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4- Second and third law of thermodynamics

4-1  Spontaneous and nonspontaneous processes
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4-2  Entropy (S)

a8Uallg 85kl 3ut) debaal SN lyad] Sy d3Uallg Balell auigis Jadyell il olawi] ddsxs o
QU 03l (St Gy chualianga il QW Oglalis oadl Gasdatl] Ll was (2lg g Y1 3yl (e
el o &5Liall Slhandl (o s 0 Gl (3 QIR pusuind . d-basll A Olpadl) grazes
Al B ($)9 )l (e el oDl @Jfa LoJ 125.1;3 dle .0lgadl (el liSy yglall CNWGI ¢ jlal!

-39
89S el liaall o dides 4T Buanis Yedaoeoll BB O] e A ST 03 canlina ga il JoY 053l IS (50
OPBIL Cyns Lo IS S A8y 0,35, o5 (Sl Blally Z3Ual 3 58 Jo O o el ¢ 31 Juadl (3
Bya bo I (0 LS 0pudxd 65 SV 14 ¢(Second Law of thermodynamics) heolizy gl (311

- 39AYL

4-2-1 The second law of thermodynamics
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Figure 4-1: Thermo motion between the ball and the floor

O .5,S01 ) g 1y 8yl JUSY decls &80 dua)] e de gub g0 8,510 oy o SIS

Je 8,5 3lus)l pae lliSy (nonspontaneous process) dusalliddoall Gigus paal o)l G|

LSy 8,SW delatin 455> (JI 395 Bodome dlad (3 W13Syad pieg 8,801 (3 A8lall HLadsl ) gan d8ls dud)]
(4-2) Sl 3 oo

(a) (b)

Figure 4-2:Showsa) A ball resting on a warm surface and b) For the ball to fly upwards
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Figure 4-3: a) Heat losses some of it in the celd.réServair and b) Heat converts completely to work
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Figure 4-4: Energy as heat migrates from a cool source to a hot sink, does not take place spohtaneously.
The entropy of an isolated system increases in the course of a spontaneous change:
XN (for isolated system)!
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Stot = Ssys + Ssur, (AS0) (4-1)

4-2-2 The thermodynamics definitian®f entropy
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ds = f Hre (4-3)
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4-2-3 Calculating the entropy change for the isothermal expansion of a perfect gas

(4-4)
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Example 1: When the volume of any perfect gas is doubled at constant temperature,

Vi/Vi = 2, and hence the change in molar entropy of the:system is

Solution 2:

Vy
45, =RIn (4-7)

4

2
A4S, =8.314 ] K" 'mol™? lnI

45, =+ 5.76 ] K 'mol:!
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Homewaork 1: Calculate the change in entropy when the pressure of a fixed amount of

perfect gas is changed isothermally from pi to pf. What is the origin of
this change?
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Example 2: Calculate the ASs,r when'1.000mol H>O(l) is formed from its elements under
standard conditions.at 298K, AHS = -286 kJ mol™ from Table listed in

Chapter_3.

Solution 2: The energy released as heat from the system is supplied to the

surroundings, so qs.r = +286 kJ. Therefore,

q

ASgur = g (4-9)
sur
2.86 x 10°] 1

ASeur = ——gac = T960JK
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Figure 4-5: Entropy change dependent on the change in the volume of the gas that expands‘isothermally.
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4-3 Phase transitions
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(4-2)

A, cH
AipsSm = ;,L Entopy of phase transition at [T, ] (4-12)
trs
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Table 4-1@Standard entropies of phase transitions, A:sSS/(J KX mol?), at the corresponding normal transition

temperatutes
Fusion (at T)) Vaporization (at T,) l
Argon, Ar 14.17 (at 83.8K) 74.53 (at 87.3K)
Benzene, C.H, 38.00 (at 279K) 87.19 (at 353 K)
Water, H,0 22.00 (at 273.15K) 109.0 (at 373.15K)
Helium, He 4.8 (at 8K and 30bar) 19.9 (at 4.22K)
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Table 4-2: Standard entropies of phase transitions, AussS/(J KX mol), vaporization of liquids at their boiling

temperatures
AL H (K mol™)  6,/°C f}vﬁﬁe - T I
Benzene 30.8 80.1 87.2
Carbon tetrachloride 30 76.7 85.8
Cyclohexane 30.1 80.7 85.1
Hydrogen sulfide 18.7 —60.4 87.9
Methane 8.18 —-161.5 73.2
Water 40.7 100.0 109.1

e 355 Law Ll lissr 0 Aplonll Zogl] SN e 052 (3953 386 (o B8 () g
iay elodl &3 Jlo 3l J) Sl Jgo5 e pladl 3 8 Shlassl ) @8 lae Slisadl oda pllas)
Oz 9dedd)_nolsl U Cu csloll Biludl (oS 3 inankddl_nolol 995 (o (U e (o0ld 555 (39,01
Ol Jal Jaows e dollanl AT allasdl oz I S35 les lgsans ao oLyl 58T sldl by Jaz )
slact o5 ¢ toly 291 4 Oladl L& Blaadb o(4iusgyiid olsl dzg3 Y Lis) Abludl cxamg i)l ClonS
Jbal Juws e &5yl toly JiYI (3 (186 1K™ mol at 298 K) Olicall (3951 & 529 ) ar e
L gl Jgnooll oSaw d3lall bzl dilyadlly @yl eyl & gas (196 J KT mol™?) Ny 3o
W gall JiSI 13 Yl § Ygaog JBI05SS @l Olall e Jio didolgll 4 goll S 48,301 8y Ay
Al A gall A1 193 oliyanl) Al Tboly (3976Y1 050 g dl
Example 3: Thereis. no hydrogen bonding in liquid bromine and Br, is a
heavy molecule which is unlikely to display unusual behaviour in the gas
phase, so it is safe to use Trouton’s rule. To predict the standard molar
enthalpy of vaporization of bromine given that it boils at 59.2°C, use

Trouton’s rule in the form.

Solution 3:

BuapH = ByySm X T (412
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ApapH = 85 ] K=*mol ! x 332.2 K = 28237 Jmol™*
ApapH = 85 ] K=*mol™! x 332.2 K = 4+ 28 kJmol™!
(+29 kJ mol™?) (26 &)l Aol Lol Uyl &gaummall dau)] a3 odlel dagdll

=4 Heating

ldg cdll> s (39,78 O9S «(aSlgdl) AL 8yl ymel Ay Adyae IS (40 o pladlig 978Yb il olus
‘JM?' OR djﬂ)’b ﬂiﬂ‘ ul.w.} ‘o.l.g 5)b.>:.]| JEs! wuad dﬂ-b c(&ﬁ‘.&l_))") L;g‘)” BJb:eJ‘ 2&.?:).) 2\.9).&9 e
U1 dolaoll

fd
S(T;) = S(T) + J q;ev (4-13)

Ol g ool ddas IS (S92l Jaisall) ol lais ) auaase plaidl O 9o Lid egall goded!

dH = Cp dT (2_32)
jde dwazs (Gl Ggionadl daid e (argaillg
dq e, = Cp dar (2-33)

e dua>(4-13) dolaall Q3 (2-33) dolaadl (0 Qrev ok (e pR92dl e

fc,dt
S@y)= S(T)) + f pT BS chnages with T at constant ptIE)
i

ol lais Coxdy Blymdl dayds kil e (39A8VL il Ol Lis oMel dalasll Sl
W) Aol Lo Juas (4-13) Dalasl) Jo1 dsT e g

f
S(Ty) = S(T) +C, f % = S(T) +C, I (4-14)

_f
T;
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B9AY Gl Loz OF oSarg ol Jaid o (39,090 il Gl (4-14) dolaall pustic
Cv dl Cp o 3aull pid Blelie o ol g ol

8L o 39V S35 o eBylyall dzydy piidl ol g9 AL sl (o A8Dal oy (4-3) o) Sl
ol Jais gl die ol @ dis plaill 0BT slgu 8yl Aoy

15
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AS/nR

Table 4-3: The logarithmic increase in entropy of a substance as it is heated at either constant volume or constant

pressure.
Example 4: The molar constant-volume heat capacity of water at 298 K is
75.3 J K mol™. Calculate the change in molar entropy when it is heated
from 20 °C (293 K) to 50 °C (323 K).
Solution 4: Supposing the heat capacity to be constant in that range, is therefore
Ty

AS =S (Ts) —Sim(T;) = Cy lnF (4-14)
i

323 K
ASy = S (323 K)~S5,n(293K) = (75.3]Kmol™) x In>——

AS,, = +7.34 ] Kmol™?!
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4-5 The Carnot cycle
O e (@ls cdpuSe Wlghas dayl yo O9SH (29 536 byl okigall ] drud 538 B9) Copons
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8 o9 WS el of 3Ll haaadl ) ol oo Jsos Byl S (e A gomiadl Bl (18 day I il glasell

' QW (4-6) Jsad)
N
Stage 4
Stage 1
i S

tage 3

Pressure, p

Volume, V

Figure 4-6: The four stages which make‘updthe Carnot cycle In stage 1 the gas (the working substance) is in thermal
contact with the hot reservoig, and,in stage 3 contact is with the cold reservoir; both stages are isothermal. Stages
2 and 4 are adiabaticpwiththe gas isolated from both reservoirs.
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Figure 4-7: The basic structure of a CarnoticyclesStage 1 is the isothermal reversible expansion at the temperature
Th. Stage 2 is a reversible adiabatic eXpansiongii®which the temperature falls from Ty to T.. Stage 3 is an isothermal
reversible compression atq T.. ¢Stage 4, is an adiabatic reversible compression, which restores the
system to its initial state.

oM S 89S dad! dayy Vel glas g L},ﬁf\s}” &z ddes (1o sy Lehol 9 g3)88y 90 Q9N @\MI
Z@UJ\ IR PON| w9 ¢
qn qc

d = — — -
Stot T, + T (4-15)

QLU Hao ) Solus Dslasdl e aad! dgadl (3 rodllasaadl Egazme O Oy 98 AW 5 glast)
Al D g (39,891 OF S5 14y
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4-6  Entropy as state function for a perfect gas

doety JUodl JUl Sl (Sl sdaill O dasdle oy OF Comy ! 8 «298YL sl e Jgaaxl
«(4-7) Jsadl (B-C) dsldl sshaxell § b g0 WSy o(Te) LW yduanll ] (Th) p3lud! Huaall e plaill
1(2-51) 9 (2-55) (p shail 3o £l 1Ag) 39 AL paill Gl Lol Dolaadl O, JUIL

C, Iy

T V
AS =—In— + R _Revise Chapter 2 (2-51)
n T; V;
VT, = V T/ ,whereVT® = constantfZ7SNeLIIEFN  (2-55)

e JUdl 3 8yl Ay @909 AaSiall dudoall IS 831y St e dliial) 28Ul O AasDle s LSy
1(4-2) Uslaodl e slexeYbg ¢(427) JK&d! [(C-D) 3 sglasly (A-B) 1 8gkasdl]

qrev
ds = 4-2
T (4-2)
(4-17) 9 (4-16) il cdolandl JMS 40 Ll Sa
Vp
qn =nRT, an—,Stage 1 (4-16)
A
Vb
q. =nRT; an—, Stage 3 (4-17)
c

Z@[{ga;)” dded! ddoa] ‘oa.:;d\ Clus jass 1‘429)" 8 olasxl|
INS- (30 Ll iy B3l el dmyng @amsdl cy ABMal SIS (quSiall skall dalanly (Sl pllaill (3
101 Uy ¢(2-55) dolasl!

SV SIS WA /or the path D to A (stage 4) (4-18)
2% IR "4 WSl for the path B to C (stage 2) (4-19)

AW Dslaall e Jyams (4-19) Aslaally (4-18) Doladl wopo s
VAVCThCTCC == VDVBThCTCC (4'20)
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e Jiass (4-20) Dslaall Lawss Dslasdl 3, e ol A2y i die

ViV T T = VpVp T F° (4-21)
Vp Va

24 4-22
V.V, (4-22)

. odaiall (! o A8l 48T @i Lo SN 8 glasel
Uslaadl g 3pall Y1 Bosall ABlall Gl (§ ¢(4-22) Aolaodl plusuinl o Soy 8glasdl oda M= (10

:aJu)
Vp Va Vg
q.=nRT . In— = nRT . In— = —-nRT . In— (4-23)
Ve Vg Va
Vg
qn nRT, an—A T,
qh _ = (4-24)
e _nRr, Iny? c
A

LAT ‘(o.‘;'l.wj')v‘-sa-ﬁ-” R Cuoew A9 5_)'):;” :)S’) &.«JL‘«J‘ 5_)U‘4>’| M dh zj cda:-}lp . S ¢ oy_cj Ualawd! %
OSes QWb (ddle 09 Loginy dneaid] 10, (Sypdll ] il 08 8yl Y) duzgall B)LaYl lliad ¢qc
ALl dolasl w9 L@..ul:S solel

dn | qc
2% ) }
. tT (4-24)

s (§3l JERIDE R i) B8 110 g 93 JSg SN g9 0l il Jams ol dolaal
(2-24) Volasd! g

Example 5: The Carnot cycle can be regarded as a representation of the
changes taking place in a heat engine in which part of the

energy extracted as heat from the hot reservoir is converted

into work. Consider an engine running in accord with the

Carnot cycle, and in which 100 J of energy is withdrawn from

the hot source (gn = — 100 J) at 500 K. Some of this energy is

17 |Page Dr. Abduljabbar I. R. Rushdi 2024-2025



Chpt_4_2" & 3" Law of Thermodynamics_Physical Chemistry_For 2" Y_UGS_1° SEM

used to do work and the remainder is deposited in the cold
sink at 300 K. According to eqn (4-24), the heat deposited is

Solution 5: qp==100J, Th = 500 Kand T. = 300 K

T
(4-24)

qc =—qp X —

T

1

300 K
q. = (—100)) x = +60]

500 K

lgoldseianl Sy by JUodl JUal) Jaid puseind Y (4-2) dolaall OT e zluaadl oSy odkeT Jlall M- 50
(Efficiency) 8:a0 Lo o Ol 3 dslaodl 0da plusei ONe dlﬂl_{g cdoglhan 8als &1 lus S
I Dslaall Cnzg «(eta) 17 30 bdd a5 (19 «dyoeall B)ly>

Work per formed W]

y (4-25)

" heat absorbed from the hot source  |qy|

403 8:aSU1 BY 3 o([HI]) dlac)l 85Lad) s Dstaall B dlasMa Koy (4-25) Uslaed! IS (e
daadl Jid e Bgzall Bylymel dys onlsi] S @il pe JSTI Wolaadl ol IS (1o oSes WSy .du>ge
(yadl b oo somiall Jiddl) 2meedl 8:LaS @ala)l WS (o3-Ludl 0l331) )l

B <(4-8 JSadl i) Jak S o lyeall JiS oro Brgamall BBUall T gl oSy ¢(4-25) Aslaell 09
LSy 3all (3 Baiall dylyoell A3USMg sledl suandl B (0 B3g2mall dyplyel) d8Uall (o B)1 o5 Bylus
AW Aslaall § 9o

_ lawl—lacl _ 14|
gl Ly

I

(4-26)

: JWEs &ylyadl dys AV (4-26) Aslaall e sl (S ¢(4-24) Adlaedl (09

T,

Il = 1- ——, Carnot Ef ficiency (4-27)

T
ABlallg coyladl yduandl o (| gn|= 20 kJ) Byl S e Aldinadl 28Uall (2ol 5268 e Aiadl po9
Pl sl 05Ss ymmall b e jamrall Jasdl B8 JWg (| c| = 15 ki) apall § B3uaiall
|qn| — lac| =120 kJ| - [15 k]| = 5 k]
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(4-8) JSadl § oo WSy

Figure 4-8: A sample of measuring the efficiency of the enegip.

Example 6: A certain power station operates with superheated steam at
300°C (Th = 573 K) andu discharges the waste heat into the
environment at 20 .°C (Tc»= 293 K). The theoretical efficiency
is therefore

Solution 6: Th =573 Kand T.=293K

T
Ny

=1 293K— 48.9 %
H__573K_ or 48.9 %

O ANy, ¢ SlSiaell 81 dons 38Ul (§ Olaall amy s O Jg91 pddude (piglac (adasdle
(Sadl pUaill Jaa3 Y iyl
11 (2-45) Wslaall I 30 wsd Jassiall 8yl doyld IS (39,8YL sl Lol

Cp, Ty Py .
AS = —In——R In— WA AN Y511 (2-51)
n T; Pi
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n=1 (4-27)




