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Foreword

Chemical engineers and technologists (process engineers) must not
only know the laws of physical chemistry, but also be able to use
them judiciously in solving the problems in a particular field of
their work. Solution of problems helps better assimilate the theory
and contributes to its deeper understanding. The authors have tried
to select problems covering virtually every aspect of the course in
physical chemistry and pertaining to different chemical specialties.

To make sure that the student learns how to use reference books,
the authors have excluded the values that can be found in readily
available handbooks from most problems presented here. This book
is divided into three parts: “Basic Theory of Physical-Chemistry
Calculations”, “Equilibrium State of Systems”, and “Kinetics and
Catalysis”. Each chapter begins with the fundamental equations
and symbols which are followed by problems with solutions, problems
to be solved independently, and multivariant problems. Answers
to the problems in the second category are provided at the end of
the book. The multivariant problems have been written so as to al-
low the teacher to give an individual assignment to every student
in the group. They are recommended for unassisted work. Multivar-
iant problems may also be approached as single-variant ones with
the teacher selecting out of the 15 to 25 choices available the one
that suits best an individual student from the standpoint of his or
her specialization.

In preparing the present edition, the authors took into account the
main changes in the physical chemistry course and the recent trends
that have established themselves in this field. They also acted in
line with the general desire to reinforce the overall theoretical train-
ing of chemical and process engineers, which has recently been voiced
by many a representative of the higher education establishment.
This has prompted the authors to include a number of new chapters.
The sequence in which the chapters are presented follows more close-
ly the rigorous logic of the course: the geometrical parameters and
energetic properties of molecules come first (Chapters 1 through 5),
these are followed by analysis of the properties of substances in the
ideal gaseous state, the next logical step being the real gaseous and
condensed states of individual substances (Chapters 10 through 12).
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Once the properties of individual substances have been covered,
multiple-component systems in one or more phases are dealt with
in Chapters 13 through 17. The more complex systems involved in
chemical reactions are considered at equilibrium (Chapters 19
through 21) and in dynamics (from Chapter 23 on). The newly in-
troduced chapters are representative of recent advances in physical
chemistry.

In view of the general tendency to curtail supervised studies in
the classroom in favour of independent work, emphases have been
shifted accordingly. The theoretical introductions have been sig-
nificantly cut down. In thisrespect, the authors’ intent was to offer
something different from a mere textbook. Primary emphasis has
been placed on problems with solutions, which must serve as ref-
erence in cases where the student finds it difficult to use the right
solution in his or her independent work. _

This edition includes problems whose solution calls for the use of
calculators. These problems are marked by asterisks. Presented at
the end of some chapters are complex problems. Their solution re-
quires knowledge of several topics from the course in physical
chemistry. They may be recommended for term assignments.

The multivariant problems can be divided into two major cate-
gories: (1) problems covering the entire topic of the chapter to which
they belong, whose solution requires the use of plots and handbooks
and which are recommended for home assignments after the stu-
dent has gone through the theoretical part and problems with solu-
tions, and (2) problems dealing with a particular part of the chapter,
which can be solved without involved calculations and plots and
are recommended for testing. Multivariant problems typically in-
clude 25 assignments. In cases where no experimental data are avail-
able, an assignment may be presented under two or three variant
numbers.

All values encountered throughout the book are in SI units with
a few exceptions when they are given in other units still in common
use.

This edition has been prepared with due account for the remarks
and critical comments from the teachers of the Physical Chemistry
Department of the D.I. Mendeleev Institute of Chemical Engineer-
ing in Moscow and other institutes.

International System of Units

The metric system of units of length, mass, force, and other
physical quantities was developed during the French Revolution of
1789-94. Its simplicity and convenience have brought it into univer-
sal use. In scientific research, metric units have been substituted for
the previously used units of measurement. The most extensive and
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improved form of the metric system, known as the International
System (or sometimes simply SI after the French name “systeme in-
ternational”), was adopted officially by the General Conference on
Weights and Measures in 1960. ,

The SI unit of mass is the kilogram (kg) defined as the mass of the
international standard made of a platinum-iridium alloy and kept
at the International Bureau of Weights and Measures in Paris.
At present, there is one inconsistency in the SI system, which lies
in the fact that the name of the unit of mass has the prefix “kilo”.
This inconsistency will persist until consensus is reached on the new
name and symbol of the unit of mass. In the meantime, it should be
remembered that one milligram, written as 1 mg, rather than one
microkilogram, equals one millionth of the unit of mass, and not one
thousandth as would be inferred from the prefix “milli”.

The unit of length in the SI system is the metre (m). Previously,
the metre was defined as the distance between two notches on the
platinum-iridium standard also kept at the International Bureau of
Weights and Measures in Paris. In 1960, an international agreement
was reached to define the metre as the length equal to 1 650 763:73
wavelengths of the radiation corresponding to the orange-red line in
the spectrum of krypton-86.

The SI unit of time is the second (s) which is defined as the duration
of 9 192 631 770 periods of the radiation corresponding to the transi-
tion between two hyperfine levels of the ground state of the cesium-133
atom at a wavelength approximately equal to 3.26 ¢m. In the past,
the second was defined as 1/86 400 the mean solar day.

The unit of volume in the SI system is the cubic metre (m®). In
chemistry, wide use is made of the litre (1) as the unit of volume,
which equals 1/10°® m®. A millilitre, 1 X 10-2 litre, is equal to one
cubic centimetre: 1 ml = 1 cm?.

The SI unit of force, the newton (N), is defined as the force im-
_parting an acceleration of 1 m s~2 to a mass of 1 kg in the direction
of the force. A newton equals 10° dynes (a dyne being the unit of force
in the CGS system, equal to the force which imparts an acceleration -
of 1 cm 872 to a 1 g mass).

The unit of energy in the SI system is the joule (J) which is the
work done by a force of magnitude of 1 N when the body to which it
is applied is displaced 1 m in the direction of the force:1J = 1 N X
X 1 m = 107 erg = 107 dyne cm.

Formerly, the calorie was widely used as the unit of energy. The
thermochemical calorie defined as 4.184 J is approximately equal
to the amount of energy required to heat 1 g of water by 1 °C. The
large calorie (kcal) equals 10 cal. The following conversion factors
are good to remember: 1 cal = 4.184 J; 1 kecal = 4.184 kJ.



I sjow 3 Fap ojoury/8y (0} Bop jue)suoo ordossory) | Py
— —_ — jueisaod wnuqIinbe [eotwayy | Ty
—_ — — Joquinu winjuenb [euorijejoy {
70T X 6069°6 sfow/A9 efoumyr [eriusjod worpeziuof | g
=07 guo 3 g 3y BI1I0UI JO JUSUIOW [BUOITR}OY I
s0F X L81°% ofow/eoy elow/f Adreqavg | g
e-07 3 3y ssep | w
(Teryuay
e0F X L81'% olow/ 8oy oout/p -od [emiaylost o1reqost) AS1ous SO | o
a-0F euip N 80x0] | 4
(Tenyuejod [emr
0 X 181 % ofowi/[eoy efou/g -197)08I-0lI0Y20sT) AB1eue z2)joquH | P
} A A [Byyuajod apoxjosy | &
s 1 A A 3210) adATjOmOIIORYH | 4
S =01 810 t K81ouy | 7
£ 0F gwo/3 «0/3y Aysusq | p
& —- — — Apammmied | @
L8V ¥ 1-8ep ;_erow Te0 1-Jop (_o[ow £119eded jeay 2
I aJow/aayi[ ooy / JUe)SUOD S[eRM IOp UBp q
- - RO/ N yUI
107 X€E10°1 gOI0W/ IR goxy] eW/N g-e[oury g(guw) JUB)SUOD S[ReM I9p Uep | »
— — — Lnapoy L4
s0F X L81°% dow/pesy
07 X €e10° 7 ejom/uje axjif sfow/ woysAs oYy Aq auop JIom | M
:o_m._o>~=mo% au.%._oﬁmh alojeq a@m_m wmmwv_a syrup) jun 18 £31juend jo sweN -m_omw

. WaISAS IS Yy ojul £96} aJojag pasn A[EpIm
0 JSOI{ swd3sAg 2y} woay uolsIdAUC) 10 510308 pue wA)SAS IS 9Y} Wl JUIWMAINSEIW Jo s)lu() pue sjoquAg



Foreword

7
e~07
T
0%
-0V
901 X 181" %
I
ar-eLz-+1
01 X I81'Y
01-0F
=01
¢-0F
¢-0F
X124
01 Xgge'd
01 Xggro°7
201 X gge' v
=01 X 6LL"T

v e e

g-0}

axjy
afout/3131]
1-§ 1-A g
s/uro
ajour/yesy
Do
120w ;_3ap 180
4
WD wIgo
8/gmo
aJouwt/go
[eo
8y wm
e
g ww
1-OTOW 5/; 8 WD 348

?Iy1/oTom

8 000 y/e10w
1

ofomy/3 (07 Fop

AL
alowy/
1-8 1-A U

s/m
olomy/f

3 3ep
910wy (-3ap [

w

a1 wyo
wvn\ P
afouy /g
£

(sT/N) ed
(zW/N) ed
1-9[0WY g/ I 5/18%

gUL/aT0y

33 000 1/910my
o

ajouny/3y 4o Jop

SUOISI[[09 JO Iaquinp
Jaqumu wmjaenb [edoryeIqip
awWNJoA

uoryIq

SUOT Jo £3100]0A ojnjosqy
sanoejowr sed Jo A3100J0p
A31aue [wulsjuy

Joquinu I9JsSueI],
asinjeradwa],

Adoayuyg

snipey

Anagsisey

Ajanjoeizoyg

uorjoRIfal Je[op

JeoH

arnssard [erjreq
eInssalg

Jogoeaeq

X3pUl SAI}ORIJOH
soTom Jo Jaquin )
£3[NOJ[OW JO YaqUMN]
uolloel] Jejow
Ayrrejop

ANreloW

qi8ua]

10%)SU00 3)el TOIPORAIY
JUILYIS00 UoIINqUIISI]
jueysuod ordoosorfingyq

™
Q’N*“E”‘*?‘“Q‘Q‘Q‘ o—n:l-o_&.%&*-bsa&hau

2



z0} -9 1= IoqUNU SABA\ I
T - — armeladwmal peoupay 1
4 § s aumi], 7
o1-0}¥ v w 1ojeweIp dNjouiy-ser) | o
) wo/8ukp w/N uoisusy sovjIng | O
¥ - — oinssaid poonpay | ¥
s0F X geT0° ¥ wie (zw/N) ed elnssaad orjomsg | 1
¥ 1-8 © g8 &suanbaag A
IS | — — rertuajod [eotway) ]
2 11-07 X €8e°0 ‘n's'9 ge-07 (vsuw)won quawrowr afodip owI1091H "
£ 01-07 Y w qi8uafoaem |
Ry 1-0F bo-3/;u15 oyu bo-83/;w oy ApAayonpuod jusrealnby | vy
z-0F {-Wd oyur =01 oqur A)IAT)ONPUOD [eIII3H X
s-07 d? (zw/s N) s ed KWS00SIA L
901 X L81'Y efour/[eox afomy/¢ £810us Sutpuig | 3
- - — £yaadoad e ur a3ueyo feury | V
4 — — 10310309 LAY 4
e-07 gUId g Anriqezirejod 0
¥ - — TUOTJRI0SSIP JO 9018a(] 0
— - — £y13uend [enjaed 7
IS ot €961 yun 18 A1juendb Jo suleN .%mw

UOISIBAUO0D JO 1010ed

2I10Jaq pasn L1opim SIIUN

S (papnpouos sqv))



Contents

Foreword 5
International System of Units 6

Chapter 1. Fundamentals of Quantum Chemistry. The Chemical Bonding
Theory and the LCAO-MO Method 15

Exercises 18
Problems 23
Multivariant Problem 23

Chapter 2. Geometrical Configuration of Atoms in Molecules. Elements
of the Molecular Symmetry Theory 24

Exercises 26
Problems 29
Multivariant Problem 30

Chapter 3. Rotation and Rotational Spectra of Diatomic Molecules 30

Exercises 32
Problems 33
Multivariant Problems 35

Chapter 4. Rotation and Rotational Spectra of Polyatomic Molecules 36
Exercises 38

Problems 41
Multivariant Problem 41

Chapter 5. Vibration of Atoms in Molecules. Vibration and Vibration-
Rotation Spectra 42

Exercises 45
Problems 48
Multivariant Problems 51

Chapter 6. First Law of Thermodynamics 52

Exercises 56
Problems 67
Multivariant Problems 72

Chapter 7. Second Law of Thermodynamics 75

Exercises 79
Problems 97
Multivariant Problems 103



12 Contents

Chapter 8. Elements of Statistical Thermodynamies 108

Exercises 115
Problems 127
Multivariant Problems 130

Chapter 9. Gases 133

Exercises 138
Problems 144
Multivariant Problems 146

Chapter 10. Condensed State of Matter 148

Exercises 153
Problems 161
Multivariant Problems 164

Chapter 11. Phase Equilibrium of One-Component Systems 166

Exercises 168
Problems 173
Multivariant Problems 177

Chapter 12, Thermodynamic Characteristics of Solutions and Processes of
Their Formation 186 .

Exercises 189
Problems 200
Multivariant Problems 206

Chapter 13. Dilute Solutions 210

Exercises 214
Problems 219
Multivariant Problems 224

Chapter 14. Heterogeneous Equilibrium in Binary Systems Containing
Liquid and Vapour Phases 226

Exercises 228
Problems 242
Multivariant Problems 245

Chapter 15. Heterogeneous Equilibrium in Binary Systems Containing
Liquid and Solid Phases 257

Exercises 258
Problems 268
Multivariant Problem 276

Chapter 16. Heterogeneous Equilibrium in Ternary Systems Containing
Liquid and Solid Phases 277

Exercises 278
Problems 282
Multivariant Problem 282

Chapter 17. Chemical Equilibrium 283

Exercises 287
Problems 301
Multivariant Problems 308



Contents

Chapter 18. Electrolytic Conductance. Equilibrium in Electrolyte Solu-
tions 319
Exercises 322
Problems 331
Multivariant Problems 336

Chapter 19. Electromotive Force. Electrode Potentials 340
Exercises 344
Problems 355
Multivariant Problems 361

Chapter 20. Adsorption 366
Exercises 367
Problems 370
Multivariant Problem 373
Complex Problems 375

Chapter 21. Formal Kinetics 376
Exercises 379
Problems 389
Multivariant Problem 395

Chapter 22. Composite Reactions 398
Exercises 401
Problems 405
Multivariant Problem 410

Chapter 23. Temperature Dependence of the Reaction Rate 411
Exercises 412
Problems 445
Multivariant Problem 418

Chapter 24. Basic Theory Behind Calculation of Reaction Rate Constant
Exercises 423
Problems 432
Multivariant Problems 437

Chapter 25. Kinetics of Photochemical and Chain Reactions 444
Exercises 447
Problems 452
Multivariant Problem 458

Chapter 26. Diffusion. Kinetics of Heterogeneous Processes 460
Exercises 463
Problems 470
Multivariant Problem 472

Chapter 27. Kinetics of Reactions in Solutions. Homogeneous and Hetero-
geneous Catalysis 474
Exercises 476
Problems 480

Chapter 28. Kinetics of Electrochemical Reactions 486
Exercises 487
Problems 493
Multivariant Problems 496
Complex Problems 497
Appendix 498
Answers 501

13

421



Values of Some Physical and Chemical Constants

Avogadro constant N, = 0.60229 X 10* mole-t

Velocity of light ¢ = 2.997925 X 10® m/s

Electron mass m = 0.91083 x 107 kg

Electron charge e = 0.106206 x 10-® C

Faraday F = Nje = 96 490 C/mole

Dalton D = 1.66033 x 102" kg

Planck constant k= 0.66252 x 103 J s

Quantum of angular momentum % = ;1/2:: = 0.105443 x 10-%3
13

Proton mass mp = 1.67239 x 10-*7 kg

Neutron mass m, = 1.67470 x 10727 kg

Boltzmann constant k= 13.805 x 102 J/deg

Gas constant per mole R = N,k =8.3146 J mole* K1

Gas constant R =0.08206 litre atm deg ! mole™

Standard molar volume of 22.415 litre

gas at 273 K and

1.013 x 10° Pa

Centigrade temperature t°C = TK — 273.15

Atmospheric pressure 1 atm = 101.325 kN m-?

Electric dipole moment 0.1602 x 10-%® C m (4.8029 D)

Electron-volt 1 eV = 96.4905 kJ/mole



CHAPTER 1

Fundamentals of Quantum Chemistry.
The Chemical Bonding Theory
and the LCAO-MO Method

Basic Equations and Symbols

According to the linear combination of atomic orbitals approxima-
tion (LCAO-MO method), the wave function is given by the equation

Y = Capa + Cp¥s (1.1)

where ¢ is the molecular wave function, C, and Cg are coefficients,
and P, and p are atomic wave functions of atoms A and B. The
potential energy of a system comprising atoms A and B is given by
the equation

ZAZp . Zpe . Zpe (12)

E =
POt raB rA B

where Z is the charge of the atomic nucleus, e is the electronic charge,
rap is the internuclear distance, and r, and rp are the distances be-
tween the nucleus and an electron.

Schréodinger's equation is

Hp = Ey (1.3)
B2

in which H = — saim Vo 1 Epot is the Hamiltonian operator,

E, is the potential energy, and V? is Laplace’s operator.
For the diatomic molecule A—B,

(Hax — ESpp) Co + (Hap — ESpp) Ce = 0
(Hap — ESaB) Ca + (Hgg — ESsp) Cp = 0

400 +o
where Hap = Hpp = StpAHth dv = SlpBHwA dv is an exchange

- 00

o0 +o00
integral, Hay = Hgp = S‘PAH‘PA dv = SlpBprB dv is a coulomb-

+oo
ic integral, Sap = Sppr = SmpAq;B dv is an overlap integral,

- 00

and v is the volume.



