Termodinamika Larutan: Teor

(Solution Thermodynamics: The)

Lecturer: Bregas S T Sembodo



Pendahuluan

Sistem nyata biasanya berupa campuran fluida
Komposisi sering menjadi peubah (variabel) utama

Dikembangkan teori dasar aplikasi termodinamika
untuk campuran gas dan larutan

Akan diperkenalkal

— Potensial kimia (chemical potential)
— Sifat parsial (partial properties)

— Fugasitas (fugacity)

— Sifat ekses (excess properties)

— Larutan ideal (ideal solution)



Hubungan sifat-sifat fundamental

 Hubungan antara Energi Gibbs dengan suhu dan
tekanan pada sistem tertutup:

d(nG) {a(anf)

} dp+[$} dT = (V) dP — (NS)dT

— Diterapkan untuk fluida fase tunggal dalam sistem
tertutup dimana tidak terjadi reaksi kimia.

e Untuk fase tunggal, sistem terbuka (a single-phase,
open system):

d(nG) = {a(nG)} dP {a(nG)} dT {Z{a(nG)} vdn
oP T.n oT P.n i ani P.T.1
W o




Definisi potensial kimia: = {a(nG)}
ani P.T.n

]

Hubungan sifat fundamental untuk sistem fluida tasggal dengan komposisi
konstan maupun sebagai variabel:

d(nG) = (nV)dP — (nS)dT + Z (dn

Jkan=1,|dG=VdP -SAT +> 4dX | _ L[G=G(P,T,x, X,»....% ...

NA= (a_Gj = —(a_Gj
oP J; . dls /5

v
_ it 1 Energi Gibbs dinyatakan sbg fungsi
Sifat parsial, M, dari variabel-variabel kanonis

Sifat larutan,M

Sifat spesies murnil,




Potensial kimia dan kesetimbangan fase

o Untuk sistem tertutup terdiri dari 2 fase dalam

kesetimbangan:
d(nG)? =(nV)“dP —(nS)“dT + Z,uf’dnf’ d(nG)” = (nV)#dP - (nS)”dT + > ufdn’

nM =(nM)? +(nM)*

d(nG) = (nV)dP —(nS)dT +>_ p7dn? + > pfdn?

Neraca massa.

Multi fase pada T dan P yg sama adalah dn? = —dn”
dalamkesetimbangan jika potensial == '
Kimia setiap spesies pada semua fase ,U'a — Iu_ﬁ
sama. | '




Sifat Parsial Partial properties)

o Definisisifat molar parsial (partial molar property)

9(nM )
on

spesies | :

M.

P,T,n;

arti : perubahan besaran M terhadap peruba; (jml mol i) jika

P, T dan pgml mol spesies lain) tetap

— Potensial kimia adalah Energi Gibbs molar par;i{laI:E G

— Untuk sifat termodinamika M:

nM =M(P,T,n,n,,....n,...)

l

d(nM):n[

a—'v'} dP+n[aﬂ} dT + 3 Mdn
P | T s




d(nM) = n[aﬂ} dP + n[aﬂ} dT +> M,dn
aP T,n aT P,n [

A\ 4

ndM + Mdn = n{aﬂ} dP + n{aﬂ} dT +> M, (xdn+ndx;)
aP T,n aT P,n i

oM oM bk i
dM —-| — | dP-|—| dT-) M.dx M — M. |[dn=0
{ (anT,n (GT j 2 ‘}”{ 2. } :

v -(

oP oT

aﬂj dp_(aﬂJ dT—Zl\Wid)(i =0
T,n P,n i

dM :Zxdl\ﬁ +Z:I\Wid)(i

A\ 4

o
oP

j dP+(an dT -3 xdM, =0
T,n aT P,n

Per samaan Gibbs/Duhem

dan

M =2 xM; =0

|

nM -> nM, =0

Perhitungan sifat-sifat
campuran dari sifat-
sifat parsialnya



Sifat Parsial pada Larutan Biner

e Untuk sistem biner
M =X1I\W1+X2|\W2

A\ 4 / /
dM = )(1‘9WIL1 + M, dx, + xz‘cyvr2 + M ,dx,
P and T tetap, menggunakan pers. Gibbs/Duhem

dM =M. dx, + M ,dx,
X X =1

v

Gl ey | R e e e Sy gl

X, dx, dx,




Constant T, P




Constant T, P — ey

M

700
ki p




Pada suatu Lab dibutuhkan 2000*antifreeze solution (larutan antibeku)
mengandung 30 mol-% metanol dalam air. Berapa volmetanol murni dan air
murni pada 2% harus dicampur untuk memperoleh 2000 antifreeze pada 267
Volume molar parsial dan volume murni masing-masipgsies diketahui.

\ 4

V = (0.3)(38.632) + (0.7)(17.765) = 24.025cm® / mol

V:X1\71+X2\72

Vi o n, = (0.3)(83.24€) = 24.974 mol

= = 83.246 Mol
V. 24.02¢ n, = (0.7)(83.246) = 58.272mol

\4

V! =nV, = (24.974(40.727) =1017cm®| |V} =nV, = (58.272)(18.068 =1053cm’




= Vi= 40.727+_

Vo =18.068
17.765




Entalpi sistem cairan biner dari spesies 1 danda gadan P tertentu adalah:

H = 400x, + 600X, + X,X, (40X, + 20x,)

Tentukanlq1 danﬁ2 sbg fungsjxilai numerik entalpi spesies muktj andH.,
nilai numerik entalpi parsial pada pengencerarb@kinggaH, daHh,

H = 400x, +600x, + XX, (40x, + 20x,)

v

H, = 60C+40%]

X +X =1
' +X =1 —
H = 60C—18Cx, — 20%° > H, = 42C-60x] +40x
1] dH
H,=H +Xx,—
dx,
x =0
H,” =420
mol




Hubungan antar Sifat Parsial

d(nG) = (nV)dP — (nS)dT + Z G.dn

e Relasli Maxwell :

AR e S
0T Vb L | e TR e

H=U+PV[—H, =U +PV,




Campuran Gas ldeal

e Teorema Gibbs'’s

— Sifat molar parsial spesies (kecuali volume) dalam
camp. gas ideal SAMA DENGAN sifat molarnya sbg
gas ideal murni pada suhu campuran tetapi
tekanan yg sama dengan tekanan parsialnya dalam
campuran.

|\/Iilg ¢\/iig I\Wiig(T!P):Miig(T!pi)




Untuk yg tidak tergantung tekanan, mis.

H°(T,P) =H*(T, p) =H¥(T,P)

Untuk yg tergantung tekanan, nr

Hig:ZyiHiig Uig:ZyiUiig

85° =—-RdInP const.T

S°(T,P)-S"(T,p)=-RIn— =R~ =Rny,

P yP

|\Wiig(-rs P) = Miig (T, p)

S9(T,P)-S*(T,P)=RiIny.

= TG

H°(T.P) = H(T,P)

1S9=2> %S°-R} yiny

1G9 =H/*-TS*+RTIny

S¢(T,P)-S9T,P)=RIny

.

He=G"9=G*+RTIny

or

G¥ =2 yN(M+RT) yiInyPl /s = (T)+RT Iny,P|G* =T, (T) +RT In P




= Z ¥.§° - RZ yiIny,

A 4

SY->yS°=-R> yIny, =R> y Inyi:AS >0

Perubahan entropi pencampuran gas ideal selaltif pd&\U
entropi campuran gas ideal lebih besar dari pattarspesies
murni konstituennya




Fugasitas dan Koefisien Fugasitas

» Potensial kimia: ﬂi{ag”n@}

— Menyediakan kriteria dasar kesetimbangan fase

— Namun, Energi Gibbs juga didefinisikan
berhubungan dengan energi dalam dan entropi
(nilal absolut tidak diketahul, sulit ditentukan
nilainya dari T dan P).

» FugasitasiG, =T (T) +RT In|f|

— Suatu kunatitas yg menggantikan
|

Dengan satuan tekanan




G =l(T)+RTIn f

GY=r(T)+RTInP

f

G -G =RTIn I
P

"G*=RTIng 4=p

Residual Gibbs energy Fugacity coefficient

o

ng = j:((zi)—ndg (const.T)
/.




Kesetimbangan Uap-Cair (VLE)
untuk Spesies Murni

« Uap Jenuh: G' = (T)+RTInf’
e Cairan Jenuh: |G =r (T)+RTInf/
G' -G = RTIn:—V
| VLE I
G'-G' =RTIn ;_V:o

q=q :Wﬂ\.ﬁ f'="f =£%

For a pure species coexisting liquid and vapor @hase in equilibrium when they
have the same temperature, pressure, fugacityugatity coefficient.




Fugasitas Cairan Murni

* Fugasitas spesies murrsebagai cairan tertekan
(compressed liquid):

= f
G -G™ =RTIn | |G -G™ :j;t\/idP (isothermal process)

. J
N7

i 1j V.dP
fisat R-I— Pisat |

l Karena VY sedikit dipengaruhi P (weak function)

f  VY(P-P* (p— pt
In I — |( i ) fi:ﬂ%tl:?sate)(p\/l (P R )

\ 4

s RT f ol = g ps RT




For H,O at a temperature of 3@Wand for pressures up to 10,000 kPa (100 bar)
calculate values df andg; from data in the steam tables and plot them vs. P.

For a state at P: G =l(T)+RTIn f

For a low pressure reference state: Gi* =l (T)+RTIn fi*

f 1|H -H’ : iy H1 Lo

In L={ S —(3—3)} g f.*_RT(Gi )
PR T G =H, -TS i

The low pressure (say 1 kPa) at 300+t" = p" =1kPa||s' =10 345(%K
| : 9

H' =30768 %

For different values of P up to the saturated presat 300C, one obtains the
values off; ,and hence, . Note, values of andg, at 8592.7 kPa are obtained

G
RT

Values of f; andy; at higher pressure[ f = g™ P< exp

Fig 11.3
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Fugasitas dan Koefisien Fugasitas:
spesies dalam larutan

o Untuk spesiesdalam campuran gas nyata atau dalam

larutan cair: A
# =T,(T)+RTInlf

\l/Fugasitas spesieslalam larutan
(mengganti tekanan parsigPy
 Multi fase pada T dan P yg sama adalah dalam
kesetimbangan jika fugasitas masing-masing spesies
konstituensama pada semua fase:

I T




Sifat Residual: MR=M-M"9

Sifat residual parsial M X =M. —M.

9]
Py
[

I

Hi Eri(T)"'R-I-I"”E\i
{° =T (T)+RTInyP

N

S0y Rkt
S y,P

Untuk gas ideal,i o =
"=RTIng|l~ _ f

G

9]
P

I

o

N

" f.=yP Koefisen fugasitas spesies i
dalam larutan

e,

I
|

h )
[

o

Y




Fundamental residual-property relation

. ~
d(”Gj: : é(nG)—@dT
RT ) RT RT

d(nG) = (nV)dP — (nS)dT + Z udn

G=H-TS

v

d(nGj: i p e e 2ty == 1(P.T.n)
BT AR, BT ~RT il

A 4

G/RT as a function of its canonical variables aBavaluation of all other
thermodynamic properties, and implicitly contaiosnplete property information.

The residual properties:

dT +Zln gdn

R R R
dnG _nv 4P nH2 +Z G dn >
RT RT RT

d(nGRj_nVR nH R

dR5
RT RT RT?




NG AMSVA S D it nGR) nvR nH R ~
d = dP dT + < dn d B dP - dT + ) Ing@dn
( RT j TERE T2 Z ( RT j RT RT? Z pied

Fix T and composition: |V" _( 0(G"/RT)
|RT OEFAY L

A 4

Fix P and composition: |H" _ T d(G"/RT)
RT O

A 4

on

! ) 4 R
Fix T and P 7 :(a(ncs /RT)j
P,T.n

i)




Develop a general equation for calculation mfg}g values form compressibility-

factor data.

by R
o :[a(ne /RT)j
P,T,n

~ - dP
Ing = IOP (Z _1)3

on _
nGR :J'P(nz _n)d—P
RT % P
~ P O(NZ —n) dP
n _JO { on } P
' BRI
ﬂ = a(nZ) = 7
on on '
v

Integration at constant temperature and compaosition



Fugacity coefficient from the virial
E.O.S

* The virial equation] BP
Z=1+—
RT

. e e B= v B.

— the mixture second virial coefficient B: ZZJ: 20751

— for a binary mixture|B = y,y,B,; + ¥,¥,B, + Y, Y1850 + ¥,¥,By,

 nmol of gas mixturjﬂ nBP
n

~ 1 »[a(nB) _ P [a(nB)
Ing=— dP =
= | T b




on, on,

Inqq—— {a(ns)} dng{a(ns)}

B=V,yiBii*+¥.Y¥,B, +¥,¥,B,; +¥,Y,B,,
512 =2B,-B,-B,||Y =n /n

A\ 4

(BZZ + yl 512)

> A
Ing = (Bu+ y2512) Similarly: In@ = RT

For multicomponent gas mixture, the general form:

~ P 1
Ing, =R-I-(Bkk +EZZjZYiyj (20, _a-ij)j

h ul
e at éik & 2Bik i Bii T Bkk




Determine the fugacity coefficients for nitrogerdanethane in {1)/CH,(2) mixture
at 200K and 30 bar if the mixture contains 40 moiN%o

3, =2B,,~ B, - B, = 2(-59.8) +352+1050= 206 M/

N

2y 2 4
Inqq—ﬁ(BlﬁyZ%) (8314)(200)[ 352+ (06)? (206)] = —0.0501

@ = 0.9511

N

P
Ing =——(B,, + ;9

)
@ =0.8324

1050+ (04)? (206)| = -0.1835




Generalized correlations for the
fugacity coefficient

Z-1=11 (B + 4BY)

J{In 40:%(80 + aB')

r

¢ = PHIB(TR, PR, OMEGA)

_ (P dP T,
Inqq—_[o (Z -1) p (const. T,)
Ve iy
N
Inqo-jo (Z°-1) P +a)jo Z P (const.T,)

or

Ing=In¢’ +wing| with

L 8 _ (R -10P
Inqu_jo (2" -1 p |n¢1—jo Z p For pure gas
Table E1:E4 or Table E13:E16

For pure gas




Estimate a value for the fugacity of 1-butene vagad@00C and 70 bar.

TN T

P=1731] ¢ |¢=0627

N\

a =0.19]

and  |¢} =1.096

Table E15 and E16

Ing=In¢’ +wlin ¢

¢ =0.638—

f =¢P = (0.638(70) =44.7 bar

For gas mixture

Ing, =RPT£@ +%ZZ Y;Y; (205 —Oﬁj))

B, =< (B° +w|B"

Empirical interaction parameter

Prausnitz et al. 1986

¥ a ta i )
a)lj - 2 Tcij T \ (Tcich ) (1 _(kij))
P = ZCij I?-I-Cij 7 = Zci + ch 4 /VCi1/3 +VC}U3 3
S @ =
Vcij 2 Clj 2




Estimate @ and% for an equimolar mixtofenethyl ethyl ketone (1) /
toluene (2) at 5€ and 25 kPa. Set al} k O.

 + > Z3 +ch Do ZCij RTC”- » VCi1/3 +ch1/3 3
1 2 Cij 2 Cij V. 1 o >

Cij
B = RTo (B’ +w BY) Ty =/ (TgTg ) A k;) 9,=2B,-B, By

Cij

E= 2P o

Ing, = ﬁ(B11 +y20,,)=-0.012¢ ¢, =0.987
e %D ) :

ng = ﬁ(B22 +y25,)=—0.0172—]|@ = 0.983




The 1deal solution

e Serves as a standard to be compared:

GY=G +RTInx

Y :Z)(ilwiid

cf. |G?=G*+RTIny

G

co_ (B (o
| oT 2 oT

) - RIn x
p

Gid

=Y xG +RT) xInx

»§“ =S -Rinx

A SAAGTR
! aP T,x

a6
oP

l

S¢=> xS -RY xInx

:\Zid :\/i Vid :ZXI\/I

I-_Iiid :Gid +T§id =G +RTInx +TS —-RT In x

Jae = [[H" =) xH,




The Lewis/Randall Rule

* For a special case of specias an ideal solution:
4 =T (M) +RTIn f {4° =G =I(T)+RTIn f"

GY=G +RTInx
G =l (T)+RTInf

\ 4

The Lewis/Randall rule fiid =x

A'd V_
4 =q
The fugacity coefficient of speciem an ideal solution is

equal to the fugacity coefficient of pure specigsthe same
physical state as the solution and at the shianedP.




EXxcess properties

 The mathematical formalism of excess properties
IS analogous to that of the residual properties:

M E = M . M id

— whereM represents the molar (or unit-mass) value of
any extensive thermodynamic property (e.g., V, U, H, S,

G, etc.)
— Similarly, we have:
E E E _E
L e nHZdT+Z —dn
RT ) RT RT

The fundamental excess-property relation



(1) If CEis a constant, independent of T, find expressioifo S5, and H as
functions of T. (2) From the equations developepart (1), fine values for'G S,
and H for an equilmolar solution of benzene(1) / n-heXa@hat 323.15K, given the
following excess-property values for equilmolandmn at 298.15K:

CE,=-2.86 J/mol-K, H=897.9 J/mol, and &= 384.5 J/mol

ZGE ZGE
From Table 11.1:C; :—T(aa > j {aa - j =2
ol C: =a=const. A 5
Integration
aGE E
From Table 11.; |S° =~ 4“5 =-alnT +b
oT L GREw .
integration l integration
SE=alnT -b G- =-a(TInT-T)+bT +c
HE=G®+TS" =aT +c
C. =a=-286 We have values of a, b, c
897.9=2a(298.15) +c and hence the excess-
3845=-a((29815)In(298.15) - (29815) +b(19815) +c| / Properties at 323.15K




The excess Gibbs energy and the
activity coefficient

 The excess Gibbs energy Is of particular interest:

c.f.

GF=G-G"

G = (T)+RTIn f

GY=r(T)+RTInxf

v

GF=RTIn——

N

f
X f

The activity coefficient of speciesn solution.
A factor introduced into Raoult’s law to
account for liquid-phase non-idealities.
For ideal solutionGe =g, ) =1




E E E ~ E
ok PR G P i) S s
T S ETAem - RT

\ 4

nGf) nvE nH E
d = dP — dT + ) Inydn
( RT j RT RT 2 Z,: el

VE :[G(GE/RT)] 5

RT oP
= . Experimental accessible values:
e _T(O(G / RT)j > activity coefficients from VLE dat
KT o1 P.x VE and H values come from mixing experiments.
_[{ 9(nG®/RT)
Iny, = 5
on P.T.n

E

G='%
T I l

Important application in phase-equilibrium
thermodynamics.

Z)gdlnyi =0 (const.T,P)




The nature of excess properties

GE: through reduction of VLE data
HE: from mixing experiment
S=HE-GH/T

Fig 11.4

— excess properties become zero as either speties ~

— GFis approximately parabolic in shap€e: &hd TS exhibit
iIndividual composition dependence.

— The extreme value of Wbften occurs near the equilmolar
composition.






