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dq sur

For surroundings, dS.,, = T

because  AGsur = dq.su'r',refo

The above relation holds AS.  — Qsur
even for finite amount of i A
heat

For adiabatic process, AS,; =0

Isothermal expansion of an ideal gas

RT
dU =0 = dgrey — pdV = dgrey = pdV = 22 qV
dgrev MR
— dS = T =V dV

Vs Vi 1
— AS:/ dSan/ —dV =nRIn
Vi

v, V
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Carnot Cycle (Ideal Gas)

1- (V1)) ——— - (V,,T,.)

Fig. 3.6 (with

. 2 different notations)
3
V- (vIV ITIo) i - (vlll ITIo)
AS = AS; + ASy + AS; + AS; = nRIn (V”V’V)
ViVrrr
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Carnot Cycle (Ideal Gas) E:'
1
1-(V,,T,) —— I-(V,,1,)
‘ a 9 Fig. 3.6 (with
different notations)
3
V- (vIV ITIo) il - (vlll ITIo)
AS = AS; + AS; + AS3 + ASy = nRIn (V”V’V)
ViVirr

Vit Tio \ € Viv Tup \° Cy
2 = —Y — where c= —
Virr (Tup> and ( Tio ) ! nR

See further information 2.1 (puage 69)



Carnot Cycle (Ideal Gas) §§:
- (V,T,) —— -V, 1,,)
Fig. 3.6 (with
‘4 ‘ 2 dli!f'fereni(v:;iuiions)
3

V- (vw IT|o) il - (vlll ITIo)

AS = AS; + ASy + ASs + ASs = nRIn (V”V’V)

ViVrrr

Vit Tio \ € Viv Tup \° Cy
2 = —Y — where c= —
Virr (Tup> and ( Tio ) ! nR

See further information 2.1 (puage 69)

CZ-’lo Tup
Tup Crlo

AS:ann( ) =nRInl =0
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Carnot Cycle (Ideal Gas) E:O
- (vl ITup) _I> Il - (V“ lTup) 1: 41 = Qup, W1 = —Gup
2: q2 = 0, Wy = —Wqq
4 2

S 43 = —{qlo, W3 = (qlo

V- (Vy,T,) - (Vi,To) 4 qa = 0, w4 = Waq
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Carnot Cyde (Ideal Gas) E:'
l - (vl ’Tup) _I> Il - (v“ ’Tup) L: d1 — Qup, W1 = —qup
2:q2 = 0,wy = —Wgq
4 2
3:43 = —Qlo, W3 = Qio
3
V- (Viy /o) M- (Vo) 4 gy =0, w4 = waq
. _ Qup dlo q T
AS=0=814+853="" — —— = 1uP _ “Up
: ’ TUP ﬂo Gio CZ-’lo

d = Qup — qlo

W= W1+ W2 +W3+ W4 = —Qup T qlo = —(



Carnot Cyde (Ideal Gas) oo

- (vl ITup) _I> Il - (V“ lTup) 1: 41 = Qup, W1 = —Gup

2 : go = O,’UJZ = —Wad
4 2
3:¢3 = —qio, W3 = qio
3
V- (Vy,T) m- (V) 4 - qs = 0, w4 = Wgq
Qup dilo q T
AS: :S"‘S == Ct-—— up_ up
! 3 Tup ﬂo qio CZ-’lo
d = Qup — qlo
w:wl—l—’wz —|—’U)3-|-’£U4 — _Qup+qlo — —q
—W B qup—(_no :1_ QIO :1_ ]—,lo

Effidency: &= — =
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Carnot Cycde (General) 0es
1 l:q1 = Qup °
-V T,) ——= H-MVuly) 5.
4 2 3:1¢3 = —qlo
3 4 : g4 — 0
V- (vIV ITIo) Il - (vlll ITIo)
Qup dio
A — = — = —
S =51+ 53 Twr  Tio
9= Qup —Qqioc == w = —q (First law)
Effidency: & — _ Y _Tup o g o,
Qup Qup Qup
1o . .
If&€#1— 7 = &id then AS # 0 = § is not a state function

up



Proof that £ = &4

Carnot cyde A with &

1
-(T,) =—— 1u-(T,)
o
3
wv-(T,) —— u-(1,)

Assume that & > &’

Carnot cyde B with &’
I ?

I - (Tup) i - (Tup)
| | 2
3
v -(n) — Wr-(T,)
dio ql,o

Then,l——>1—,—
QUp q'u,p



e00
Proof that £ = &4 coc
O
Carnot cyde A with & Carnot cycle B with &’
1 1
1-(T,) ——— -(1,) r-() = -,
/
‘4 Qup ‘ 9 + ‘4 qup ‘ 92
3 3
Iv-(T,) ‘1_ I - (1,,) v -(n,) — =1~ Wr-(n)
Jlo dlo
Assume that € > &’ Then, 1 — To o1 %
Qup Qup

Combine A and reverse of B, and assume ;o = q{o

Then, Qup > q:,,p — w — w, — —Qup + q;;,p <0

Complete conversion of heat gup — ¢y, into work —w + w’

This contradicts the second law by Kelvin! —— £ = &’
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Carnot Cycde (General) 0es
1 l:q1 = Qup °
-V T,) ——= H-MVuly) 5.
4 ‘ 2 3143 = —Qlo
3 4 : ga = 0
V- (Vi Tpo) ——— - (Vy,T,,)
Effidency: &= — w0y Hlo o _1_ Lo
qup Quyp Quyp Tup

Qup dlo Qup Tio qlo
AS =28, +8;=Jur o _ - =0
LS Tup Tlo Tlo (Tup q'up)

Any cyde can be considered as the sum of ____ 7{ dqrev Z AS: =0
infinitesimal Carnot cycles (Fig. 3.9) ’

Carnot,i

d Tev . B
S defined such that dS = d T is a state function.
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(i) —dW,., > —dW System does maximum work
T for reversible process.

(ii)
Consider a change o!lgysl_elaqlhrou]glugvggversible pPrqgss

TEev

The same change ¢an happen through another process.

dU = dqg + dW (2)



d
Clausius Inequality: 4S5 > Tq

(i) —dW,e, > —dW System does maximum work
T for reversible process.

(i)
Consider a change oglgysl_elaqlhrou]glugvggversible pPrqgss

TEev

The same change ¢an happen through another process.
dU = dqg + dW (2)
(1)=(2) — 9Grev + AWrey = dg +dW

— TdS — dq = dW — dW,e, > 0
t
(i)

For adiabatic process dS > 0



Entropy change due to phase transition

Normal transition temperature: temperature at which

two phases are in equilibrium at 1 atm.

Heat transfer during phase ___ \ o _ Aq  AysH

transition is reversible Tirs ‘ Tirs

Entropy change due to heating

T dgrev T CpdT
S@) - sy = [ e [T
T; ' T;

Constant pressure

If C, is independent —C,In ( Tf)

of temperature T;

Constant pressure



Entropy of a gas

S(T) = S(0)+ /OTf CPT(S)CZT—I-

AvapH /T Cyp(9)
+ ——22dT
Tb Ty T

AfusH+ T Cp(l)

dT’
Tf Ty T

_|_

Cp(s) xT? asT — 0  (Debye extrapolation)

Nernst heat theorem

AS — 0 as AT — 0 for perfect crystalline substances

Third law of thermodynamics

For perfect crystalline substances, S =0 at T' = 0.



Standard (third law) entropy

SO(T) - the entropy in the standard state under
the assumption that $=0 at T=0.

Entropy of reaction for D viMi— Y vsMy
i f

ArSC = vpSo(f) — ) viSa()
f i

Standard of entropies of ions are defined such that S©(H ", aq) =0



Helmholtz free energy (free) process at constant volume

A=U-TS

is > % — (dA)ry =dg—TdS <0

(no non-expansion work)

. Determines the spontaneous
Gibbs free energy (free) process at constant process

G=H-TS=U-+pV —TS

dq

(no non-expansion work)

(dG)1,p = (dU)1p + pdV — TdS = dg — pdV + pdV — TdS



Helmholtz free energy (free) process at constant volume

A=U-TS

is > % — (dA)ry =dg—TdS <0

(no non-expansion work)

—(dA)r = —dW —dq+TdS > —dW
Maximum work system can do in isothermal situation

. Determines the spontaneous
Gibbs free energy (free) process at constant process

G=H-TS=U-+pV —TS

d
dS> = — (dG)r, = dg—TdS <0

(no non-expansion work)

—(dG)r.p = —dq + pdV — dW, — pdV + TdS > —dW.

Maximum non-expansion work system can do in
isothermal and isobaric situation




Stundard Gibbs energy of reaction > vrMz— ) vpMp

A.G® =) vpAsGS — ) vrAsGY
P R

| I

Standard Gibbs energy of
formation

The standard Gibbs energy of formation for
ions are defined such that

zero stundard Gibbs energy of
Ay G°© (H -, aq) =0 formation at all temperature



Fundamental equation

dosed system, no non-expansion work, reversible change

dU = dgrey + dWrev,ea:p =TdS — pdV
|

valid even for irreversible change

Assume U =U(S,V) — dU= (%)Vds+ (g—‘Z)SdV

oUu oU
(55), =7 = (ov),=

Assume that 7' =T(S,V) and p=p(S,V)

or\ _ U U (dp
ov ), avas ~ asov ~  \aS),




dA = d(U —TS) = TdS — pdV — TdS — SdT = —SdT — pdV
dH = d(U + pV) = TdS — pdV + pdV + Vdp = TdS + Vdp

dG = d(H — TS) = TdS + Vdp — TdS — SdT = —SdT + Vdp




dA = d(U —TS) = TdS — pdV — TdS — SdT = —SdT — pdV  (2)
dH = d(U + pV) = TdS — pdV + pdV + Vdp =TdS + Vdp (3)
dG = d(H — TS) = TdS + Vdp — TdS — SdT = —SdT + Vdp  (4)

0A\ _ o (04 _ |
(o), =5 (@), =+
OH OH ,
(o), (&), =V ™

oG oG ,
(), (), -




dA =d(U —TS) =TdS — pdV —TdS — SdT = —SdT —pdV (2) | 2o°
o
dH =d(U +pV) =TdS —pdV + pdV + Vdp =TdS + Vdp (3)

dG=d(H—-TS)=TdS +Vdp—TdS — SdT = —-SdT +Vdp (4)

), ~5(), > @

OH OH

N :T S = ’

(05),7(3), = @)

oG oG :

il _ Y 4

(5), =" or), =5 @)

(2') — (@) :(@> 0’A _ %A
oV ) oT ), orov. ovorT

(3') — (3_T) :(3_‘/) 0*H  9°H
op ) ¢ 05 ), OpdS  0SOp

@) — (3_‘/) __<§) G _ G
orT op ) 1 oT0p  OpdT

p



Gibbs-Helmholtz equation

G=H-TS

T \ 8T T2 T2
- 0 (¢\ __H
or \T), T2

0 ( AG) AH Important equation for
p

= — F understanding phase transition



At constant temperature,

dG = Vdp
pPf
— Gm(pf) = Gm(pi) +/ dep
i i Pt
Molar Gibbs energy Molar volume

For liquids or solids, V , is insensitive to pressure change
pPf

Gon(p;) % Gon(p2) + Vin / dp = G(pi) + (07 — i) Vim

Di

For un ideal gas,

P RT
Pi ()

S

i)

Gm(p) =GS + RT In (—e) When DPi=Pp
p



