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 > E85 E85C=?4J>1=93D ?6 ?A5> DJDE5=D	 1> 9>3C5=5>E ?6 �922D

5>5C7J 1DD?391E54 H9E8 E85 381>75D 9> AC5DDFC5 1>4 E5=A5C1EFC5 �dp

1>4 dT �	 1>4 E85 381>75 9> 3?=A?D9E9?> �dni�	 9D

dG = −SdT + V dp +
∑

i

µidni . �
�
�

*85 5>EC?AJ ?6 E85 DJDE5= 9D S	 E85 G?<F=5 9D V 	 1>4 µi = µi(p, T, nall)
9D E85 385=931< A?E5>E91< ?6 E85 i
E8 3?=A?>5>E 9> E85 =9IEFC5� )9>35

G 9D 1 8?=?75>5?FD 6F>3E9?> ?6 457C55 ?>5 9> ni	 ?>5 31> HC9E5

G =
∑

i

niµi . �
���

 6 ni = n �nj �=i = 0�	 µi 31> 25 9>E5CAC5E54 1D E85 =?<1C �922D 5>5C7J

?6 E85 3?=A?>5>E i 9> 9ED AFC5 DE1E5 �µi = Gm
i �� �FCE85C=?C5	 G 259>7

1 E85C=?4J>1=93 DE1E5 6F>3E9?>	 E85 C978E
81>4 D945 ?6 ���� =FDE 25

1 E?E1< 49�5C5>E91<	 D? E81E

S = −
(

∂G

∂T

)

p,nall

, V =
(

∂G

∂p

)

T,nall

, µi =
(

∂G

∂ni

)

p,T,nj �=i

.
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∂p
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(
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∂ni

)

p,T,nj �=i
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���

�9>1<<J	 E85 �<1FD9FD��F85= 5BF1E9?> C514D

SdT − V dp +
∑

i

nidµi = 0 , �
���

D? E81E E85 DF= ?6 ���� 1>4 ���� DE1JD 9> 133?C4 H9E8 E85 9>3C5=5>E1<

G5CD9?> ?6 ����� *85 C5<1E9?>D ��������� 1C5 ?6 E85 6F>41=5>E1< 9=
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On the Gibbs energy and chemical potentials of an ideal gas mixture

(1.1)
(1.1) (1.5)(1.2)

(1.5)
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�?>D945C 1> 9D?<1E54 3<?D54 DJDE5= E81E 3?>D9DED ?6 I 381=25CD

D5A1C1E54 2J 491E85C=1< C9794 H1<<D� *85 i
E8 381=25C	 81G9>7 E85

G?<F=5 Vi	 3?>E19>D ni =?<5D ?6 1> 9451< 71D H8?D5 �=?<1C� DA539�3

851E 9D Ci
V �i = 1, 2, . . . , I�� *85 AC5DDFC5 1>4 E5=A5C1EFC5 9> 1<<

381=25CD 1C5 5BF1< E? p 1>4 T 	 C5DA53E9G5<J	 D? E81E

pVi = niRT , ���
�

H85C5 R 9D E85 F>9G5CD1< 71D 3?>DE1>E�  6 DF==54 ?G5C i	 ���� 79G5D

pV = nRT , V =
∑

i

Vi , n =
∑

i

ni . �����

*85 9>E5C>1< 5>5C7J 9> E85 H8?<5 DJDE5= 9D E85 DF= ?6 E85 9>E5C>1<

5>5C795D 9> 1<< 381=25CD	

U =
∑

i

niC
i
V T . �����

 6 E85 H1<<D 25EH55> E85 381=25CD 1C5 C5=?G54	 E85 49�FD9G5 =9I9>7

?6 71D5D E1;5D A<135� )9>35 E85 5>E9C5 DJDE5= 9D 3<?D54 1>4 9D?<1E54	

E85 9>E5C>1< 5>5C7J 31> >?E 381>75	 1>4 E85 E5=A5C1EFC5 ?6 E85 5BF9


<92C91E54 =9IEFC5 DE1E5 9D E85 D1=5 1D E85 9>9E91< E5=A5C1EFC5 T � *85

3?CC5DA?>49>7 AC5DDFC5 9D p 9D 79G5> 2J ����� -85> E89D 9D C5HC9EE5>

1D

V =
RT

p

∑

i

ni , �����

9E 6?<<?HD E81E (
∂V

∂ni

)

p,T,nj �=k

=
RT

p
. �����

*85 DF2DE9EFE9?> ?6 ���� 9>E? ����	 1>4 9>E57C1E9?> �D55	 6?C 5I1=A<5	

�5�?�	 
���� 79G5D

µi =
∫ pi

p

RT

p
dp + Gm

i (p, T ) , �����

Vlado A. Lubarda

(2.2)

(2.5) (1.4)
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H85C5 pi 9D E85 A1CE91< AC5DDFC5 ?6 E85 i
E8 3?=A?>5>E 9> E85 =9IEFC5	

45�>54 2J piV = niRT � *85 =?<1C �922D 5>5C7J ?6 E85 3?=A?>5>E

i 9> 9ED AFC5 DE1E5	 1E AC5DDFC5 p 1>4 E5=A5C1EFC5 T 	 9D 45>?E54 2J

Gm
i (p, T )� �J 3?=A1C9>7 piV = niRT 1>4 pV = nRT 	 H5 454F35

E81E pi = Xip	 H9E8 Xi = ni/n DE1>49>7 6?C E85 =?<1C 6C13E9?> ?6 E85

i
E8 3?=A?>5>E 9> E85 =9IEFC5� �?>D5BF5>E<J	 ���� 253?=5D

µi = RT lnXi + Gm
i (p, T ) , �����

H8938 9D 1 45D9C54 5IAC5DD9?>D 6?C E85 385=931< A?E5>E91<�

*85 =?<1C �922D 5>5C7J ?6 E85 3?=A?>5>E i 9> 9ED AFC5 DE1E5	 1A


A51C9>7 ?> E85 C978E
81>4 D945 ?6 ����	 31> 25 5G1<F1E54 6C?=

Gm
i (p, T ) = [Ci

p − Sm
i (p, T )]T , �����

2531FD5 E85 =?<1C 5>E1<AJ ?6 1> 9451< 71D 9D Hm
i = Ci

pT 1>4 Gm
i =

Hm
i − TSm

i � *85 =?<1C 5>EC?AJ ?6 E85 AFC5 3?=A?>5>E i 9D 79G5> 2J

E85 3<1DD931< 5IAC5DD9?>

Sm
i (p, T ) = Ci

p ln
T

T0
− R ln

p

p0
+ Sm

i (p0, T0) . �����

*85 C565C5>35 AC5DDFC5 1>4 E5=A5C1EFC5 1C5 45>?E54 2J p0 1>4 T0�

�BF1E9?> ���� 9D 51D9<J ?2E19>54 2J 9>E57C1E9>7 dSm
i = Ci

P dT/T −
Rdp/p	 H8938 6?<<?HD 6C?= E85 5>5C7J 5BF1E9?> dUm

i = −pdV m +
TdSm

i 2J 9>3?CA?C1E9>7 pV m = RT 1>4 Um
i = Ci

V T �

�1G9>7 45C9G54 E85 5IAC5DD9?>D 6?C E85 385=931< A?E5>E91<D ?6 E85

3?=A?>5>ED	 79G5> 2J ����	 E85 �922D 5>5C7J ?6 E85 =9IEFC5 9D ?2E19>54

6C?= ����	 ?C 9ED =?<1C 3?F>E5CA1CE

Gm =
∑

i

Xiµi . ���
��

*85 C5DF<E 9D

Gm = RT
∑

i

Xi lnXi +
∑

i

XiG
m
i (p, T ) . ���

�

On the Gibbs energy and chemical potentials of an ideal gas mixture

(2.6)

(2.7)

(2.9)

(2.7)
(1.2)
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*85 �CDE A1CE 9> E85 5IAC5DD9?> ?> E85 C978E
81>4 D945 9D E85 =9I9>7

3?>EC92FE9?> E? E85 �922D 5>5C7J� *85 =?<1C 5>EC?AJ ?6 E85 =9IEFC5

9D

Sm = −
(

∂Gm

∂T

)

p,Xall

= −
∑

i

Xi

(
∂µi

∂T

)

p,Xall

, ���
��

H8938 79G5D

Sm = −R
∑

i

Xi lnXi +
∑

i

XiS
m
i (p, T ) . ���
��

�� ��
 	
�
���
�� ���� GGG �� µµµ ��	 SSS

�> 9>45A5>45>E 45C9G1E9?> ?6 E85 C5DF<ED 6C?= E85 AC5G9?FD D53E9?>	

9> E85 49C53E9?> 6C?= G E? µ 1>4 S	 9D 1D 6?<<?HD� )9>35 E85 3?=A?>5>ED

?6 1> 9451< 71D =9IEFC5 4? >?E 9>E5C13E	 E85 �922D 5>5C7J ?6 E85 =9IEFC5

31> 25 31<3F<1E54 1D E85 DF= ?6 E85 �922D 5>5C795D ?6 1<< 3?=A?>5>ED

9> E859C 9>45A5>45>E EC1>D9E9?>D 6C?= E85 DE1E5 (p, T ) E? (pi, T ) �
���	

$�F<5C	 
���� �1CE5C	 ���
�� *8FD	

G =
∑

i

Gi , Gi = niG
m
i . ���
�

*85 9>3C5=5>E ?6 E85 =?<1C �922D 5>5C7J Gm
i 9D

dGm
i = V m

i dpi = RT
dpi

pi
. �����

*89D 6?<<?HD 6C?= E85 21D93 5IAC5DD9?> 6?C E85 381>75 ?6 E85 �922D

5>5C7J ?6 1 AFC5 DF2DE1>35 �dG = V dp − SdT �	 2531FD5 dT = 0 1>4

piV
m
i = RT � +A?> E85 9>E57C1E9?> ?6 ���� 6C?= E85 9>9E91< AC5DDFC5 p

E? E85 A1CE91< AC5DDFC5 pi = Xip	 ?>5 ?2E19>D

Gm
i = RT lnXi + Gm

i (p, T ) . �����

*89D 9D 1<D? E85 385=931< A?E5>E91< ?6 E85 i
E8 3?=A?>5>E	 2531FD5 E85

=?<1C G5CD9?> ?6 ���� 9D

Gm =
∑

i

XiG
m
i ≡

∑

i

Xiµi . �����

*85 =?<1C 5>EC?AJ 9D E85 >571E9G5 E5=A5C1EFC5 7C1495>E ?6 E85 12?G5

5IAC5DD9?>	 H8938 C5AC?4F35D �����

Vlado A. Lubarda

(3.2)

(3.1)

(2.13).



47

�� ����� ������ 
�
 ������
� �������
�� ��

�� ��
 	
�
���
�� ���� SSS �� GGG ��	 µµµ

*85 E89C4 45C9G1E9?>	 9>45A5>45>E ?6 E85 AC5G9?FD EH?	 AC?3554D

6C?= E85 45C9G1E9?> ?6 E85 5>EC?AJ 5IAC5DD9?>� �9CDE	 2J �1<E?>�D <1H

E85 E?E1< AC5DDFC5 9> 1> 9451< 71D =9IEFC5 9D E85 DF= ?6 A1CE91< AC5DDFC5D

?6 9ED 3?=A?>5>ED	 ��
�	 p =
∑

pi	 2531FD5 pi = Xip 1>4

∑
Xi = 1�

)9>35 E85 3?=A?>5>ED 9> 1> 9451< 71D =9IEFC5 4? >?E 9>E5C13E	 ?>5 31>

9>EC?4F35 E85 A1CE91< 5>EC?A95D (Si) ?6 E85 3?=A?>5>ED	 DF38 E81E E85

E?E1< 5>EC?AJ ?6 E85 =9IEFC5 9D 1449E9G5<J 453?=A?D54 �
���	 #1>41F

1>4 #96D89EK	 
���� (17?>5	 
���� 1D

S =
∑

i

Si . ���
�

*85 A1CE91< 5>EC?AJ Si = niS
m
i 31> 25 51D9<J 5G1<F1E54 1D E85 5>EC?AJ

?6 E85 AFC5 3?=A?>5>E i 1E E85 A1CE91< AC5DDFC5 pi 1>4 E5=A5C1EFC5 T �

)9>35 E85 C565C5>35 DE1E5 9D (p, T ) ���
�	 pVi = piV = niRT �	 1>4 D9>35

dUm
i = 0 6?C 1> 9D?E85C=1< A1E8	 E85 5>5C7J 5BF1E9?> 79G5D

TdSm
i = pidV m

i . �����

�FCE85C=?C5	 C531<<9>7 E81E pidV m
i = −V m

i dpi 6?C 1> 9D?E85C=1< 381>75

?6 DE1E5 ?6 1> 9451< 71D	 ���� 31> 25 C5HC9EE5> 1D

dSm
i = −R

dpi

pi
. �����

+A?> 9>E57C1E9?> 6C?= p E? pi	 E89D J95<4D

Sm
i = −R ln

pi

p
+ Sm

i (p, T ) . �����

*8FD	 9> G95H ?6 pi = Xip	 E85 A1CE91< 5>EC?A95D 31> 25 5IAC5DD54 1D

Si = ni [−R lnXi + Sm
i (p, T )] . �����

*85 DF2DE9EFE9?> ?6 ���� 9>E? ���� 79G5D

S =
∑

i

ni [−R lnXi + Sm
i (p, T )] , �����

On the Gibbs energy and chemical potentials of an ideal gas mixture

(4.2)

(4.5) (4.1)
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H9E8 9ED =?<1C 3?F>E5CA1CE

Sm =
∑

i

Xi [−R lnXi + Sm
i (p, T )] , �����

H8938 9D 9> 17C55=5>E H9E8 �����

�1G9>7 5DE12<9D854 E85 5IAC5DD9?> ����	 E85 �922D 5>5C7J ?6 E85

=9IEFC5 1>4 E85 385=931< A?E5>E91<D ?6 9ED 3?=A?>5>ED 6?<<?H 9==549


1E5<J�  >4554	 E85 =?<1C �922D 5>5C7J 9D

Gm = Um + pV m − TSm , �����

H85C5

Um =
∑

i

XiC
i
V T , pV m = RT . �����

*85 DF2DE9EFE9?> ?6 ���� 1>4 ���� 9>E? ���� 79G5D

Gm =
∑

i

Xi

[
Ci

p + R lnXi − Sm
i (p, T )

]
T. ���
��

%?E5 E81E E85 =?<1C DA539�3 851ED

∑
XiC

i
V 1>4

∑
XiC

i
p 31> 25 9>E5C


AC5E54 1D E85 1G5C175 �5�53E9G5� DA539�3 851ED ?6 E85 =9IEFC5	 H8938

9D ;>?H> 9> E85 3?>E5IE ?6 D?<94 ?C <9BF94 3?=A?F>4D 1D "?AA�D CF<5

�#FA9D	 
����� &2D5CG9>7 E81E

[
Ci

p − Sm
i (p, T )

]
T = Gm

i (p, T ) ���

�

9D E85 �922D 5>5C7J ?6 E85 AFC5 3?=A?>5>E i 1E E85 AC5DDFC5 p 1>4

E5=A5C1EFC5 T 	 ���� 31> 25 C5HC9EE5> 1D

Gm =
∑

i

Xi [RT lnXi + Gm
i (p, T )] . ���
��

�9>1<<J	 D9>35 Gm =
∑

Xiµi	 ?>5 945>E9�5D 6C?= ���� E85 5IAC5DD9?>

6?C E85 385=931< A?E5>E91< ?6 E85 i
E8 3?=A?>5>E	

µi = RT lnXi + Gm
i (p, T ) , ���
��

H8938 A1C1<<5<D ���� ?C �����

Vlado A. Lubarda

(2.13).
(4.7)

(4.7) (4.9) (4.8)

(4.10)

(4.12)

(2.7) (3.3)
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*85 �CDE AC5D5>E54 45C9G1E9?> ?6 E85 5IAC5DD9?> 6?C E85 =?<1C �922D

5>5C7J ?6 1> 9451< 71D =9IEFC5 H1D 21D54 ?> E85 45C9G1E9?> ?6 E85 5I


AC5DD9?>D 6?C E85 385=931< A?E5>E91<D ?6 9ED 3?=A?>5>ED� *89D H1D

133?=A<9D854 2J FD9>7 E85 5BF1E9?> ?6 DE1E5 1>4 E85 9>E57C1E9?> ?6 E85

$1IH5<< C5<1E9?> 25EH55> E85 7C1495>ED ?6 E85 G?<F=5 1>4 385=931<

A?E5>E91<D� *85 =?<1C 5>EC?AJ ?6 E85 =9IEFC5 9D 5G1<F1E54 	 ����
���

���	 1D E85 >571E9G5 E5=A5C1EFC5 7C1495>E ?6 E85 =?<1C �922D 5>5C7J�

*85 D53?>4 45C9G1E9?> 9D E85 D9=A<5DE	 2FE 9E 9>G?<G5D 1> 1449E9?>1<

1DDF=AE9?>	 E85 1449E9G5 453?=A?D9E9?> ?6 E85 �922D 5>5C7J ?6 E85

=9IEFC5 9>E? A1CE91< �922D 5>5C795D ?6 9>49G94F1< 3?=A?>5>ED� *85

385=931< A?E5>E91<D 1C5 E85 3?CC5DA?>49>7 =?<1C �922D 5>5C795D� *85

E89C4	 9> 5DD5>35 ?AA?D9E5 6C?= E85 �CDE	 45C9G1E9?> DE1CED 6C?= 1> 5I


AC5DD9?> 6?C E85 5>EC?AJ ?6 E85 =9IEFC5	 2J 1DDF=9>7 E81E 9E 9D 79G5>

2J E85 DF= ?6 A1CE91< 5>EC?A95D ?6 9>49G94F1< 3?=A?>5>ED 9> E859C 9>


45A5>45>E 9D?E85C=1< 5IA1>D9?>D� *89D E85> J95<4D E85 5IAC5DD9?>D 6?C

2?E8 E85 �922D 5>5C7J 1>4 E85 385=931< A?E5>E91<D�

*85 D5<53E9?> ?6 E85 =?DE DF9E12<5 ?6 E85 AC5D5>E54 E8C55 45C9G1


E9?>D 9D 1 =1EE5C ?6 9>49G94F1< AC565C5>35	 1<E8?F78 E85 E89C4 45C9G1


E9?>	 DE1CE9>7 6C?= E85 5>EC?AJ ?6 =9I9>7	 =1J 25 =?DE C5149<J C5<1E54

E? 59E85C 3?>E9>FF= ?C DE1E9DE931< 9>E5CAC5E1E9?>D ?6 E85 9>G?<G54 E85C


=?4J>1=93 BF1>E9E95D� �?C 5I1=A<5	 96 E85C5 1C5 N∞
1G19<12<5 1>4

F>96?C=<J 49DEC92FE54 D9E5D 6?C E85 =?<53F<5D H9E89> 1 G?<F=5 V ?33F


A954 2J E85 =9IEFC5	 E85 3?>�7FC1E9?>1< 5>EC?AJ ?6 1<< 9ED =?<53F<5D

9D

S = k lnΩ , Ω =
I∏

i=1

(
N∞ − ∑i−1

j=0 Nj

Ni

)
. ���
�

*85 >F=25C ?6 =?<53F<5D ?6 5138 3?=A?>5>E 9D Ni �i = 1, 2, . . . , I�	

1>4 N0 = 0� &> E85 ?E85C 81>4	 E85 DF= ?6 9>49G94F1< 3?>�7FC1E9?>1<

5>EC?A95D ?6 5138 71D	 96 9E H?F<4 ?33FAJ E85 G?<F=5 V 1<?>5	 9D

S = k lnΩ , Ω =
I∏

i=1

(
N∞

Ni

)
. �����

On the Gibbs energy and chemical potentials of an ideal gas mixture
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�DDF=9>7 E81E N∞ � Ni 6?C 1<< i	 E85 EH? 5IAC5DD9?>D 79G5 E85 D1=5

3?>�7FC1E9?>1< 5>EC?AJ	 E? E85 <5149>7 ?C45C E5C=D� *89D =1J 25

G95H54 E? 25 1 DE1E9DE931< 21D9D 6?C E85 1449E9G5 453?=A?D9E9?> ?6 5>


EC?AJ 5=254454 9> �����

���
������	�

�

(5D51C38 DFAA?CE 6C?= E85 $?>E5>57C9> �3145=J ?6 )395>35D 1>4

�CED 9D ;9>4<J 13;>?H<54754�

����������

/
0 �D1C?	 (� !�	 #F21C41	 ,� �� ������	 �
��	���� �� ������ 	�� �	�

�
��	��	 �1=2C9475 +>9G5CD9EJ 'C5DD	 �1=2C9475�

/�0 �1<<5>	 �� �� �
����	 ������������
�	 !?8> -9<5J	 %5H .?C;�

/�0 �1CE5C	 �� �� ����
�	 ������
�� ��� ��������
�� ������������
�	

'5>E935 �1<<	 +AA5C )144<5 (9G5C	 %5H !5CD5J�

/�0 �5�?�	 (� *� �
����	 ������������
� �� ��������� �
���
�	 $3�C1H


�9<<	 %5H .?C;�

/�0 �5>2978	 "� �
��
�	 ��� ����
����� �
 �����
�� ������	����	 �E8

54�	 �1=2C9475 +>9G5CD9EJ 'C5DD	 �1=2C9475	 +"�

/�0 �93;5CD?>	 (� �� �
����	 ����
���� ������������
�	 *85 �5>


:1=9> �F==9>7D 'F2<�	 $5><? '1C;	 ���

/�0 �1D;5<<	 �� (� ������	 �������
���� �� ��� ������������
� �


���������	 �E8 54�	 *1J<?C � �C1>39D	 %5H .?C;�

/�0 #1>41F	 #� ��	 #96D89EK	 �� $� �
����	 ��������
�� �����
�	 �C4 54�	

�<D5G95C	 �=DE5C41=�

/�0 #FA9D	 �� �� '� �
����	 �����
�� ������������
� �
 ���������	

'C5>E935 �1<<	 �>7<5H??4 �<9�D	 %5H !5CD5J�

/
�0 $�F<<5C	  � �
����	 ������������
�	 '9E=1> 'F2<9D89>7  >3�	 �?DE?>�

/

0 (17?>5	 �� ,� �
����	 ������������
� �
 ���������	 !?8> -9<5J	

%5H .?C;�

/
�0 )H1<9>	 (� �� �
����	 ������������
� �
 ������	 !?8> -9<5J	 %5H

.?C;�

Vlado A. Lubarda

(4.1)
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