Equacao de Clausius-Clapeyron

G, =G,
G, +dG, =G, +dG, “
dG, =dG, Y

V.dP-S dT =V, dP-S.dT
(V, -V )dP = (S - S,)dT

AVdP = ASAT \

Aplicar Clausius-Clapeyron para transformacoes:

solido = liquido e

liquido = vapor.

dP

C

AS

A
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Exemplo para equilibrio: 1=v

dP AS AH  AH  AH AH
dT AV TAV T(V,-V,) TV, RT
P

dP  AH T :

5 - R T2 Considerando:
Pzd_P:J»TzAH dT Cp’| = Cpv
PL P T R T?

P, AH[ 1 1
In —= = ——+

P R T, T
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Equilibrios
Metaestaveis

Diagramas Unarios

log P

Exemplos

T(K)
1000 1500 2000 4000

1€ &y

10-2

§10-4

P(atm)
10-6

10-8

10~10
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P(kbars)

0 1000 2000 3000 4000 573° 870° 1470° 1713°

Carbono T(K)
1 bar — 0,9869 atm, calculado a partir de

dados do Apéndice do livro: Fisica, de Halliday e Resnick, parte I1.

B Cristobalite

P(atm) g
S

Vapor

SiO,

TC°C)
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—h

. — i —— e —— — —— —— ———————————— o — —

pressure, atm

D06~~~ 77T qR-==

e — ——— —— v ———— — —r ———— —

AN T,

0°C" 0.0075°C 100°C
I_ 20 temperature, °C
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H,O simplificado
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_>G)

—>T —T
Figura original: GASKELL, p.174.
Modificada por: Rodrigo C. N. Liberto (Mestrado,2004) e
Carolina Passanante (Iniciagéo Cientifica, 2012). G = f(T) a P Cte
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Exerciclos

1. Calcular a variacao de entropia do universo e a variacao
da energia livre de Gibbs quando um atomo-grama de Cu
super-resfriado a 1340 K solidifica irreversivelmente nesta
temperatura a 1 atm de pressao.

Dados:

Cye) = 941 + 1,5x105.T (cal/atg.K);
C ooy = 7,9 callatg.K;

AH, ., = 3100 cal/atg;

T,_,, = 1356 K.

[Resposta: A4S, = -2,29 cal/K; 4S,,c = +2,31 cal/K;
AS v = 10,02 cal/K; 4G, = -37,0 cal/mol]
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Solucdes para AG:

v AG=AH-TAS
v' Usando loop e dG = VdP - SdT
v' Gibbs-Helmholtz para AG
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Termodinamica do loop

Cu(l): 1340K — Cu(s): 1340K

AGg, =?
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v AG=AH-TAS
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Termodinamica do loop:
ASsistema =
Cu(l): 1340K —> Cu(s): 1340K
Cu(l): 1356K —> Cu(s): 1356K
AS¢, = jm@d T4 (3100) jmocp’s dT
1340 T 1356 1356 T
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Cu(l): 1340K — Cu(s): 1340K
AH —AH..
AS — ME _ Sistema . '
ME TME TME ASME _ AH ME _ AHSlstema
AH AH, + [ Ac.dT " Tue
Sistema T + p _ 1
e AS, = — 13??33 O _ 15 313cal /K
AHCu - AH1356+ 1356(Cp,s _Cp,l)dT
1340
AHc, =—3100+ ]~ (541+15x10 °T—75)dT
AH., =-3098,91cal / mol
AS v = ASgistema + ASwe
AS .\ =—2,285+2,313
AS v = +0,028cal/K
PMT 2305- Fisico-Quimica para Metalurgia e Materiais | - Neusa Alonso-Falleiros 13




Usando: AH_., =-3098,91 cal /mol

v AG =AH - TAS
AS., =—-2,285 cal /K.mol

AGg, = ?

AG=G, -G,

AG=(H, -TS)—(H. —TS. )

AG=(H, —H_)-T(S, -S. )
AG = AH—TAS

AG., =AH., —TAS,,
AG., =-3098,91-1340x(—2,285)
AG., =-37,01cal/mol
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Usando:
v Usando loop e dG = VdP - SdT AG =

#1356 1340

dG, +0+ dG,

J1340 1356

VAP —SdT), + j (VdP —SdT).

1356

AG =
/1340
#1356
AG = (-SdT), + jl 34O(SdT)S
Termodinamica do loop:
AGsistema =7
Cu(l): 1340K —> Cu(s): 1340K
Cu(l): 1356K —> Cu(s): 1356K
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Usando: «1356 1340

v Usando loop e dG = VVdP — SdT AG = .1340dG +0+ 1356dG

J1340 1356

#1356

AG = [ (-SdT), + jl 34O(SdT)S

J1340

AG = [ (VdP — SdT),+j (VdP —SdT).

#1356

AG=[(S,-S)dT =] (AS_)dT = T(AS|ssset | pdT)]dT

J1340

AG = 1356 — 3100 +JAT (5'41+1'5X.|1_O_3T_7’5)dT]dT
J1340 1356 1356
#1356 2 09
AG = [-2,2861+[ (—= +0,0015)dT]dT

AG = 1340[—2,2861— 2,09(In T — In1356) + 0,0015(T —1356)]dT

AG =10,75(16) - 2,09[(1356In1356 1356) - (13401n 1340 ~1340)] + o0

AG =172,00—2,09[8423,87 —8308,57]+ 32,35=172,00 — 240,98 + 32,35
AG =-36,63 cal / mol

AG = [ "[-2,2861+15,07-2,03-2,09In T +0,0015T]dT = [ 110,75-2,09In T +0,0015T]dT

(13562 —1340)
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Usando:
v" Gibbs-Helmholtz para AG, com Ac, =0

thGl—w j — AHI2—>s dT
T ) T
AH —>S
AG, , = —TIT—'ZdT
HI—>s 1356 + 1340AdeT
AG, ,, =-T[—= 1 dT
Ac,=0=
AH
AG|—>s _ TI I—>s 1356 dT = 3100
1
AG, = 3100T(—?+ctej

0 =3100x1356| — 1 +cte
1356

cte=7,37x10™*

AG

|>s

= 3100T(— % + 7,37X104j

AG,_, =-3100+2,2861T
AG -36,63 cal/ mol

|—>s, 1340

PMT 2305- Fisico-Quimica para Metalurgia e Materiais | - Neusa Alonso-Falleiros
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Solucdes para AG:

A NENER NN

AG = AH - TAS =-37,01 cal/mol

Usando loop e dG = VdP - SdT =-36,63 cal/mol
Gibbs-Helmholtz: com AG =0 para AG = - 36,63 cal/mol
Gibbs-Helmholtz: completo: AG = - 36,63 cal/mol
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= Gibbs-Helmholtz completo
% Gibbs-Helmholtz com cp(s) = cp(l)
3 100 —
S
'3 . - Gibbs-Helmholtz completo
g S 101
E g Gibbs-Helmholtz com cp(s) = cp(l)
s g
< 3 0 -
o - 3
o o
;% -100 § -10 -
g | =
© [3+]
> S -20-
'200 T | T | T | T | T | %
1300 1320 1340 1360 1380 1400 3
Temperatura (K) /E}
AG =-3100 + 2,2861T
] '40 I 1 I 1 I
1330 1340 1350 1360
Temperatura (K)

AG =-0,75x103T2 + 2,09TInT - 12,8436T — 1645,0120
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2. A uma atmosfera de pressao o sodio funde a 97,8°C,
o0 calor de fuséo € igual a 630 cal/atg e 0 aumento de
volume especifico é de 0,0279 cm?/g. Calcular o ponto
de fusao do sodio a 10 atm.

DADOS:
Na = 23;
1 cal =41,293 atm x cm3;

Cos) = Cpa)
V independente da temperatura.

[Resposta: 97,88°C]
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3. [Bodsworth & Appleton, problem 3.5, p.55] O titanio apresenta
as formas alotropicas o e (3. A temperatura de transformacéo do
Ti hexagonal compacto (o) em Ti cubico de corpo centrado () €
1155 K. Calcular a temperatura do ponto de fuséo hipotético
parao Ti (o).

DADOS:

Cooy = 9,28 + 2,4 x 10°.T (cal/mol.K)

T,,5=1155K AH,_,, = +830 cal/mol
Cop) = 6,91 cal/mol.K

Ty, =1933K AH, ,, = +4500 cal/mol

Coy = 8,00 cal/mol.K Sygg.1i = 7,3 cal/mol.K

PMT 2305- Fisico-Quimica para Metalurgia e Materiais | - Neusa Alonso-Falleiros 21



Solucéo usando

Termodinamica do loop

TI,00
T

AGoc—)l =

AG

oa—>f

T1,B

AG, ., =0 : Ti | AGOL_)IB + AGIB_)| -0
AG = AG
N oa—f P | ->p

Equacao de Gibbs-Helmholtz
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T2
(MM, +[ Ac,dT)
AG, , =—T| TZTl dT
830+ [ (6,91-5,28—2,4x10°T)dT
AG, 5 =—T| 1155 = dT

AG, ,=0; T,,=1155K ; cte=-9,634

a—p

AG, _,=-1,63TInT + 1,2x10-3T? + 9,63T + 548,18 (cal/mol)

o—>P
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24



AHI—)B
AG, , =—T| o dT

)
(AHy,, , + | Ac,dT)

dT

dT

AG

|—pB

AB g = _T.[ T2
(—4500+ [ (6,91-8,0)dT
AG, ;= Tj .‘-1933
T, =1933K ; cte=7,01(ndo lembro se é — ou +)

AG, 5 =1,09TInT - 7,01T - 2393 (cal/mol)
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|>f

2000 1155 K
g 1000 - 1842 K aﬁﬂ
=
ZD/ O 1 \ x 1 1 1
2 500 1000 1500 2c%0\ 2500 3000
-1000 - Alfa=Beta T (K) ' Liquido=Beta Diferenca
1933 K 21454 1800 -304,78 90,24
-209,09 1840 -214,29 5,20
2000 - -208,75 = 1842 -209,74 0,99
-208,68 18424 -208,83 0,15
-208,68 184241  -208,81 0,12
-3000 - -208,68 184242  -208,79 0,10
-208,68 184243  -208,76 0,08
-208,68 = 1842,44  -208,74 0,06
-208,68 1842,45  -208,72 0,04
Resposta: (AG em cal/mol) 208,67 184246  -20869 0,02
208,67 | 1842,47 = -208,67 0,00
AG, B = -1,63TInT + 1,2x103T2 + 9,63T + 548,18 -208,67 | 184248  -208,65 -0,02
-208,67 184249  -208,63 -0,04
_ -208,67 18425 -208,60 -0,06
AG|—>B =1,09TInT -7,01T —2393,03 -208,67 184251  -208,58 -0,09
-208,66 184252  -208,56 -0,11
T=1842K -208,66 184253  -208,53 -0,13
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Solucéo usando a
definicdo de G

AG,_, =0 G, =G,

G,-G, =0 |G =H_ -TS,
G =G, | |G =H,-TS

G, =

T

(H298+

208 P&

daT =Tl s, + [ Seegr
¢ )_ 208 T 208 T

G| :(Hzgs"'

1155C

o T£8298 + 298

P2 dT +

AH

1155 1933 T
C,.dT+AH, _+| cC dT+AH,  +| ¢ dT) —

298

1155 PP 1933 Pl

AHB—>| T C

a—f

T

193%C, 5 ol
+| —dT+ +| —dT
1155 1155 T 1933 1933 T
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G, =28,78T —1,20x10°T* -5,28TInT —1680

G, =45,42T -8,0TInT +1261,21

1155 T
G —(H298+ cp,adT+AH(HB+ C dT)—

B 208 1155 PP

C AH C
—T[8298+ R ) il R de

298 T 1155 ~ huss T
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G, =28,78T-1,20x10°T? —5,28TInT -1680

G, =45,42T -8,0TInT +1261,21

G, =38,41T-6,91TInT —1131,82
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(kcal/mol)  (kcal/mol) (kcal/mol)

Equilibrios Estaveis e T(K) Ga Gp G
Metaestavel: 1155 -13,0 -13,0 -11,4
1842,47 -25,9 -26,1 -25,9
1933 -27,8 -28,0 -28,0
2000 -
S -6000 A
£ 1842K |1 |
\_3; -14000 {1 | — Alfa || 1933K
O — Beta :
22000 9\ | fuido !
'30000 I I I I I I !

|
1900 2100
|

500 700 900 1100 1300 1500 1700
T(K)
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- Intervalo do equilibrio (kcal/mol)  (kcal/mol)
Metaestavel: T(K) Ga Gp
1155 -13,0 -13,0
-24500 - 184247 -25,9 -26,1
1933 -27,8 -28,0
-25100 - 1842 K
S \
£ -25700 A
g
© 26300 -
— Alfa
-26900 { | — Beta
— Liquido
'27500 I I I I |
1800 1820 1840 1860 1880 1900
T(K)
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-25,9
-28,0
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4, Considere o diagrama de equilibrio do carbono e responda:
(a) os diamantes sao estaveis em temperatura ambiente (25°C)?
(b) quais as condicdes termodinamicas para a transformacao
carbono grafite em carbono diamante?

5. Considere o diagrama de equilibrio do cobre e responda:

(a) por que a linha que separa 0s campos S e L tem uma
Inclinacdo que tende ao Iinfinito?

(b) desenhe as linhas dos equilibrios metaestaveis do cobre.
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6. Considere o diagrama de equilibrio da agua e responda:

(a) por que a linha de equilibrio entre gelo e agua
liquida € inclinada para a esquerda?

(b) esquematize os diagramas G vs T para trés valores
de pressao: acima, no, e abaixo do ponto triplo. Comente o0s
equilibrios metaestaveis em cada caso.

7. Considere o diagrama de equilibrio do ferro e responda:
(a) para a pressao de 1 atm, qual é a posicao relativa
das curvas G vs T para as fases a, vy, o, liquida e vapor?
(b) as fases o e 0 sao duas fases diferentes? Comente:
tipo de célula unitaria e parametro de reticulado.
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Palavras-chave:

« Potenciais Termodinamicos

« Energia Livre de Gibbs como Potencial Termodinamico
« Equacao de Gibbs-Helmholtz

» Equacao de Clausius-Clapeyron

« Usosde:G=H-TS;dG =VdP - SdT

« Diagramas Unarios

« Curvas de Variacao de Energia Livre de Gibbs

« Curvas de Energia Livre de Gibbs
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