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Chapter 4. The Thermodynamics of Real Systems
4.1 Criteria for Spontaneous Processes and for Equilibrium : The Gibbs and Helmholtz Energies
1. Criteria for Spontaneous Process in Closed Systems
F1 TourdS>dg {1158

TsudS>dU—-dw

f=t |dU—dw-T,,,dS <0 ’@%ﬁ?} ~ T REE D criteria

(1) isolated system dU =dw=0

l!‘y isol. = 0

(2) constant S, dw=0 (J[] : constant V' for simple system)

(dU)S’V <0

(3) constant 7', V' .V simple system, dw=0,7, =T

> “surr

dU-TdS <0 EH A=U-TS|, d(4),, <0

Helmholtz Free Energy

(4) constant 7', P [V simple system, P, =P, T =T

ext > ~surr

dU +PdV -TdS £

<0

Gibbs Free Energy
G=H-TS=A+PV

A (dS)U,V 2 O’EU)S,V <0, (dA)T,v <0, (dG)T’P S

—

|
isolated system 2] simple system [,
(JF{=PYV work )
<EPFT G A G- =L implicitly % surrounding 17 AS >

5 PV work
U H
YRS YRS
A _ G
15 PV work

<Note>

(1) (AG);, <0 %A AH-TAS <0

(S, AH Eifel, 7T Berthlot“J'rlf?E”lJ%AHSOEE'IEE‘DT%;I/{'%#
F?ﬁﬁ TASf:[E/[ ’ElfAS>OH&4chF[F'§§
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@) FjgﬁilﬁL , }‘fﬁﬂj <l implicitly # (%] surrounding

A A Sys
constant 7', PE%']:, HIAS,, +AS,,, =AS,, 4 2sur _ AS,,, _%
AH AG,,
=AS, . — Y= = >0
Y T T

TR IS AG <0, ATAS,  +AS,,. >0 FSSAf

2. Criteria for a Closed Simple System at Equilibrium
fl1_F41, = ff spontaneous process F’]T f 11j 4 or G [ %, [r=""f (only for simple system)

- (dG)T,P =0 (dA)T,V =0
" (@6) 20| | (¢4), =
T,P T,V

G‘- oI A e S Y i) AR n R S o S

§ TG Ry, R TR S
AG =AH -TAS =0 atequilibrium
R[S, AH BAS 155

/ 373K [N, AH=TAS

[ 1"""-\. ili i e U

i equilibrium SHEITIKE, B (TAS) @, AG<0 Y[ kL

: N 1] [ ilibri

extont OEPFOCTHS x spontaneous, gas fL equilibrium state -

THE 33K, BV (AH) &N, AG>0 ART(CT
G 4 gas g ISR
l [[' AG (condensation) <0, jfk[“RLF 15EfY, J[] @ liquid fL
; l liquid equilibrium state
33K 'T

3. Maximum Work <4 % G V&>

\dU dw=T dS<0

surr

(1) constant Tﬁﬁ, dU -TdS —dw<0, J[](d4); <dw

Y W S=(A) |, %*%ﬁ T

% F,Jij" limit, revers1ble H %ﬁiﬁfﬁ_ max, F Bl Wsurr 82 7]
AA fQ_T Ay (T (il qu‘ reversible), Weur E'[J%A
(2) s work 73 £ PV work £l f*’ﬂ work (71 il FIRT)

dw=-P_dV +dw,

net

t X

compression work net work
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iﬁi* d¥thdU -1, dS+ P, dV —dw, <0

net —

constant 7, P E?ﬁ, dU-TdS + PdV <dw,,,

-(AG)

surr (net) <

] (dG)T’P <dw,,, BY|w

(dG)T’p =dw_, atequilibrium

(3) %1: 2Hg, +Cl,, — Hg,Cl,, AH=-63.3 kcal mol”,

=—43.5 cal K| mol™

2(2) 2(s)

® AG=AH-TAS =—-63.3-298x(—43.5)x10
=—50.4 keal mol™" (AS V[~ RE AH §E AG ELF5 )

@ constant P ™ =2 s, F[HPET 63.3 keal mol™ (—AH)
® H] reversible electrochemical cell, FlJFpZ ik (‘f 55 F:E} o ET, FL{ =)

Aq,,. =(AS, )T, =(—AS, )T =43.5x298x10" =12.9 kcal mol™'

surr surr Sys
EH1AS,, ==AS,, [T =w,, =504 keal mol™ (~AG)
3
FOVIE, AS % =212.4 cal K™'mol™, AS_ +AS,. >0, [ Ifh5E%

© Y[t cell T fL reversible, E'[JF’?F e, HrEE %

(TdS =-12.9 keal mol™ > dq, HyE% —dg >12.9 kcal mol™' )

4. SPIB R
{ AG <0 exergonic reaction

AG >0 endergonic reaction
L E Ve BERLAG > 0,

(I J‘Jf}ﬁg— EAG <0 >z couple, f{IV AG,, <0

total

- ATP+H,0 — ADP + HPO,* + H* AG° =-29.3 k] mol™
]+
glucose + fructose — sucrose + H,O0  AG°=23.0 kJ mol™
CH,OH CH,OH
o) o
X HOCH,
OH,/CH,OH OH \ oH o OH,// CH,OH
OH OH

F[JSF ATP + glucose > ADP + glucose 1- phosphate

~+ fructose
3
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sucrose
A[] = ATP + glucose + fructose = sucrose + ADP

AG=23.0-293=-63kImol™" [



PERE (- )R 2 ™y
4.2 Fundamental Relations for Closed Simple Systems

Simple ([{% | PdV), closed system, reversible process

})ext:P’ T;urr:T’ dq_j,L)TdS
dU =dg,,, - PdV
= 7dS - PdV
dU=TdS-PdV |  A]: (a_uj -7, (G_UJ __p
as ), ov )
dH = TdS +VdP [a_Hj -7 | (aﬂ _y
oS ), oP ),
o4

d4=-8dT - PdV

~—
3
<

Il

|

05)
—
Ol

2

Q =

—
Il
|
~

dG =-S8dT +VdP

A N\
33 3
;

I

oA
T
33

N
—
Il
<
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4.3 Additional Useful Thermodynamic Identities
1. Maxwell Relations:

(] e
asov aVaS . T\ ar ), "\ar ),
U fiLexact
oTY (oV) _. (oP) (oS
=] | = = _ | = =
s &Wl aJpﬁ(Nl @%L
B
ov ), \er), ""\as ). ~\ap
(), =57, #(5), {5 ) e ) e
op),~ \or as ).~ \ov T \or

OEETEORE (a—P] (asj P.VAIT. SHEfts T,
or )y \ov ),

J _wi =Sy gry (ap] dv
T or ),

[i]"™ [F1"HYconstant either £l reverse, J[F 'S, V -V, S {Fﬂ > —(a—PJ = (8_Tj }

oS )y oV )g
fYRLT,8 >V, P[lﬂ (a }
or
o (PURLER Y EIETR L O, B T, RO T )
<Efik= A
\ T
S5 -
“A Very Ugly Shrimp Has Pretty Good Taste”
i ¢ "fREE:
“The Green Plant Has Strong UV Absorption”
I
s ’ p L NE[™FRL “ATerribly Good Place Having Such Unusual Values”
: ' WE - I gy R[] AR [ﬁ[ & fi state parameter
extensive intensive

( 7 FiigFlEaiE )
I[[#‘ﬁ[ﬁ“?‘lt[' @ Ej,ii\‘ i/[l
dU =TdS - PV (F# = 3~ 7, UKL function of S A1V, FHHSI [ V. fi* PAV KL EI59E

@ Maxwell relations : J[I— (GP] (G_Tj
oS oV

5 ]

IR TR = AN s, R 90", TSR R PR B IFLRL - et

2. W

© (o), (o (s ) (o) o) ()
U el o) o)

~C,=a’ VT ,i/[‘n% A8 Fl)
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3 }H partial derivative %% a, &, Cp, P, V, TV Z3f[EH0E ¢
(1) UE) U, 4, H, G HAREE “55=7" ([ﬂﬁm =) A
oU oH
_C s | T~ :C
" (aTj ! (aTl ’

£ JEJJ:%I PeF=TAgh - F “55R7 K “constant” Exj]’[ﬁ' parameter ﬁiﬁﬁ'pﬁ{‘]’ﬁ' state function £% “552"" |
/L Pﬁ“ WG J’ &)

() (2] () (3
oT or ), \ oT ), or ), orT ),

(2) e s, Bl @ H] Maxwell relation {EJ?

® m[ﬁSJ G (6_Sj Gy J[&S‘J (a_Sj (a_Uj e
oT T’ \or), T oT ou ),\or ), T

. e [ 1fov =T oK
3) 401%] v, Fi@ a{— [8TH ok, {_ (apﬂ

() Wi Cy . BIAPIG -Gy =a? VT

o) o), (5)8) i)
P (GWT) % Cr

(5] 2) Adiabatic Free Expansion — U constant

B N 77 )
"ov ), (G%T)v ¢y

P+T(P0r) P e (Pry-aT)
Cy Gy Cuk,  Cuky

<l,7ﬂ 1> Hyr :(

3 1
I£% ideal gas, C, =—R,a=— , Kk I =0
© 4783 ideal gas, €, =2 R, =1 k= (an

@ YLy vdW gas, =" C, L constant, [N P=

(5 —%P— i)
o), Cy V-b) CJV°

1 1 .
~dV, AT—C—(——_j Al - %ffmqgc,;g_ z

e (35
v-b v*’ \oT), V-b

dT =
v, W

\%

({4 3) Reversible Adiabatic Process — S constant

T _ _(O%P)T _ (a%T)P T
) (Per), o ©

T
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V
© ¥ ideal gas |fi] & IFira A, (apj TP
P P

J%

a7 _RdP T, (B
T C, P T \P

oS
oT _(W]T opP op
@ vdW ["K[aj phits, H Y ((’ﬂ/j W__(GT)V/CV/T__T(GT)V/CV
oT ),

B —RT AT _—dV(R) (7)) (V.= e
(V—b TV c )\ ) \v-b

(7] 4) Isothermal Process — T constant
(), (&) o) A oG (%)
oP ), \ oP oP oP OP ), OP ).

oV
= T(aTjP+PVKT =V(x,P-aT)

ou
¥ ideal gas, | —=| =0
@ %} ideal g (GPJT

© $f vdW gas , HIF 71 (g—;’j 74 )
T

CEE) (R,

4. FHETAS I pl— T3k
@ aS] :_(G_Vj 1dea1gas:>V—R—FF¢(an E,dS:idP,AS:—Rlnﬁlenﬁ
. \er P P 7
~(ar)
ov ), \oT )y
o (2) 2 (2) - as-fSar
or), \ou),\or), T T
0. G, C
=—L  AS=|-2dT
o (G} o1

e F R dS = (aSj dT + (GSJ dV_CV dT+(a—P] dV HE]
or ), ov ), T or ),
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4.4 Gibbs Energy Calculation

1. AG .V pressure dependence:

dG =—SdT +VdP (GGJ =V
oP ).

T, AG = j: vdp

P,
(1) ideal gas, dG :R—PTdP . |AG=RTI2

1

G(T, P)=G°(T)+RT ln(%o) = G°(T)+RT In P (in bar) (E' 1D/ o, Inp* [ S gt 1 ir)

standard state ( P =1 bar )
¢ YPH| latm £} reference state, [l] G*™ =G°+RTln 1.01325=G°+0.01316 RT

at 298 K, G™™ —G°="1.8 cal mol '}¥32.6 J mol ', AF= T RLISLA

(2) Realgas: G

A 1

! | real
G(T, Py --==-4->>

G(T, P)=G°(T)+RTIn (%J ==l [fugacity %

ideal
ideal gas_V fugacity J[|E% pressure G(D[ 2
I I SE G AT, — A

@ P_>OEE§ E ! (1) 1 i]] G AZEy @, —T ' tH‘ Greal(T,v P. O) Gldeal(TP 0)
@ ¥freal gas, [I'JEL” ideal” HY ” corrected” vapor pressure i
® [k standard state £~ {fi# hypothetical state : ! >

jj e g sl ;i_ i P°=lbar P P

(PT JFet  AH® V. standard state)

G (T, PY)=G°(T)=RT 1ni
Grea (T, P) =~ lim[G, (T, P") Gea(T, PH]=G(T)
= G (T, P) = Gy (T, P = 0)=[G*(T) = G0, (T, P = 0)]
= [ Var-| —dP (FRRLP > 0 > P)
_ J' - dP .[P RT B J-P RT

=IOP' - dP J'—dP RT In ?o

f
pe _j real
RT InL = jp(Vmﬂ _Ede RTIn £ % RT In PV BI85 [ AVAP
P P X
ideal gas fiv f Viea = Videal

B Go(T.P)= G°(T)+RT1n—+ j (1 E)dP
J

-

Y

ideal
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RT RT
] PV =RT+BP,[|]V=—+B,# P=——
el +BP IV ==+ B V—-B

RT 1nL, = [ BdP =8P
i S = PN (I £ PSS
(3) solid or liquid YV S P A, )

G(T, P)= G°(T) + V(P - P°)

standard state J[| pure substance at P°

2. AG .V temperature dependence

@ dG=-SdT +VdP, Fﬂsr(an = §=—"""
P

00 _ =
[ A ] -— (G_Tj oY PO BT TR Gibbs-Helmholz Equation

G G G
1
% P § a% = oT |
AG 4G
3/ or T
) G H R PERHFS, PPERATRLEY ASTEA GV temperature dependence, 17 A £ 97

A GV temperature dependence ﬁlréﬁ
i %7 FE|AG =-RTInK

7

P

InK &
o OInK _AH
AH’
0 % R slopGZ—T
InK =- AH + intercept AS®
4 R
__AG _ AH N TAS
RT RT RT > T

@ I C,=a+bT+CT

S 1 1
[ AH = [C,dT = [a+bT+CT7dT =a(T T+~ (T ~T})- C(T T]

:AHO+aT+§T2—CT“

b 1
H ITAH =—|aly+=T-C—
il 0 (a 0T 5% T

0

10
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o Al _AH) a b C
T T
AG (A g A e b € br- S
r T T 2" or? T, 20 or
AG=AH, —aTinT-272 -1 _ 1
20 T
FHIAG(T), [ fh e 3 - TV AH Cp(T)
C.(T) B9 S TVAS
Y- TVAG S - TVAGH5 AH

BUE ] AS = [SAT, £PIAG=AH-TAS IR

AS=[L4b+cT dT =ainT+bT-=T7 +J
T 2
AG = AH, +aT+§T2 —cT —T(alnT—irbT—%Tz +J]

—aH,—aTT-272 £ (4 )T
20 2T

11
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4.5 Multicomponent System

{ single component system-f!1 P, ¥, T [[1 2 {fi# variable Tﬁﬁ
c-component system- c+1 for single phase (T Fﬁ%’]%i mole ) Sp B e+ fl I_:A[:TF:J' mole 57

(c —p+2 for p-phase, I'] & FFH)
IR species VEEE!, I 2NO, =N,0, T [ ISR 1 {li component

Bk G, T)>G (P, T, m, ny, -+, n.) , H[1E|~ {fi nj £l redundant ( 2ERf1Y)

oG oG S 0G - , e
‘*G:(a—Tl,nd“(a—pl,nd’”;(_j dn, (R s R Y )

=—SdT+VdP+ Zl #drm, = o6 chemical potential
- f ani T,P,n
NERE —SdT—PdV+Z[a—A] dn oo :[G_A]
T\ on, T.V on, T,V
>
extensive on; )\, n o\ on, S, P’
= ¥
. . I oY & ~ < _\_\_‘_‘_‘_-_-:_-_-_-_-_—_—_—_: : : : : : N
Partial Molar Quantity: 'Y, = B BRRRRNY
\\ e {Eﬁdrj T, P hold constant %} §TkL, e 3 i T kL
intensive

O PSSR B G H U A S, V> H,y U, oeete,

@ %P 1-component system , 71 =V= % ,H Y= n?l

[ A& 5T 1

2 |
(® ¥ c-component system,:Y :ani |

1
I i=1 '
L

| o 7 FAL Y pie :
A Y=—Y=) LY, =13 xY, =Y, Ff ¥ i mole §ti 1 V&l -
n i=1 1 | i=l

x; B ith component .V mole fraction

@ Y, kL concentration dependent

12



4.6 Euler’s Theorem and the Gibbs-Duhem Relation

vl:[f(ﬂ“xla ﬂxza"', ﬂxc):/ikf(x” Xyt X )

f J[]E% homogeneous function of degree &, AJ k=1 J[[A1 = “ﬁ[[ﬂ

Euler's Theorem: kf = z X, [gij

i=1 i/Jx

(R Ppist A o, Z[ sz (aﬂxi =kAM L FI A=)

2. Gibbs-Duhem Relation

NY = inz?z
i=1

dY =Y ndY,+Y Ydn,

<dy = (ayj dT + (ayj dP+> Ydn,
or ), . oP ). .

i=l
id Znidzz(a—yj a7+ (GY j dpr
i 8T P,n aP T, n

generalized Gibbs-Duhem relation

IanY O: at constant 7', P
|

L_’_ _____

U1 Y 55 G, 1Y nd, -
Gibbs-Duhem relation

(1) I'} volume £%4f3] ©  F| binary system ( FA[ n, mole [I) A ¥ ny mole iV B)

V—A:[a_Vj | g:(a_q
anA T,P,ny anB T,P,n,

VznAV_A+nBVB

[1] Gibbs Duhem equation = (O —* A = o v, &V, iL_?FEIFéT%EIU
dV n,
@ dV =V,dn, +V,dn,

O AV, =V—-nV,+nVy), E1f[1 g Z pure substance

:(I’IAI7A +nBI73)—nAI7;x-nBI7;;= I’lA(I7A_I7:x)+I’lB(I7B_I7;3)

ﬁ“ W= T state function , J[! : G

13
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@ Va2V Jfﬁfsf{e

- _—nB > Xg = k] _ Ny _ _ny
dVA—nA dVB—XB_ldVB,[ xB—%A_i_nB,l xB—%A_i_nB

7 = e O I T O T v

_xB

(2) — (e max., pi- {H]F] min.

(3) =LA v
4 T+ x=05 [5f, slope SHrR=E

'} -H,0/C,H,OH £5f] (q%’ﬂa H,0 £% 1, C,HsOH £, 2)

V- Vo fom? For C,H.OH, min. 7 x, = 0.064

4[] liialel. - =15% by weight
0.064x46+0.936x18

(a)
® Vi LGl B RS )
g MgSOa, e electro striction ffli 75 %&’Fﬁi%

(2) Free energy of mixing :
Euji@g mixing ¢ S, G=G°+RT1H£—>y=y°+RT1n£

iﬁiﬁFfJ X4+ X 4l
if-lf (% x, (1 +RTInx)+x,(1; +RTInx,) =0

KP n,

P n+n,

1

AG =xRT Inx, +x,RT Inx,

=RTY xInx,
AS = _(GA_GJ = —RZx[ In x,
or ), -
AH =0
A==

I AG = AH —TAS =-TAS

3. Determination of Partial Molar Quantities (Experimental)
(O Method of intercepts

14
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Y=xY +xY,=(Y1-Y2)x, +7> (HNx,=1-x)

_ (or AR oY, N a?z+ai7z - l
~ - =ri1—12 - =3# . V. hL 1
o, ) ox  Vox | ox (= #i ¢ Y;: kL concentration dependent)
- oY, — —
=Y1—Y2—f—)€1 : X, 2: 1— 12
X, Ox,
-

Yl. ik ' ==
— \ ¥z =x M5
> (Hiz=1752)
#H =) —Xlﬁﬁ.:./‘ X, 9558, [ Y, % Y s

x,=1
(B, =08:2) - :
e, fE | AY wix (T ()5 420 i INGOT - IDRE L

2ZF K Figure 4.3 2 | ¥ o
mix — 1 2

:?_[g-ﬂl(?;_?;)}
X =0 :LEEHLY-Y2=Y,-7;
x=1 [BE=Y-Y =V -1

A=K
Af[ﬁ[ﬂ'—[—[ﬁ[ﬂj\ [ﬁjlé[fj;]i;lﬁ\ ) j«;;’[zg[_l—[ﬁlﬁ qg::ﬂ} [ﬁ[ o

Apparent molar quantity method ('] volume £% 57)

- V-nV,
Apparent molar volume ¢V2 _romr
n,

Arapr "2t AR volume V5T U[IE

(solute)

15
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o =L00 )y =

V=m'V2+ o0

1
_ _ [
VzZ(a—Vj=¢Vz+m o,
om om

1 4V R B VS R
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