) Plot Tl (B Hod BripSim) fo.r 5<N=<20. At what value of N does T,, change by Graphite Diamond
Jess than 1 per cent when N increases by 1?
A,G®/(kJmol™") 0 +2.8678
4.4t A substance as well-known as methane still receives research attention 31 021
because it is an important component of natural gas, a commonly used fossil V/(cm?g™) 0.444 .284
fuel. Friend et al. have published a review of thermophysical properties of Kr/kPa 3.04x10°° 0.187x10*
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