Chap. 5. Simple mixtures
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s %
Partial molar volume: V; = (—)
8nJ p,T,'n,J/¢J

Change in volume per mole of component Jto a large volume
of mixture |

Ratio of volume change to the amount of mole

Example for two component system

dV = Vadna + Vpdnpg
| |

A =mna/(na+np)
functions of mole fractions

g =np/(na+npg)

na npg na np
V= / Vadna + / Vpdnp = VA/ dna + VB/ dnp = Vana + Veng « AlWays
0 0 1 0 0 true

If x4 and zp remain constant



Partial molar Gibbs energy (chemical potential)

_ (ﬁ)
H ong P, T gr 4y

Two-component system

(dG)rp = padna+ ppdng = G =nppas+npyp

Multi-component system

(dG)T,p = Z,ujdnj — G = Z Hang
J J

Fundamental equation of chemicul thermodynamics

dG = Vdp — S5dT + Z pydng Maximum non-expansion work
J F system can do

—(dG)rp = — ZqunJ > —dw,
J



Relation of chemical potential to other types of energies

Start from dG = Vdp — SdT + Z pdng
J

anduse U=G —pV +TS
H=G+TS
A=G—-pV

dU = dG — pdV — Vdp + TdS + SdT = TdS — pdV +» _pusdn,
J
dH = dG + TdS + ST = TdS + Vdp+ Y _ psdn,
J

dA = dG —pdV — Vdp = —SdT — pdV + Y _ psdn,
J

Alternative

y ( oU ) ( 8H) ( 0A )
J=\ 5 =\ 35, ~\on,
877:] V,S,TLJI:#J 8nJ p’S’nJ’¢J anJ V’T’nJ’:/‘éJ



Gibbs-Duhem equation

Integration of fundamental equation at fixed
temperature and pressure

integration at fixed mole fractions

Differentiation of G assuming n, and y, as independent

(dG)rp = Z pydng + Z’anMJ (1)
7 7

Fundamental equation

(d@)rp =) pdny (2)
! Change of chemical potentials in
(1)(2) - 0= Z nydpg multi-component system in
J equilibrium are interdependent



The thermodynamics of mixing two perfect guses

(3_“> _y BT 'monu=u9+RTln(%)
t 7 g

Two separate perfect gases A and B, amounts n, and n;, at pressure p
G; = nAuA + nBuB = nAuA + nBuB +naRT In (pp ) +npRT In (p%)

Two mixed perfect gases A and B, amounts n, and ng, at pressure p

na
i : A=TAD, TA =
Partial pressure of gas A p p I
np
Partial pressure of gas B: pPB=2IBp, T = ——
nA+np

x
Gr= nAuA —|—nBuB = nAuA —I—nBuB +naRT In ( = > + ngRT In ( ;ep)

ApizG =G5 —G; =nRT(xalnza+2xplnzp)

ApicS = — ORmizG = -—nR(xalnzy +zplnxpg)
aT pb,naA,NB



The chemical potentials of liquids

chemical potential of pure liquid A

= chemical potential of the vapor in equilibrium with the liquid

= vapor pressure of A in equilibrium
) )Wil‘ll pure liquid A

p@

(1) Pa = iy +RTln(

chemical potential of liquid A mixed with another substance

&= vapor pressure of A in equilibrium with

non-pure liquid A
(2) #a=u+RTIn (gg)

(2)(1) = pa=py+RTIn (pA>
Pa

Rault' s law: DA = TP
£ mole fraction in the liquid phase

pa=ps+RTInzs (ideal solution)



o
Mixture of two liquids forming an ideal solution E

Pure and separate A and B liquids
Gi; =napy +nppp

Mixed ideal solution of A and B

Gy =na(ps+RT'Inzs)+np(pp+ RTInxp)

ApicG=Gf —Gi =RT(nalnza+nplnzp) =nRT(xalnza +zplnxp)

Amia:S = -

8Amsz
oT

) = -—-nR(xalnzxs +2xplnxg)
b,na,nB

A and B are physically and chemically equivalent

A,V = ( 8A(;m'wG> —0 no net volume change with mixing
p Tna,mp

AmizH = ApizG + TApmizS =0 no net energy change with mixing

Regular solution: A,i.H #0 and A,,;zS = —nR(zalnzs +zplnzp)



Colligative properties

Properties depending on the number of solute particles
present, not their identity

e.g. Elevation of hoiling point, Depression of freezing point

Addition of solute B lowers the chemical potential of solvent A

za=1—2xp

Solid

- *
.TE ]
£ Sl \ Ha i independent of the identity
= S0lution \
Q h
f—g LgA:gquRTlna:A
S Va pou/r%\ . . . .
Solute is not in either vapor or solid
N T > . [ ] [ ] (]
T T T Ideal solution - dilute solution

Freezing point Boiling point
depression elevation



Elevation of boiling point A: solvent, B: solute

(1) KA (9) = 1alg) no solute in gas phase

(2) pa(l)=pa(l)+RTInzxx ideal solution Q

RIS
.\§\$ 4

A

(1=(2) = wa(g) =wpa(l)+RTInza
_ a(g) —pa(l)  AyeG

— 1 o —
HEa RT RT
— a Inzy = 1d (AWPG) _ _1AwwH  Gibhs-Helmholtz
dT R dT T R T2 equaﬁon
1 (T8 A, H ApanH [ 1 1
— ] _ = vap dT ~ vap -
VAT TR T R (TB Tg) (3)

Dilute solution, Inz4 =In(1 —zp) ® —zp = (3)

- onn AyopH Tp — T} N Ampl;{A
R TgT} ~ RI%

RT3’

T

ATB ~

rp = Kpb = Molality of solute
- Boiling-point constant



o
Depression of freezing point A: solvent, B: solute E

(1) pa(s) = pa(s) no solute in solid phase
(2) wpwa()=p4(l)+ RT'Inzys  ideal solution

(1)=(2) =

Dilute solution,

pa(s)=pa(l) + RTInza

wals) = i) DgusG

Inzy =

RT a RT
ilna: B _l d [ ApusG _ lAfusH
ar 4" "Rar\ T ) R T2

ApysH [ 1 1
Inzyg = 7 = T
f f

AusI{T*_T ApysH
_ =2f f f _ Af AT

i ~
RT*? .
ATy = A, foB — Kb ¢= Molality of solute



Pressure/Torr

(YY)
Solubility eoo
pure solute °
e p(s) = ps(l) = p() + RTInog
B(dissolved
in A) saturated solution
B isfiion ngy — pp(s) — pp(l) _ _M
eguilibrium RT RT
B e Use Gibbs-Helmholtz equation & ussume enthalpy

of fusion is independent of temperature

\—J AfusH ( 1 1)

Inzg ~

R TJZ" T
*(acetone)
300 p\ Not reliable. The assumption of ideal solution
A il is not valid because x; is not dose to 1.
200 i(,\iﬂ(vfu\t S
- <— Examples of non-ideality
NE g Henry s law: pp = zpKp

0 02 04 06 08 10

Mole fraction of
chloroform, x(CHCI,)



Osmosis (Push)

Spontaneous pussage of a pure solvent into a solution
separated from it by a semipermeable membrane

B I1: Osmotic pressure
T %_. lILT pa(p) = palza,p+11) (1)

Pure solvent Solution
wxa,p+I) =p(p+1) + RTInza (2)

#ip) Hp + 1T

L Equal at
equilibrium

Combine (1)-(3)

p+II
pa(p+1I) = pa(p) + / Vindp (3)

p+II
—RTInzg = / Vindp
p

—lna:A = —111(1 —:EB) ~ TRB

p+II V
RTxp = / Vindp = I1V,,, = 11—
D n

_ RTnzpg
-V

—_— ]

= RT[B] van’t Hoff equation



o0
Activity and Adivity Coefficient for Solvent oo
o

PA
For a solvent, pa = py+ RTIn ( PA)

(Assuming that vapor behaves like a perfect gas)

Activity: aa = PA — pa = py+ RTInay

P

ap ="74TA where lim 74 =1
:L'A—>
Adivity coefficient =2

pa=ps+ RTInxs + RT Invyy

Activity and Activity Coefficient for Solute

PB Kp PB
pB pB B
Kp
e %
Standard chemical potential of solute: 5 — /B + iTn ( Py )

B
ap =2 = ypzp where lim VB = 1
KB xp—0

KB = M% + RT'Inxg + RT In~p



Biologicul standard state: pH=7, G® H® ;,® 59

pg+ = pG. + RTInag+ = p$, — (RTIn10) x pH

o =uGs —7RTIn10

Activities of ions in solution of MX (one cation and one anion)

ufeal =u9+RTInz, and p'%** =pu° + RTInz_

Gm = p® 4yt 4 RTIny, + RTIny_ = G 4 RT In (y4v-)

Mean activity coeffiient: 7+ = (7 +fy_)1/ 2

Activities of ions in solution of M X, (p cations and q anions)

Mean adivity coeffident: v, = (777 )1/ (p+a)

Gm = pp+ + qp-



Physical meaning of mean activity coefficient

we = (ppy + qu_) — (ppife + qu*¥™) = (p + q) RT In

= electrical work of charging ions
1 u’e
nyy = —— =p+
ETgrr TP

Debye-Hiickel Theory (further information, 5.1)
(pz3 + q22 ) F?

we:_

meN AT D
eRT /2 . 1 9 9
Debye length: 7p = (2,0 72 Ib9> , lonic strength: [ = 250 (byzl +b_2%)

Faraday constant: 7 — N, — 9.649 x 10* C mol !
pzi +qz° = —(p+q)z12_ = s|zyz_| (charge nevtrality)

F? o 2 L, 1/2 A=0.509 f
Iy = —lzv2- 5 (2e3R3T3) IV? = —|zyz-| ALY aquovs
solution, 25 °C




