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Agenda

# Thermodynamic properties & phase equilibria
= Phase equilibrium: pure components
Clausius-Clapeyron equation
Phase equilibrium: mixtures
Fugacity, Fugacity coefficient, Activity coefficient,
Calculation of phase equilibria (gamma-phi and phi-phi)
= Henry's law
# Phase diagrams
= Binary T-x and P-x diagrams
= High pressure diagrams
= Binary x-y diagrams
m Azeotropes
Other diagrams (activity coefficients, excess enthalpy,...)
N4 Modellng phase equilibria
= Activity coefficient models — GE models

= Equations of state
= QM methods: COSMO-RS

# Thermodynamic consistency
= Barker’s method
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Thermodynamic properties & phase
equilibria Lo

= Phase equilibrium: pure components

= Clausius-Clapeyron equation s S
= Phase equilibrium: mixtures

» Fugacity, Fugacity coefficient, activity coefficient,

= Calculation of phase equilibria (gamma-phi and phi-phi)

= Henry’s law
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Vapor liquid contacting system

L/

N

GAS PHASE (AIR)

LIQUID PHASE
(WATER)

Initial Condition Equilibrium Condition

Constant pressure, P & Constant temperature, T
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Vapor liquid contacting system
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Thermodynamic properties and P
Phase Equilibrium g L
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Pressure

solid

# N. of phases

= Single phase systems

supercritical fluid

critical pressure

e - -

= Multi phase systems Por critical point
o i
# N. of components it |
|
= Pure components _ : . gaseous
_ Pyp  triple point :
s Mixtures T A l
|
|
I :critical
[ temperature
|Ttp chr 4
® ,} l Temperature
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Single Phase systems s x[

# Motivation:

= most of the material balances in single phase involve liquids and gases
and their volumetric properties

# Data is necessary (density, ...)
= Look it up in the data bank - find the right DB and values

= Estimate it > pay attention to the estimation method
= Measure it > problems of correlation and extrapolation

# For liquid systems the main problem is mixture density

# For gas system the main problem is the equation of state
Ideal gas law

Real gases and critical state

Van der Waals equation of state and related EOS

More complex equations of state

Compressibility factor EOS and corresponding states

/R
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Multi Phase Systems s x[

/R

# One component systems
= phase diagrams
= Vvapor pressure and saturated properties

# Binary Systems
= Gibbs phase rule
= General conditions for equilibrium
m Vapor — liquid equilibrium (all condensable components)
= Gas — Liquid equilibrium (non condensable component)
= Other equilibrium: solid — liquid and liquid - liquid

# Multi component systems
# Two phases in equilibrium
# Three or more phases in equilibrium
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PVT for an ideal gas: pure component
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Phase behavior for a pure component

/R

L/

mn n
Subcooled or  Saturated Welvapor  gatyrated vapor Superheated
compressed  liquid (only)  (sat. liquid +  (qry saturated vapor
liquid (ordinary sat. vapor) vapor)
liquid) 5
Increasing temperature
A
Saturated conditions
(vapor and liquid in
% equilibrium)
= Superheated
fo < > e
] A vapor
£
(0]
. Dew point
Bubble point R
Subcooled or
compressed liquid

Separation Processes — Maurizio Fermeglia

VVolume

Trieste, 28 February, 2021 - slide 10




Separation Processes — Maurizio Fermeglia Trieste, 28 February, 2021 - slide 11



PV diagram for a pure component system
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Pc |--

9
| Isotherms
TcC

/ Liq.§+ Vap Sat. \Wturated Vapor
:Vc \% >
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PT diagram for a pure component system

Water Clausius-Clapeyron Relation
i ™a dP A As
! dT TAv Av
|
I !
mld phase | | | A = phase transition
. compressh ke | supercritical fluid latent specific heat
b liqu od i v = specific volume
critical pressure 'i ! s = specific entropy
2 | peud Peiitcaipomt
: liquid P
| pha 5e
|
|
i
PL triple point | gaseou 5 phase
Y por Gibbs phase rule
critical
TI.I -
Temperaure
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Thermodynamic Potentials

L/

# Four important thermodynamic functions. These are:
= The total (mean) Internal Energy U (E)
= The Enthalpy H
= The Helmholtz Free Energy F
= The Gibbs Free Energy G

#® Any one of these functions can be used to characterize the
thermodynamic properties of a macroscopic system. These
functions are sometimes called Thermodynamic Potentials (TP)
or State functions.

= Internal Energy U,

= Enthalpy H =U + pV

= Helmholtz Free Energy F = U - TS
= Gibbs Free Energy G=U-TS + pV

# They depend ONLY on the Equilibrium state of the system

# If the integral of df doesn't depend on the path of integration,
f is a state function and df is an exact differential.

/R
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Thermodynamic Potentials

/R

L/

# If we define:

= Internal Energy
= Enthalpy

= Helmholtz Free Energy
= Gibbs Free Energy

= N = Number of particles in the system.
s = Chemical potential of the system.

# For each TP, a set of so-called “natural variables” exists.

U = U(S,V,N)
H=U + pV = H(S,p,N)
F=U-TS = F(T,V,N)

G=U-TS + pV = G(T,p,N)

Potential Variables
U(S,V,N) S,V\N
H(S,p,N) S,p,N
F(T,V,N) V,T,N
G(T,P,N) PT,N
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Thermodynamic potentials

L/

N

# All thermodynamic properties of a system can be found
by taking appropriate partial derivatives of the
Thermodynamic Potential.

# The total differentials resulting from the combined 1st &
2nd Laws for each Thermodynamic Potential are:

[dU(S\V,N)=TdS—PdV +udN| v . T

[dH(S,P,N)=T dS +VdP + N |

[dF(T,V,N)=-SdT —PdV +dN|

[dG(T,P,N)=-SdT +VdP + zaN|

H P
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Why Use Maxwell Relations?
What Good are They?

L/

/R

# Some variables in thermodynamics are hard to measure
experimentally.
s For example, the entropy
# The Maxwell Relations provide a way to exchange
variables.

# They relate theoretical quantities, such as equations of
state & entropy to more easily measured quantities

# Internal energy (U), Enthalpy (H), Helmholtz free energy
(F) and Gibbs free energy (G) are used to derive the 4
most common Maxwell equations.

Separation Processes — Maurizio Fermeglia Trieste, 28 February, 2021 - slide 17




Deriving Maxwell Relations: a recipe

L/

# Assume an infinitesimal quasi-static process & express an
energy as a function of the other variables. For the
internal energy U as a function of T, S, P, V, we have

/R

gl =Td5 — Pdl’

# Next, take the total derivative of the energy with respect
to the natural variables.

= For example, for the internal energy U, natural
variables are entropy S & volume, V

s U is a state function and dU is an exact differential.

dU :(@j ds +($j 4V
os ), v ).
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Deriving Maxwell Relations: a recipe

L/

/R

# Now that we have the total derivative with respect to its
natural variables, we can refer back to the original equation for
the energy U and define, in this example, T and P.

dU = Td§ — PdV

j dS +(@) dVv
V av S

EER
oS )y oV Js
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Deriving Maxwell Relations: a recipe

/R

L/

# Now if we take into

account a rule about partial

derivatives for analytic functions (Schwarz theorem):

v _ oy

(‘3 x c? }_' (? 'V (‘] l— ’

oE
os ),

# Next, when taking the partial derivative of

(@_Uj __p
oV )

4 We obtain the same result, which is equal to 9°V/, . . for
both derivatives: we have derived a Maxwell Relation

o

(5

]'I,E; — = '::E_gjv
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The 4 Most Common Maxwell Relations

L/

N

# Internal energy (U), Enthalpy (H), Helmholtz free energy
(F) and Gibbs free energy (G) are used to derive the 4
most common Maxwell equations.

# These are derived assuming that
= The external parameter is the volume V
= The generalized force is the pressure P

) =) &)=
el &) 15)
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Maxwell Relations

basic equations Maxwell relations working equations

dU =TdS — PdV  [55] E),. dU =CvdT + [T (55), — Pldv
dH =TdS+~VdP  ($5).,= (%), dH=CpdT - [T(%),—V]dP

dA = —PdV — 5dT (£2 Ry, d5 = SedT + (§5),.dV

dG =VdP — SdT (£ = dS = 52dT — (&) . dP
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Clausius-Clapeyron Equation (Maxwell relations)

/R
\

# Phases (A,B) equilibrium condition: v
.TA=TB;PA=PB;GA=GB
- dGA(T» p) — dGB(T p) U

aGA dT + 284 aGA A p = aGB dT + 258 aGB 2 p

4 Glbbs—HeImhoItz Equatlon
G G

m dG =VdP — 5dT > =—5, ==V
oT dp

dp _ Sp—Sa
dT  Vg-V4

# From II law (ds=dq/T) and phase Transition is isothermal
FsQ 1 (P A dP°  Ag
SB‘SAzfATszA so=7 ) “TW-VI)

P AP
®AndV, >>V;: Ww-Vi=w=RT4, = =
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Clausius-Clapeyron Equation (Carnot cycle)

N

L/

dn:(Vv—VI)dP dn:d_T
2‘\/ap T
dP°  Ag
dT  T(Ww-VI)
AP AqP°
| =\ = RT _Ma
W-VI=w=RT/L = o= s
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# Work from a reversible Carnot cycle

dP¢

dw = (Vv =VI|P°(T +dT )— P(T )| = (v —VI)dP®
# Efficiency of a reversible Carnot cycle

' P

T

Q\
S

Vi Vv

\;
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Saturation and Vapor Pressure

! ap® i AP® V= volume
dT  RT? v=sp. volume V/m

/R

# Clausius-Clapeyron curve represents the VLE of a pure
component = saturation
= Vapor is saturated when the first drop of liquid is formed (dew point)
= Liquid is saturated when the first bubble of vapor is formed (bubble point)

# Vapor fraction: mass fraction of the less dense (vapor) phase
with respect to the total mass

# Vapor Pressure and Temperature

= Clausis-Clapeyron expression for np — A1
moderate pressure when vg>>> vl np=- RT T

= Semi empirical laws: Antoine InP=A—
(T +C)

= where A, B and C are fluid (and units) dependent constants
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Gibbs phase rule

/R

# The variables for describing a process are
= Extensive (depends on size of system)
= Intensive (do not)
# The number of intensive variables that can be specified
independently is called degree of freedom (DF). If c= #
components and P= # phases

DoF =2+c—P
\ TP
# Valid if no reaction occur !

# If r independent reaction occur, the right hand side of the
equation should be reduced by r

DoF =2+4+c¢c—P—R
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Phase behavior of a mixture of components

/R

L/

Increasing pressure at
constant temperature

<
<

(=] nl

s

liquid)

>

Increasing temperature
at constant pressure

»  Mixtures

Saturated conditions
(vapor and liquid in

V) R s
.g | equilibrium) J S J—
4 vapor
=
2

Dew point

Bubble point

Subcooled or
compressed liquid

Y

Volume
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-

Temperature

Subcocled or  Saturated Wel vapor - gatyrated vapor Superheated
compressed  liquid (only) (53l lquid + (g4 satyrated
liquid (ordinary sat. vapor) vapor)

vapor

Pure components

Saturated conditions
(vapor and liquid in

equilibrium)
Superheated
~ Va vapor
Bubble point Dow pomt
Subcooled or

compressed liquid

Y

Volume
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Mixtures: phase Equilibrium Relationships

N

TA) = T7@2) =TB) = ... = T(M)
p1) = p2) = pB) = ... = pm)

G_l(l) _ 61(2) _ G—1(3) — G—l(n')

G
dG(T,p,n) > an=u(T,p)

1 2 3
OO NINO NI

1 2 3
OO O RO
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From Chemical Potential p to Fugacity f

/R

dur = dgr = vdp = RTC;Tp = RTdIn(p) valid for perfect gas

gr.I.p gr.T.p Fugacity represents the pressure of
dur = RTdIn(f) an real gas (gp) whose temperature
gp,T,p gp,T,p and molar Gibbs free energy are
equal to the ones of a real gas (gr)
(@) & i=12,..,m
a . Oa i l - 1,4, ...,
Wi~ —#i =RTIn Foa a=12 ..,m
[
f(l) f(Z) f(ﬂ)
01 [ — .02 [ H — ., 0 l
p; -+ RT In or = Mt RT In 07 = ui” + RT In—~
i i i
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Phase Equilibrium in terms of Fugacity

N

T =T7R@) =TB) = ... = 7MW
p(1) — p2) = p3) = ... = p(n)

F(D) _ 2@ _ ) _ . _ 2
1 1 1 1

F(D) _ 22 _ ) _ . _ 2
m m m m
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Fugacity coefficient and Equilibrium

/R

o f
i Px.

_U ‘_.—"»

# Fugacity is more convenient than chemical potentials...
= ... but equilibrium is best expressed in term of fugacity coefficients
= ... Which is one if the fugacity is equal to the partial pressure

# Fugacity coefficient may be considered as the correction
factor to the partial pressure (effective partial pressure)
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Phase Equilibrium in terms of Fugacity
coefficients (¢ ¢ approach)

/R

T = T7@2) =TB) = ... = T(M)
p1) = p2) = pB) = ... = p(m)

~(1 1 ~(2 2 ~(3 3 A
sDxDp = 6@ @p _ 5, @p _ . _ 5, m@p

~ (1 1 ~ (2 2 ~(3 3 A
PPxDP = 02 Dp = GPADp = - = O

At the Liquid - Vapor Equilibrium

AL, _ AV
PiXi = Qi Vi i

1,2,...,m
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Fugacity from an Equations of State

Equation of State is a function...
F(P, V, T, V1, ---:yn—l) =)
Fugacity is obtained by integration

/R
\

d
dur = dgr = vdp = RT =2 = RTdIn(p)

o P
fi _ prins =
o = RTIng; = dur

RTdIn(p) =

[
P P
1 pv — RT
RTIng; = j v — dp - Ing; = BT - dp
0 0

Ing; = j (Z — 1)? 7 = % compressibility factor
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... may be obtained by differentiation

RTlncﬁi:(

RT T

Separation Processes — Maurizio Fermeglia

n

nj,

—RTInZ
TV

L(E] L1
RT & ), V
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FugaC|ty from Activity Coefﬁaents
Vapor fugacity fi = Py. gpl Liquid fugacity ( )I 7

/\

Where (fi) =R(T,P)x

If pure liquid exists Ri = !('LnlfTL = f,"pure
v;, T = cost ln]]:—ii) = % Opdp :E]i (P;2 ; plp )} Plcglzttci)rlg
fr=1 @iZPAiZ;i
\ /
VLE  Pyid] =p{of exp [v S ] )] U Py, = pixg,
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Poynting factor for
Ethanol @ 150 °C

Separation Processes — Maurizio Fermeglia

Order of magnitude of corrections

Fugacity correction ratio for
Ethanol @ 150 °C

0.98 —
0.97

0.96
0.95

100

150

200
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Types of VLE Phase behaviour

L/

# Ideal systems
= Systems that obey the Raoult’s law

= Consist of molecules of the same size and shape and intermolecular
forces

= Mixtures at low pressures that may be assumed as ideal mixtures
(hydrocarbons, isomers,...)

= Ideal mixtures cannot form azeotropes or multiple liquid phases

/R

Psat

< Raoult’'s
Law

A X B

# Non ideal systems

= Due to interactions between functional groups creatinf non randomness
in the mixture

= Due to energy effects created by size and shape differences
= Is accounted for activity coefficients
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's of non

Types of VLE Phase behavior: effec
ideality

/R

# y >>>> 1: liquid may split into two phases

stronger than the forcess between the like molecules.
Negative deviation from ideality

# if Y < may have chemical complexes (ammonia water

Psat

& Negative

A x B Deviation

# vy > 1 because molecules are dissimilar and tend to aggregate more
with molecules of the same species, creating large local
concentration. Ge is positive. Positive deviation from ideality

# y < 1 when attractive forces between dissimilar molecules are

Ge is negative.

system)
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CaIcuIation of phase equilibria

f\

@ Y- approach:

» fugacity coefficients in the vapor phase by the Hayden-O'Connell (HOC)
model

m activity coefficients by a suitable GE model
= NOTE 1: limited pressure range due to HOC and GE models validity

= NOTE 2: it is essential a correct calculation of the pure component
vapor pressure

# (p-(p approach:

= fugacity coefficients in the vapor phase by an Equation-of-State (EOS)
model

= fugacity coefficients in the liquid phase by same Equation-of-State
(EOS) model

= NOTE 1: simplest EOS’s suitable for this application are cubic EOS’s
= NOTE 2: no applicability limits as far as pressure is concerned
= NOTE 3: computational effort much bigger than for the y-¢ approach
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VLE: comparison of two Approaches

L/

/R

GAMMA - PHI PHI - PHI

# Pros # Pros
v Reliability at low pressure v Continuity at the critical point
v Very good for describing polar (one model)
mixtures v Parameters are non so strongly
v Simplicity correlated
v Easy programming and low CPU v Applicable in an high T and P
time range
# Cons v Describes volumetric properties
_ as well as equilibrium
v Valid only at low pressure & C
v Parameters of the model are ons
highly correlated v Complexity and high CPU time
v Consistency at the critical point v Polar and low pressure mixtures
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Calculation of phase equilibria: binary system

{y: K, X
1-y=K,1-Xx)

*\/ sat
# y-@approach: K. = Y P' /
o, P
(D-L
@ @-@ approach: K, = ¢—'V

= NOTE 1: five possibilities for the calculation: (T, x); (T, y); (P, x); (P, y); (T, P)
= NOTE 2: the simplest model (at lower pressure)

R = VAPAsatX'I"?/Bszat (1-x)
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Calculation of phase equilibria

/R

# Cubic EOS's are the simplest model to apply the ¢-¢

approach for VLE calculation.
= The simplest cubic EOS is the VdW EOS
= Evaluation of VdW EOS parameters for pure components
= Evaluation of VAW EOS parameters for mixtures

R°T.S

a. =0.42175

b_ ~a P.
v-b. v
¢ b, =0.125 alle

C

# NOTE: only two properties are needed to calculate the
VdW parameters
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Fugacity from Henry’'s law

+
\J
# Vapour phase fugacity f," =Py,
# Liquid phase fugacity: fiL = (fiL)id 14
# Where (fiL)id — I:zi (T’ P)Xi f.L H-SOI
# Since pure liquid does not exist R = L'ﬂg )2 o 7;0
fr=xyH Vi :7/i/7/ioo:>13'SXi:>O

GLE: Py, =xH;y; [Low P> Py; = X H,

# Henry’'s law is used to determine the amount of a supercritical
component or light gas in the liquid phase

Only used with Ideal and Activity Coefficient models

H; is calculated from temperature-dependent Henry’s constants for each
solute-solvent pair

& @
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Graphical representation of H

/R

L/

HE T = cost
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1/

Phase Equilibria diagrams

= Binary T-x and P-x diagrams
= High pressure diagrams

= Binary x-y diagrams

n Azeotropes

= Other diagrams
(activity coefficients, excess enthalpy,...)




VLE diagram for a binary system

p
\
Z=const r
section P/
i
0
P=const [ 8
section
M
T=const

section
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Binary diagrams at constant T / P

/R

P = const.

Vapor

(a) XY (b) N ‘tl’-yl
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Constant composition diagram

/R

B Cricondenbar

Critical
Point

A
i
| D
i ; Cricondentherm
) Qo
e ¥
= RS Two Phase
£ ? Region —— Saturated fiquid (bubble line}
& v ~ == Saturated vapor (dew line)

T

Critical Locus

Temperature --------- >
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Retrograde condensation region

/R

Critical Point

Bubble Point Curve

-
0}
-
»
0}
-
-
o
g

Pressure ----------->
Dew Point Curve

50

Temperature -—------- >
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High Pressure

L/

# High pressure phase .
equilibria

# Type I to type VI
mixtures

=] Type V =] TypeVl

Cy
VL
LL
UCEP
LLV ¢
LCEP
T T
@ Pure component critical point sssesswss Three-phase equilibrium line

Pure componen! vapor pressure
S— Critical fine

O UpperLower critical end point
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»”

T

3D P-T-x diagrams for type I, II, III, V, VI

Separation Processes — Maurizio Fermeglia

I P Typel R ace Type Il
L 3
o3
i
P Type V P TypeVi
vi
Cy
L
.2 LL
UCEP
LLV C
LCEP
.
T

@ Pure component critical point

T

O Upper/Lower critical end point

T

s=wwssws: Three-phase equilibrium line

Pure component vapor pressure
Critical fine
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Scott and van Konynenburg classification

e

Pl
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_Type Characteristics Examples
I * Single (continuous) CH, = propane
oo Gleticallous €O+ propanc
n * Continuous GL critical locus
* Three phase line with UCEP €O, + octance
* L Lcritical locus
i * GL cniical locus that changes  CO, +
to LL ar high pressures n-hexadecane
* GL cnncal locus that temin-
ates at UCEP CH, +
* Three phase line with UCEP  methanol
v * GL cntical locus that ends at
alCEP Cyclohexane
* GL cntical locus that termin- =
ates at UCEP polystyrene
* Three phase line with
UCEPIL.CEP Benzene +
* Three phase line with UCEP  poly-
* LL cntical locus 1sobutylene
\Y * same as IV except: CH, +
* no three phase ne (at low 77 hexane
* no LL critical locus
Vi * Single (continnous)
GL crinceal locus DO~
* Low temperature three phase  2-methyl-
line with UCEP/LCEP pyridine

* Closed-loop LL cnitical locus
* Open loop LL critical locus
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Composition diagram
(x-y)
i

diagram i T-x-y both

liquidévapor ratio ' o 6. feed mole fraction methanol 0.34
1.0

E
> 08f

o)
c
©
<
g 0.6
c V =14.3 mol/s

-6.0

§ ¥m = 0.58
Pl F = 100 molls
re) Zm =034

= B

o]

S 0.2+ -
> |

L =85.7 mol/s
0.0 Xm = 0.30
0.0 : 2 0.6 0.8 1.0

liquid mole fraction methanol x.,
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X

P=const

Vapour

Dew curve

Xb / TA

_J,./ Y
Bubble curve

Liquid

X,y - 1
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opic systems

Homogeneous azeotr

s
3 1
Positive / Negative
azeotropes | azeotropes
are also are also
called o called
minimum * Y maximum
boiling boiling
mixtures or mixtures or
pressure pressure
maximum 0~ = ; 0 = , minimum
azeotropes. azeotropes..
T P=const ¢
T
T
r T
¥n y'% >
Teq
’
Xbl , Xp
0 Tb Xar ™ Yar 0 o
(O X,Y - | () X,y - 1
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Water - Ethanol @ 1 atm, azeotropic diagram

/R
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A
\J
1. Imermediate-boiling systems, including Racualt's Law behavior
‘ P = const, ‘ T = coust,
Vapor
Liguid
T P
(a) ¥ v (b) X "N
Tl Systems having a minimum boiling azeotrope
P con;. T'= const.
Vapor
/7
/ /
T iquid T
Ligu ¥i &
(d) X1 M (¢) Xy ¥ ) Xy
I11. Systems having a maximum boiling azeotrope
Azeotrope P = const. T'= const
Vapor
Liquid / 4
Liquid
\ -
T Pl Azeotope nl 7
(e X1 (k) 5.0 (i)
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Xy

T-X, p-X, and x-y diagrams of various types
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T-X, p-X, and x-y diagrams of various types

b
N
IV. Systems having immiscible liquid phases
P = const, T = const. /ﬁ
/
v 4
Vapor Ly+V Ly+V //
Vapor /<
V+L, #
V+L, //
//
T L] + Lz P » /
; 4
(6) X1, Y] (k) X1, ¥ (1) x

V. Systems having partially miscible liquid phases

P = const, T = const,
/7
/
Ly+L //
1 T4y
Vapor Ly L 7
V+L / W+, 7/
V+L, VL o
L / L Vapor
Ly+ L,
v & P
(m) X1, ¥ (n) X1, X1 X1
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/R

X-y diagrar

S of various type

1

08

-
b

N/
/

4
/

—
[ R ]

C X RN DB W

. acetone + n-butanol
. acetone + chloroform
. acetone -+ methanol

acetone + water
ammonia +— water

. ethanol + benzene
. ethanol + trichlorethylene
. cthanol + water

. ethyiencchloride + tolucne
. benzene + ethylenechloride
. benzene + acetic acid
. benzene + n-heptane

1 1

= ¢

0
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Liquid ~
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Liquid Liquid and VLL equilibrium
# The basic VLLE equation is Pyigﬁiv — fi"lxily/i1 - fiozxiz;/i2
. Water — 1 butanol @ 1 atm

/R

SEL
"
. |
g
2 :
s
= H
£ :
= ;

ARA |, .,. ISR S . _ ......

A AASAMIA.SPA.2A. SR 2. FZA.4AA. S A.58. 5. 6R.E5B8.7A. 758 . B A.B5 . 98.95 1
Hater wolefract lon
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LL & VLLE Phase Diagram

g Water - 1-Butanol @ 1 atm - UNIFAC

/R

0

............................................................................................

395

390.0

TEMPERATURE K
3750 3800 3850

370.0

S I S N R (0 R Bt o o . s o s s s e s o 2
365 K ooutsoTo0205 030509045 04065)060¢65 07075 08085 05485 1o
MOLEFRAC R
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Liquid — Liquid Equilibrium

/R

g Water - 1-Butanol @ 1 atm, 365K - UNIFAC

-1257E+08 \ l ]

-1.259E+08 \ Single liquid %

-1261E+08 \ m—por
\ e Tot3 /

E -1263E+08
= .12656408 \ /
z b ;
! -1.267E+08 \\ /
,E -1.269E+08 N
T —

’ -1.271E408 =
[T} \

-1273E+08

-1.275E+08 _____/

-1277E+08

0 01 0.2 03 04 05 06 0.7 08 09 1
Mole fraction water
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LL & VLLE Phase Diagram

g Water - 1-Butanol @ 1 atm - UNIFAC

/R

0

............................................................................................
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Vapor Liquid Liquid Equilibrium

/R

g Water - 1-Butanol @ 1 atm, 370K - UNIFAC

-1.235E+08 I ]
-1.237E+08 Single liguid
—Vapor
-1.239E+08 —
\ e Two-liquid

-1241E+08 \ Total

-1.243E+08

-1.245e+08

-1247E+08 N1

Gibbs free energy (I/kmol)

-1.249€+08

-1.251E+08 + -

-1.253E+08
0 0.1 02 03 04 05 06 0.7 08 09 1

Mole fraction water
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Activity coefficient diagram

p
N
0.6 - 0.6 =
a Acetone
ny % 2
04l [ 04 "' _ Hg Methancl
In-y. bl
02| N\ /| 02} - g
' ' T
<
I I
0 1 o 1 0 1 | . | |
X X x
‘ 1 : 0 02 04 06 08 1.0
(a) (b) (c) Mole fraction of acetone
3 = 15 — 15 —
2 F\Iny 10 E\INT | 1.0  \I"n —
Iny, In,
In s
1F - 05 05 - —
I I l
0 1 0 1 0 1
Xy Xy Xq
(d) (&) (f)
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Activity coefficients vs. concentration

N

L/

P1

Separation Processes

{

I‘| HENRY'S LAW

.~'

NONIDEAL SOLUTION

RAOQULT'S LAW

— Maurizio Fermeglia

Pure component
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Mixing properties: free energy, enthalpy,

i
N
0
<10 +
3 20
£
2 30
g
Free energy Y
of mixing
(a)l 50 ¢
60
enthalpy of 0
mixing (b), (@

0.0186
entropy of 0.014 |
mixing (c) 0012

§ 0.01

excess 32 0008}
0,004
0.002

(c)

entropy and excess volume

0 . A s A A . s '
0 01 02 03 04 05 06 07 08 09 1

01 02 03 04 05 06 07 08 098 1

XNt
T =2500K ~v
e .T =4000K ——
EAM3 £ Eamy
{34 )
¢
EAM2

XNt
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Enthalpy vs. Composition: Ponchon-Savarit Plot

/R

L/

N e | )

_ 400 080 g 400
g / = Polotip, Equitiby, / /
Wez- 7=
: ¥ Sk
> / 14 77\
VAT a0 S T
5 S bLA L AL / §05/ 8 of | 85
/N ¢ S U \ * o y . Y Q
L/ 5 888 e SIE S ils Sy Y | H Y
T
& o8
/ / / / 5 / 3
100 /, ] Z £ 100°G < / Y §§—|oo
s g A _F7 7w 7 H——7 1] 33
~8oiling Line /Kg./sqcm. 60" - L
woter [ 90"
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z N
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Enthalpy vs. Composition: Ponchon-Savarit Plot

L/

# 3 phases are shown on the plot — solid, liquid, and vapor.

#® Temperature is represented by isothermal tie lines between
the saturated liquid (boiling) line and the saturated vapor
(dew) line.

# Points between the saturated liquid line and the saturated
vapor line represent a two-phase, liquid-vapor system.

# An azeotrope is indicated by the composition at which the
isotherm becomes vertical. Why?

#® Why are the boiling point temperatures of the pure
components different than those determined from the y vs. x
and T vs. X, y plots for ethanol-water?

#® The azeotrope for ethanol-water is indicated as T = 77.65° C
and a concentration of 0.955. Why is this different than that
determined from the y vs. x and T vs. X,y plots for ethanol-
water?

/R
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Enthalpy vs. Composition: Ponchon-Savarit Plot
Bubble point Temperature

L/

/R
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Figure 2-4. Enthalpy-composition diagram for ethanol-water at a pressure of 1 kg/cm® (Bosnjakovie,

Technische Thermodynamik, T. Steinkopfl, Leipzig, 1935)
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Enthalpy vs. Composition: Ponchon-Savarit Plot
1st Bubble point Temperature
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Figure 2-4. Enthalpy-composition diagram for ethanol-water at a pressure of 1 kg/cm® (Bosnjakovie,

Technische Thermodynamik, T. Steinkopfl, Leipzig, 1935)
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Enthalpy vs. Composition: Ponchon-Savarit Plot
Dew point Temperature

L/
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Figure 2-4. Enthalpy-composition diagram for ethanol-water at a pressure of 1 kg/cm® (Bosnjakovie,

Technische Thermodynamik, T. Steinkopfl, Leipzig, 1935)
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Enthalpy vs. Composition: Ponchon-Savarit Plot
Last liquid drop composistion

/R

600

NI~ g
S !
A 5

400 7 gf e,’o/a’ /

o '/ Th s

g / T leriy co’”l’o.s‘/tiont/

: A

& 300 “ 7

8 / / // // z / \

;c-J p 90. L/ 4 0(, . G.\
SISO/ &/ S St Ao L P PV AN A 8 ®
o.ggb/,,o,/q“’q 97929) 9 143 8% b Pe5 ¢ &/Xs\ Y A NN N N

200 / B <A < / T /S 200
/ // //%// { 6‘°\ / ol 8
) =
Wi A0 L
/ s ° N\ Sig_]
100 > —<100°C < ® 100
Wl 5522 207 vl G G DA, G 7 / 318
x5 | ~8oiling Lin /Kz/sgc# &60°
woter | | 50 —
66\% zg: Liguid )
Solid
N
-100 -100
0 ol 0.2 03 04 05 06 0.7 08 09 I
HO Concentration of Alcohol, Weight Fraction G M, 0H
Figure 2-4. Enthalpy-composition diagram for ethanol-water at a pressure of 1 kg/cm® (Bosnjakovie,

Technische Thermodynamik, T. Steinkopfl, Leipzig, 1935)
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Enthalpy vs. Composition:
Enthalpy Determination

L/

/R

# The major purpose of an enthalpy diagram is to
determine enthalpies.

# We will use enthalpies in energy balances later.

# For example, if one were given a feed mixture of 35%
ethanol (weight %) at T = 92°C and P = 1 kg/cm2 and
the mixture was allowed to separate into vapor and
liquid, what would be the enthalpies of the feed, vapor,
and liquid?
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Enthalpy vs. Composition:
Enthalpy Determination
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Vapor pressure is crucial in VLE calculation

L/

/R

# The correction given by activity coefficient is insufficient if
the vapor pressure is wrong!

120
15 & Exp. Bubble
m Exp. Dew
Calc. Bubble
]]I_']E. — Calc. Dew
o - |
g w5~ © g
-
g
% 100 — ©
[
=
B 95
=]
90 —
85 —
80 | | | |
0 0.2 0.4 0.6 0.8 1

Liquid and Vapor Mole Fractions
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1/

Modeling phase equilibria

Activity coefficient models
Solubility parameter

= Equations of state =‘ t :
—
g ~— vl




/R

Modeling Phase Equilibrium s x[

4

®

The goals of the modeling are both to correlate existing data and to
predict phase equilibrium

Correlation

= regressed parameters
= Semi-empirical equations
» fitting of portions of the phase diagram even with high accuracy

Prediction

= physical significance of the parameters
» theoretically based models need the introduction of additional adjustable parameters

An ideal model would

= use easily measured physical properties to predict phase equilibrium at any condition
= it would be theoretically based.

No such model exists, and any single model cannot treat all situations
= > modeling is still case specific

Many problems still to be solved:
= critical points - multi-component mixtures - polar systems - association and solvation

Two big families of models

s Excess Gibbs energy models (or activity coefficients models)
= Equations of state models
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Excess Gibbs free energy models (GE models)

/R

K Polynomial expansions,

= according to the Wohl method, which is a polynomial correlation of the system
data for both binary and multicomponent systems.

= number of parameters to be fitted depends on the polynomial expansion used.
= Equations such as Van Laar and Margules belong to this category.
= Note that the Margules expansion can be used with different (i.e. increasing)
number of adjustable parameters
# Models based on the local composition concept
= introduced by Wilson in 1961.
= based on a correlation of binary parameters on binary data,

= multicomponent systems equilibria is done starting from the knowledge of all
the binary systems based on component pairs in the mixture of interest.

= Among others, NRTL and UNIQUAC are the best ones.

= Wilson defined the local composition concept based on 2 things:
+ interactions among molecules are expressed in terms of binary parameters only;
+ temperature dependency of parameters is made explicit through a Boltzmann-like equation

# Fully predictive models
= group contribution, solubility parameters and quantum chemistry models
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Excess Gibbs energy molecular models

/R
\

# Starting point: Excess Gibbs Energy gt Iny. :[mTGE]
| T,P,nj=cagst
E
# Margules two suffixes: z—T = X1X5(Ap1x1 + A15%5) + -+

# Redlich Kister:

E
Z_T = x1%2[A + B(x; — x3) + Clx; — x2)% + D(xq — x3)% + -]
E
# Van Laar: & A12421

RT Y1%2 Ay X1 +A10%0

E
# Wilson: —: x, In(x; + x2A12) — x5, In(x, + x1A541)
@ UNIQUAC o —— Iy = ln[(p )+2q In( ]+| ———Zyll

Local

"
@ NRTL (electrolyte) im0 +a quek = ‘;’::II;‘I’SS' ion
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Wilson models

L/

/R

Iny; =—In(x; +a4:%,) + x5

Iny, =—In(x, +a,7%;)— x4

# Wilson model for activity coefficients (binary system) is:

Aqjz B Azq
X9+ Aqg2X3 Xg T A X
Aqjz B Azq
X9 T 792X Xo T AxpXy|

# Wilson parameter is provided by following equation -

Vi

Ajj = L,}EIF

B {lfjﬂ; A }]

# where, A12 - A11 and A21 - A22 are binary interaction
parameters available from literature for a binary pair.
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NRTL model

7
\J
# Activity coefficient for binary system are defined as -
Iny, = x,2 - Tzlﬂzlz TGy
P G 4 x06G21)? T (x4 %1Gy5)?
Iny, = x,2 leﬂlzz T31G31 |
? PO+ x1615)?  (x +x5G2)?
o — 12 — 922 S H21 — H11
12 RT 21 RT

Gyp = exp(—ay5Ty;)

Gy = exp(—ay;T;)

# Parameter g,, - g5, and g,, - g, are binary parameters

available from literature.

# a4, is related to non-randomness in mixture and is

available from literature for binary pairs.
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UNIQUAC model

N
N

Il—;I

# Activity coefficient for binary system are defined as -

0.\, Z 8,
Iny, =In . + - qliﬂ, 3, + 0,

T2
HI‘ I
T029 (5”1 + 6375

- 8'; + Hi1T12)

0, Z A,
Iny, =In Iz + = qEIﬂ, E’z +0,(1,—

T
+6'1q'; ( ~

Separation Processes — Maurizio Fermeglia

- 8'y + E‘”szl)

_ull)

Trieste, 28 February, 2021 - slide 87




UNIQUAC model

L/
4 Parameter u;, - U,, and u,, - Uy, are binary parameters
available from literature.

# Remaining parameters are calculated as following:

/R

6. = Hn 1
1= 2=
Xy + X0 X1 + X575
X1 X247
31 - Hz -
X1 + X243 X1q1 + X243
x;q x,q'
191 2q 2
3'1 — H'

g1+ %495 ¢ 19y x4,
z
Iy =§(T‘1 —q) — (-1

Ez=§{7'z —q) — (- 1)

# where z is set equal to 10 and r, g & g' are pure
component UNIQUAC parameters.

Separation Processes — Maurizio Fermeglia Trieste, 28 February, 2021 - slide 88




UNIFAC: the UNIversal Functional group
Activity Coefficient model

# The activity coefficient is calculated from two components

: C R

Iny=In"y~ +In'y
Combinational Residual (interactions)
(V, SA) (Experiment Fit)

/R

# The group contribution components consist of |
= Vvolume contributor - R,
= surface area contribution - Q,
= interaction parameter between functional groups A,
# To calculate interactions, similar sub-groups are assigned
to groups and interactions are between these groups

# Calculate activity coefficients by summing all contributions
and interactions
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UNIFAC-Simple example

/R

= Interaction parameters are
fit from experimental data

= This work is still ongoing

and many parameters still . =

not available \
Ethanol: m =
o QOOODS

Main Group. Subgroup Ry vol) Q (SA) Ay

CH,  “CH,” CH, (1)  0.9011 0.848 0,0
CH, “CH,” CH,(2)  0.6744 0.540 0,0
OH  “OH” OH (2)  1.000 1.200  986.5, 156.4
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Group contribution model: UNIFAC

/R

UNIFAC

&

.......

s

)

of

3
LA
i

Tas
Ia)
e

—

~ 0 Parameters

SEnhg
Ty |

N
|#

A |

o
~

A

“

15ST0 S

-

Zt‘,G”w,
M
Iny, =— E—
ZG”w,
) Mj
i f Ztijkjwk j
+), o S R~
: G.w, | " G, w,
M, 2N
'~ M M
; K £\ X S
tij = T

Gy = cxP("aijtij)
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Hildebrand solubility parameter
! # Gibbs equation: AG,, = AH,, —-TAS,

= A, is the value of a variable for a solution minus the values for the pure
components considered separately.

# The result obtained by Flory[1] and Huggins[2] is
ﬁGm = RT[R]_ In 1;351 + o In Qf)g + (15 1252)(12 }

/R

= with number of moles n and volume fraction ¢ of solvent and polymer
(component 1 and 2) and the introduction of a parameter x to take
account of the energy of interdispersing polymer and solvent molecules.

# The value of the interaction parameter can be estimated
from the Hildebrand solubility parameters da and db

X12 = %eg(da — db)z/RT

= where V, is the actual volume of a polymer segment.
= J are Hildebrand solubility parameters, 3=v((AH,.,-RT)/Vnoiar)
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Hansen Solubility Parameter

K Developed by Charles Hansen as a way of predicting if one
material will dissolve in another and form a solution

= They are based on the idea that like dissolves like where one molecule is
defined as being 'like' another if it bonds to itself in a similar way.

# Specifically, each molecule is given three Hansen parameters,

/R

each generally measured in

= The energy from dispersion bonds between molecules

= The energy from polar bonds between molecules
= The energy from hydrogen bonds between molecules

5 =67 +52+52)°
# These three parameters can be
treated as co-ordinates for a point
in three dimensions also known as
the Hansen space.

= The nearer two molecules are in this
three dimensional space, the more

likely they are to dissolve into each other.

Separation Processes — Maurizio Fermeglia
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Equations of state classification

L/

# An equation of state is a relationship among P, V and T (and
composition)
= Attractive forces
= Repulsive forces
» Other forces (electrostatic, hydrogen bonding, ...

# Cubic Equations of State: the van der Waals family

= Van der Waals

/R

= Soave Redlich Kwong If equations are valid,
= Peng Robinson EOS are independent
= Volume translation from phases!!

# Virial equation of state
= BWR

# Corresponding state

# Perturbation theory
= The Perturbed Hard Chain Theory
= The Perturbed Hard Sphere Theory
= The SAFT Equation
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Van der Waals partition function

L/

/R

# Partition function is defined as:

i) ) ool o

= L isthe De Broglie wave length, function of molecular mass, and T
= N is the number of molecules

s Vf isthe Free Volume = V-b

= E, is the intermolecular potential

= q,, isthe degrees of freedom of the molecules

2aN
Vi :v—NiAb:f(p) Eo=—m=f(p)
RT a
_ d1lnQ — i
P=kT (25 )T’ni =) P=iT,75
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The van der Waals EOS: cubic EOS

# Cubic EOS are widely used, simple, rapidly solved
analytically

s Cubic in variable v

# Easily extended to binary and multi-component systems

= Mixing rules are crucial

# All are derived from van der Waals theory

RT a

P=T T2 (p+ )(v—b)—RT

= a, b depend on critical properties

# Pure Component parameters are constrained to:

(a P J - (a 2 Pj

oV oV?

= But with this the EOS has no more degrees of freedom, namely all
parameters are fixed by the critical point conditions

= Experimental vapor pressure curves is not correctly given
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Pure component parameters for the VdW EOS
# Calculating P_,, through the VdW EQS: we start from the isofugacity
condition:

/R

*V *L

O =@,
o’ =f(P™ T,V a.,b.)

o= f(P™,T,va.,b.)

# At a given T, P, is the only unknown of the iso-fugacity equation, so
it can be obtained in a predictive way.
= Of course, its calculated value will be different from the experimental one!

# To overcome this problem, a third parameter is needed.

= A third parameter appropriate to solve the problem of inadequate A2 calculation was first
proposed by Soave in 1972. It is known as “parameter alpha”.
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Pure component parameters for the VdW EQOS

/R

# According to Soave's, the VdW EOS is rewritten in the form:

RT  a(T)a.

P=
v—b. A

# According to Soave's idea the attractive parameter a is
evaluated from a = a(T) a, thus substituting a=a. in both the
VdW equation and the expressions of ¢i"V and ¢i't.

= In this way, the isofugacity condition can be rewritten as:

(Di*V(Pisat,T,Ol) :%*L(F)isat,-r’a)

# For a given T, the accurate (experimental) corresponding value
of P, can be used.
= The value of a is uniquely determined to reproduce this P, value.
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Pure component parameters for the VdW EQOS: alpha

L/

/R

# Soave proposed an equation to calculate the function
a(T), which holds for non-polar components only:

Ja(T)=1-mJ1-T /T,

m=C,+C,w+C,0°

# In summary,
= VdW EQOS with the function a(T) is able to accurately calculate P in a
predictive way for non-polar components.

= a is obtained without knowing P, which is the only unknown of the
isofugacity equation.

= For polar compounds a(T) can be obtained only by fitting P,
experimental values.
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Soave Redlich Kwong Equation

L/

/R

# Redlick Kwong Equation
RT a

v—b Tv(v+b)

= Simple, poor for liquids, good when 2Pr<Tr
# Soave Equation

p:

RT a
“Vv—b v(v+h)
a={1+myT:]**a; m = f(w)
m = 0.480 + 1.574w — 0.176w? w = acentric factor

= Simple, involve acentric factor, best for hydrocarbons
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Peng-Robinson Equation

L/

/R

+ RT a
P = b2+ 2bv — b2

a = [1+ k\/T,)%* a,
k =0.37464 + 1.54226w — 0.26992w*

k= f(w)

W = acentric factor

# Good for critical conditions properties
# Better than SRK for density of nonpolar liquids
# Wide applications
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Pure component parameters for the VdW

EOS: volume shift

/R

Separation Processes — Maurizio Fermeglia

# Peneloux, in 1982, proposed a volume shift (i.e. volume
translation) in the EOS, applicable to any cubic EOS:

35.0 ¢~

.........................

Al L L

Fixed temperature T,

~ RT a(T)a, 2
“o-b & I |
- Witho=v+c
45.0 - -

Original (umransiated) o
/momem' PalT v}

Translated
tsotherm: PuT, v

P,(Ty,v,) / bar
P,(Ty,v,) / bar

PMQ(T')

- - 1Py =Py (T3, Vo) =Py T vy)
: 1 (ve orv,)/(cm’ -;ol“')

25.0

1 ] t \
300.0 YTty

(1 .E)')

Ye=9% -_
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Pure component parameters for the VdW
EOS: volume shift

L/

/R

# The c parameter allows better calculation of densities.

= the value of ¢ can be calculated based of both liquid and vapor density
data,

= obtaining a value which is essentially independent of the temperature,
= except close to the critical temperature (as a rule of thumb, outside the

range 0.9<T <1.1).
# For instance, if the experimental liquid density at ambient

condition (20°C and 1 atm) is known, it results:
c=(V+C)-, —Vo

cal exp

= NOTE: the application of the volume shift does not affect calculation of P
and other properties.

# Do not use temperature dependent volume transition
parameter
n It is thermodynamically inconsistent
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The ultimate (generic) cubic EOS's

/R

P RT a(T)a.
v+Cc—-b., (v+c+Db.)(v+c+d)

# A cubic EOS is a third-degree polynomial in v, and as such it

may have a maximum of four parameters.
= Any cubic EOS, including shifted VdW, shifted SRK and shifted PR EQOS, can
be derived from this equation!

# In summary, the pure component parameters calculation
requires the knowledge of:
1. TC/PC, which can also be predicted by a suitable model

2. Psat, or a in the case of non-polar components.
3. an experimental density value

# If any one of the above properties is missing for any of the
components involved in the process, it is NOT possible to use

a cubic EOS for process simulation.
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Applicability of cubic Equations of state

/R

# This issue of missing TC/PC or density is not particularly relevant
= They can be easily estimated or measured

# It is critical with respect to P..
= If P, is unpredictable or cannot be measured, cubic EOSs cannot be applied.

= This happens in the presence of gases and solids (polymers, electrolytes,..).
# In the case of gases, the problem has been solved by a suitable
extrapolation of the a function above the critical temperature
= But only for a limited extrapolation with respectto T .

# With solids there is nothing to do.

# So, it must be concluded that cubic EOS’s cannot be applied to
components without a measurable vapor pressure,

# EQOSs other than cubic ones have to be used to model systems

containing solids.

= For instance, the PHSC EOS and the SAFT EOS have been developed for polymer solutions,
whereas models to represent electrolyte solutions at high pressures are missing .
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Mixture parameters for Cubic EOS: classical
mixing rules
i a, =D Lz aa; (-k)

L % >z

_vm+cm—bm_(vm+cm)2 i i

/R

Cp =D LG

# In summary, to be able to apply a cubic EOS for an accurate
calculation of mixture parameters, the following properties
must be known:

1. TC/PC of all the components

2. P (or ain the case of non-polar components) for all the
condensable components at the system temperature.

a density value of all the components

4. VLE data of all the binary systems formed by all component
pairs, to fit k;'s values

)
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Calculation of VLE (but also LLE) by a cubic

EOS
{ y =KX Ki:gp_t
1-y=K,(1-x)

@,
1 %[ oP RT PV Y
|n¢iL’V=—j —| = dv" —In
TV on. B V™~
for SRK EQOS
and classical
mixing rules: b ( Pv Pv_—Pb b | 0 a
Q. =—— e . U T i+In| 1+ |—|n —F
~\URT RT v Jon b RT
. b (Pv, ) , [Pv,—Ph a,| b 2, aa, . by
'”g”i‘b;(m 1j P4 Hb;[b; a 2bib; ¢ k"’} '”[“v;J
v b (P ) (Pvi-Pbi) |a b 2b aa; . by
ot - 121 P j“ S )H( 3
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Features of the Cubic Equations of state

L/

# Need three parameters for pure components: Tc, Pc, w
# The main advantage is the flexibility and the easy of use

# The main disadvantage is its accuracy in the PVT space
for both pure components and mixtures

# The applicability is questionable when critical properties
are not known (high molecular weight such as polymers)

# Group contribution versions for b and a are available

# Volumetric properties are not accurate in the close
vicinity of the critical point

# The physical meaning of the parameters is questionable
# Mixture parameters are difficult to predict

/R

# They are a very powerful and useful correlation tool
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Binary interaction parameters for SRK

N
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EOS Models: considerations on k--’s

/\

@ The values of k;'s have to be fitted to binary data of the
mixture proper‘w
= they have to be known for all the binary pairs in the mixture:

= with NC=3 it means 3 pairs, with NC=4 there are 6 pairs, and so on (the
number of pairs largely increases with NC).

#® Common features of the k; ‘s are:

= for each pair, either 1 or 2 k" s can be used (symmetrlcal or asymmetrical
option). It is often assumed i:hat k;;# k; to increase the model flexibility

= k; is a correction factor. As such its value must be constant for the given
palr of components (and for a speC|f|c property). Only a slight temperature
dependency of k;;'s is tolerated, whereas ki values must not depend on
composition (thls "would cause thermodynamlc inconsistency)

= k; is a correction factor. As a rule of thumb, its absolute value should be
less than O. 1, as larger values would indicate that the model is unsuitable for
the property caIcuIatlon

= since k; is a binary parameter, the model can predict the
multlcomponent property starting from the knowledge of (all) the blnary
system values of the same property. In summary, a model with the k;'s is
correlative on the binary and predictive on the multicomponent systems
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Mixture parameters for cubic EOS’s

L/

/R

# Classical mixing rules:

= In general, the fitting of VLE binary data by a cubic
EOS was found to be satisfactory for non-polar
systems only.

= In the presence of one (or two) polar components the
correlation is often insufficient, indicating that the
values of k, , and k, ; should depend on the
composition to ensure better and acceptable
performance.

= Unfortunately, this would result into thermodynamic
inconsistency problems.
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Huron and Vidal mixing rules

/R

L/

4 Huron and Vidal used a simple thermodynamic relationship to
equate the excess Gibbs energy to expressions for the fugacity
coefficient as computed by equations of state:

GEA=RT Ingp — S;x;RT Ing; *

4 Huron-Vidal or non-classical mixing rules:

E

. G
Inp => XInp +—
P Zl ' % RT )
# This is an implicit mixing rule for am if b, = Zi Xb,

# However, if we take the |Im1t as-P.—>-oo!

-y G
b RT b RT RT

# which requires the knowledge of interaction parameters at
infinite pressure. For SRK EOS:

p_ RT a,
v,—b_ v, (v,+b,)
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Huron and Vidal mixing rules

L/

# Huron-Vidal or non-classical mixing rules:

*(pyVY Pv' —Pb " a’ bV
Inep’ = b, m__1|—In m m_ |_ m_ _Iny*V |In| 1+ =M
& bmv( RT ] ( RT } (bR 71 j ( vmvj

C [Pyt Pv "—Pb "
In L_ B m__1|-In| —= m
1 bL(RT j ( RT j

N

a a.

blbJ ( _klj)

# This way, a thermodynamically consistent composition-
dependent mixing rule has been obtained, which can deal
also with polar component containing systems
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GE-EOS models

# It took a while before the approach proposed by Huron
and Vidal was appreciated by the scientific community

= but it gave inspiration for a number of similar methods which are
referred to as GE-EOS models, all based on the SRK EQS.

# Among others, the MHV2 EOS by Dahl and Fredenslund
(1990), the Wong-Sandler (WS) EOS (1992) and the
Predictive SRK (PSRK) EOS by Gmehling (1993).

= MHV2 and PSRK are based on the UNIFAC activity coefficient model and
suffer of similar limitations,

= WS EOS is more theoretically based than HV as regards the second Virial
coefficient evaluation.

# GE-EOS approach is not much more than a smart way to
address the problem of correlating VLE data of strongly
non ideal systems.

= Therefore, it is suggested to use their simplest formulation, i.e. the one
proposed by Huron and Vidal.

/R
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Motivation for non cubic EOS

L/

# EOS is a reasonable choice for HP calculations

# Cubic Equations are not suitable for predictions

s TC e PC are questionable for ‘natural systems’
= Binary kij are difficult to predict
= The physical basis of Cubic EOS is poor

# Perturbation theory gives indications
# Perturbed Hard Chain - Perturbed Hard Sphere Chain

= Theory more complex and gives better model
s Parameters become ‘predictable’
= Higher complexity is balanced by good computer codes

# Some examples
= Carnahan Starling van der Waals
s PHCT
s PHSCT
= SAFT

/R

Separation Processes — Maurizio Fermeglia Trieste, 28 February, 2021 - slide 117




Generalized Van der Waals partition function

L/

/R

# Van der Waals partition function is modified (Beret

Prausnitz) considering q,, = q,, (est) g ., (int)
» External degrees of freedom= 3 (transl.) * c (transl. equivalent)

= External (= influenced by density) contribution from rotation and
vibration of the molecules

= Internal contributions depend on Temperature only

V
o) [ p-ir(289)
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Carnaham Starling equation

L/

# Perkus Jevick

/R

Vs £(3¢ —4)

— =exp

v (1-g)?°

\ 3
=0.74—+= e
? v A

# Carnahan - Starling:

N a

RT. . RT §(4-28)| a

p_plG, pHS , pATT _ 3 :
vl
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Perturbed Hard Chain theory
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The PHSCT EOS — pure components

el )l )]

3 parameters: r, aand b \

N
\

recasting

3 parameters: o, ¢/k and r

A* =t ro®N, V* = (n/6) r o3N, E* = r(e/k) R,
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The PHSCT EOS — pure components

N
\

ot

3 parameters: r, aand b

3 parameters: o, ¢/k and r

A* = 1 ro°N,

~yfgla)-1-L22

W

V* = (n/6) r o3N,

T

recasting

From molecular
area A

W

E* = r(e/k) R,

T

Separation Processes — Maurizio Fermeglia

From molecular
volume V

From A*, V* and
Ek/Ep =
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The PHSCT EOS — binary mixtures

P

m
pﬁzhp;xxrrbug” [g,, i 1] .X,I’.l’,a

i E E_,,J l E.'Ij
g'J (nélj)_l_n+2(1 n) 2(1 n)

m

PNy rp
1/3
bi b m 2
B8 e e
Gij +GJJ
Gij = 5

Eij = /€€ (l—kij)
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Predictive PHSCT performace: refrigerants

¢ R13 R14
R22 R23

R23 R134a

Separation Processes

— Maurizio Fermeglia
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VIRIAL EQUATION OF STATE

# Remarkably general provided the intermolecular
potential obeys certain well-defined restrictions

# Takes the interaction into account

m | he second virial coefficient considers interaction between two
molecules

= The higher order coefficients follows in an analogous manner
# The coefficients B, C, .. can be calculated ‘a priori’ from
statistical mechanics

/R

Z=1+Bp+Cp°+Dp’+...

Z=1+BP+CP*+DP’+..

Separation Processes — Maurizio Fermeglia Trieste, 28 February, 2021 - slide 127



/R

Z

\

Virial Equation of State

Experimental

oA

Z for Argonat-70 C

Pressure

|

Density
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Examples of Virial EOS

/R
\

# Benedict Webb Rubin Lee Starling
P =RTp+(ByRT — Ay — Co/T)p? +(bRT —a)p> +
+ ocap6 + (Cpg/T2 )(l H- ypz)exp(— ypz)

# Hayden O’Connell

= Complex term for B accounting for associations and chemical
effects such as hydrogen bonding

= No interaction parameters for mixtures
= Excellent for gamma phi approach
Very poor for liquids
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CORRESPONDING STATES THEORY

# Derived by van der Waals - most important result

# Based on the critical constraints
= Variables v, T and P are related by a universal function such that
F(Tr,Pr,Vr) =0
# The EOS for any one fluid is written in reduced
coordinates, that equation is also valid for any other fluid.

# The original formulation is a two parameter theory
= Only for simple molecules
= In which the force field has a high degree of symmetry
= Typically small, non polar substances

# For more complex molecules it is necessary to introduce
an extra parameter (at least)
= PlocPlocker extension to mixtures of Lee Kesler equation

/R
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Corresponding States Theory: Mixtures

L/

/R

# For mixture the definition is the same

F(T- V. P )=z =S(T- . P., X)

# One has to define the pseudo critical properties

TCITI ! chl (Dm
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Quantum chemistry models: COSMO-RS

# Extension of the COSMO model beyond the dielectric
Continuum solvation Models
s CSMs, successful but hardly justifiable from a theoretical point of view;

# ideally screened molecules taken as a starting point for
the description of molecules in solutions;

# deviations from ideal
Screer“ng CI)tot=q)sol +(Dpol =0

m described as pairwise misfit
interactions of the ideal
screening charges on contacting
parts of the molecules
in the fluid;

# atom parametrizations
based upon DFT
calculations

Molecular Surface

Polarization
Charges

Polarizable Solvent
(continuum dielectric)
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COSMO-RS : Basic Idea (deviation from ideal
screening)

g
++++
Real situation: + i
Deviation from + 2
Ideally screen state - o -
FF FF++ + o+
[ o - + - -+ -
Sij — 8i8j(1_kij) i P ) L ]
T ++++ - -
Calculate + _
Misfit energy + ;
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COSMO-RS: Basic idea (quantify
interaction energies)

# COSMO polarization .

# |ocal interactions
charge densities o

\ Econtact _ E(G )
and o

U b
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1) Put molecules into ,virtual' conductor (DFT/COSMO)
I

‘ OS M O_ RS . 2) Compress the ensemble to approximately right density
|
I
d

3) Remove the conductor on molecular contact areas (stepwise) and
ask for the energetic costs of each step.

1 .

In this way the molecular
interactions reduce to pair
interactions of surfaces!

A A

A thermodynamic averaging of many
ensembles is still requiredI

But for molecules? /
Or just for surface pairs? \
[ & : \./J
I 7~ \_, |

1

G isit(0,0") = a %(O""O")Z

»

G, (0.0) =8, Cp(T) min{0,co'+c,,°}
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For an efficient statistical thermodynamics

# ... reduce the ensemble of molecules to an ensemble of
pair-wise interacting surface segments

N

L/

p"**"(s) (amount of surface)
N
(6)]

15 F
1

05 |

0 L.
-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020
Screening charge distribution on molecular surface

reduces to ""o-profile"
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COSMO-RS Statistical Thermodynamics

# Replace ensemble of interacting molecules by an
ensemble S of interacting pairs of surface segments

# Ensemble S is fully characterized by its c-profile ps(c)

» p<(o) of mixtures is additive! -> no problem with mixtures!

# Chemical potential of a surface segment with charge
density o is exactly(!) described by:

Lﬂs (o) =—kT InIdGIPS(G')GXp{_ E. (c,0")— u (O")}

/R

KT

c-potential: chemical potential of solute X in S:
affinity of solvent for
X ,comb

specific polarity o |lusX = j do P X (O')lus (0)— AKT In }/S combinatorial contribution:

solvent size effects

activity coefficients — arbitrary liquid-liquid equilibria
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o

XQ_
— Water
— Methanol
— Acetone
— Benzene
— Chloroform

c-profiles
and
c-potentials of
representative llquld|s

4\

. px (o) [kd/mol A X

=3
=
o

affinity for
HB-donors

L1

— Methanol
— Acetone affinity for
— Benzene HB-acceptors

— Chloroform
— Hexane

-0.50

-0.020 -0.015 -0.010
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Chemical Structure

Quantum Chemical
Calculation with COSMO

(full optimization)

ideally screened molecule
energy + screening charge

Database of
COSMO-files
(incl. all
common
solvents)

distribution on surface

Equilibrium data:
activity coefficients
vapor pressure,
solubility,

partition coefficie

c-profiles of compounds

14
15

Phase Diagrams

10

Binary Mixture of
038 1 Butanol and Water

at 60°C
0.6 1
> Calculated
B Experiment

04 4

miscibility gap

0.0 f f f t
00 02 04 x 06 08 10

o-potential of mixture

0.01 \ 0.02

12

1z

= vanillin
— \y ater

acetone

Fast Statistical
Thermodynamics

‘m
7

6

== other compounds

Lo}
z

N

\ \./\,\
AN

o-profile
of mixture

-0.02

T

-0.01 0 0.01
screening charge density [e/A?]

0.02

COSMOtherm




Vapor Pressure and Partial Pressures

N

%
# reference state: ensemble of ideally screened molecules
with vdW-interactions

# reference in gas-phase: isolated molecule, ideal gas
# chemical potential of X in gas-phase (1 mol/l) at 298.15 K

X X X X X
Heas = Evac o ECOSMO T Z area, 7/el(a) . wnring T
a
- partial pressure of X over S:
pX = exp— () —nl)/ KT}

- vapor pressure of X:

pX = exp{— (n) —n}) /KT
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Flory-Huggins-like parameter

L/

/R

AG, i ={Xattn (Xa) + Xg g (Xg )3 —{Xata (1) + X 15 (1) }

chemical potentials from COSMO-RS - A. Klamt et al. Fluid Phase Equilib. 172 (2000), 43

Gmix
) oT T X, In@, + X5 In gy AgoB

Free energy of
mixing

Chemical structure,
ab initio charge
density

Interaction Potentials

# Details on calculations
s DFT-calculations with TURBOMOLE

= Becke-Perdew-86 functional (BP86) within the RI-J approximation
using a TZVP-basis set

» COSMOtherm SW
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Sepx

Residuals
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E A 3
24 v © AY ]
E v By 0 A H ]
g f)log K ]
v v b by b ? 1 9 1 Ether{VV@tgr -
-3 -2 -1 0 1 2 3

alkanes
alkenes
alkines
alcohols
ethers
carbonyls
esters
aryls
diverse
amines
amides
N-aryls
nitriles
nitro
chloro
water

PO OCCC«C P PIPI>DIEROOO

Results of parametrization based on DFT
(DMol3: BP91, DNP-basis

650 data
17 parameters
rms = 0.41 kcal/mol

meanwhile:
COSMOtherm5.0 with Turbomole BP91/TZVVP
rms = 0.36 kcal/mol
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COSMO-RS Results — BAYER

2| r
rm
i L 8- lw‘f Hﬂu . .
5 | L
0 -
L 4
_1 - - L) ¥
. q 4 MBRLE v
2 v ‘
* 2 o M
[ ] L
-3 » 1 * -
4+ 4 ot ¢
1 1 I 1 1 | ] 1
log K, 4
R »
" ]
5 p120.u155.c210.0160.1165
B mregh sum=66 rms=0.4
e 0.0050 3.0 3.5 refi=1.0
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Applications to Phase Diagrams and

Azeotropes

/
N
AN
" Binary mixture of
Butanc i 1) and Heptane (2}
an at 50° C
L]
— 1-Butznol {caloulsted)
- — n-Heptane (cakulsed)
r’-l r  1-Butznaol {=gperiment)
L] # n-Heptane (Experiment)
ik
im |
s
an " ;
[ 1] [ ] [ F] [ F] [ B} i [ 1 ir [ 1] 18
1 llole irackhon of 1-belsscl |4
1.0
Binary mixture of
08 t Butanol(1) and Heptane (2)
at50° C
06
> — Calculated
B Experiment
04
[
02 [}
0.0
0.0 0.2 04 0.6 0.8 1.0
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1.0

0.9 1

0.8

0.7 1

0.6

> 0.5 1

0.4 4

0.3 1

0.2 1

0.1 1

0.0

1.0

08 r

06

0.4 r

02 r

0.0

Binary Mixture of
1-butanol (1) and water
at60° C

— Calculated
= Experiment

miscibility gap

0.0 0.1 0.2 0.3 04 05 X 0.6 0.7 038 09 1.0
Binary mixture of
ethanol (1) and benzene (2)
at25°C
— Calculated
= Experiment
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Partition coefficient n-octanol/water

6
5 - n-Octanol
CCIF2-CF3 ¢ .
CCI2F-CCIF2" ¢

—~ CF3-CFH-CF3
x4 §‘0 e
S CF2=CF-CF3 ¢ ®% ¢
= CCIFH-CF3 . C o
=
8 5 CHFZ—CFBQQ‘,‘ .
N’ ®-° . “‘u'
= '
< Ny
54 - Q'

. ,

mean average deviation= 0.398 log
0 ; | | |
0 2 3 4 5 6

log Kow (exp.)
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Binary system: Activity coefficient

3.0
4+ cyclohexane (exp.) —— cyclohexane (cosmo)
A benzene (exp.) —— benzene (cosmo)

295 +
.
£ S
o 20 +
=§ *
o
2 1.9 +
>

&
L 4

3" 10 - 4 & —4a & A A A A

0.5 | | | |

0 02 04 06 0.8 1
X pyridine
His —Hio
= ex : :
g5 to)
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Binary system: Vapor phase concentration
(molar)

/R

— COSMO-RS

ycyclo I:)O,cyclo

acyclo/benz —

7/benz I:)O,benz
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COSMO-RS - Binary System

p
o 4
¢ vl — vl €osmo)
3 A 2 — Y2 cosmo)
g 24\e
N AL
1~ * AM
o A A
O T T T H
0 02 04 y, 06 08 1
1
& Yl(exp.)

0.8 4|— Y1(cosmo)

0.6

Y1

0.4 A

0.2 -
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0.4 x, 0.6

0.8 1

Ethanol (1) and Benzene(2)

His —Hio

. = eX S ol IS Ll ol
(T
LV

Yi,cosmo = Xi%i Po
: LV
%XkYk Pok

Input: T, X

COSMO-RS: Clausen, I. & Arlt,W.,
“1. Clausen‘s Ph.D. Thesis“
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COSMO-RS - Ternary System

/R

Pyridine

Xbenzene/ Xcyclohexane = 3/2

X = liquid phase concentration (molar)
Y = vapor phase concentration (molar)

INENENEN

AVAVAV,

NININN
VAVAVAVAN

Benzene Cyclohexane

|.x (exp.) My (exp.) My (cosmo) |
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®
®

®

COSMO-RS

COSMO-RS - a general theory of molecules in a solvent.

Predict the chemical potentials of solute molecules in a pure or multi-
component solvent.

Uses a very small number of fitted parameters (8 inherent
parameter and an additional 2 for each element).

= Cavity radius — related to Bondi radius

m Dispersion coefficient - related to polarizability

Chemical potentials derived from COSMO-RS can be used to compute

properties such as solubility, vapor pressures, partition coefficients,
heat of hydration, etc.

Parameterized by 642 (+230) data points for 217 (+ 100) small
molecules containing H, C, N, O, and Cl (+ F, Br, I, S).
Chemical potential differences reproduced with an RMS accuracy of

0.4 kcal/mol (which corresponds to a factor of 2 in the equilibrium
constant).
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Summary of COSMO-RS applicability

/R

# Can be calculated for any solvent and solvent mixture at
variable temperatures
= Solubility
= Vapor pressure
= partition coefficients
= surface tension
= heat of vaporization
= heat of mixing
= liquid-liquid and liquid-gas phase diagrams (azeotropes, miscibility gaps,
excess enthalpies and excess free energies.)
# s able to describe polymer properties like
= solubility of the polymer in a solvent
= solubility of a compound in a polymer matrix
= Vapor pressures above polymers
= partition coefficients for multi phase polymers (e.g. ABS)
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Comparison of COSMO-RS with UNIFAC

# PROS

s COSMO-RS needs very few parameters
s COSMO-RS is able to handle rare and exotic molecules
s COSMO-RS is able to handle transition states
= COSMO-RS is able to resolve isomers
s COSMO-RS does not make mean field assumptions
s COSMO-RS does not make additivity assumptions

#® CONS

s COSMO-RS is presently slightly less accurate (in the core region
of organic solvents)

s COSMO-RS needs a time-consuming QM-calculation (but only
once per molecule)

s COSMO-RS is young and full of improvement potential

/R
\
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Analogy of UNIFAC and COSMO-RS

x® = mole fraction of compound i in the mixture

N
\

VIE) — number of groups of type k in compound i —  p'(o) =amount of surface of polarity o in compound i
— Q= relative surface area of group k Z xWp® (5)
>xDvWg, ps (o) =
(') (i)
~  ©, =surface fraction of group k in the mixture = '— — X Ida P+ (o)
sy x®, (')Q ,

i j

ay = interaction energy parameter for segments of types k and | (in K)

= surface fraction with polarity o in the mixture

+—>

= e(o,o0") =interaction energy of surfaces
Y, = exp{—akI / T} = Boltzmann weight of interaction kI

of polarity o ando'

(see 1) - e(6,6") + 11c (6°)
N = Q| 1~ In[Z@ \Pmkj ZZ@@\P\;T < > ts(o)=-T |n“do— ps(a)exp{— Hs\O H

T

—— :%VI((D (i, _|nréi)]:%‘/l((i) QT_k O) «————  Iny(residual) = [do 0% (0)|ts () = 1151y ()]

T
H=—InT}
Qx

1-The statistical thermodynamics of UNIFAC is approximate (mean field
arguments) while the statistical thermodynamics of COSMO-RS is exact!
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Phase equilibria modelling conclusions

L/

*®

®
®

For low pressure systems use Excess Gibbs energy models
= Preferably UNIQUAC and NRTL
= Careful to the values of the parameters

Use the Henry’s law approach for the incondensable components

Use EOS for high pressure systems
= The big question today is still ..... cubic or non cubic

m Cubic Equations of state are used for ‘classical” mixtures and for hydrocarbon and
also with polar compounds

= Cubic equations of state are nothing more than a correlation tool for ‘nasty’
systems such as polymers, dense gases,...

= Non cubic equations of state are superior, provide volumetric properties but are
complex

Use UNIFAC for undefined components, or use the correlations for
the pure component parameters of non cubic EOS

In the intermediate region use the MHV2 Huron and Vidal method for
combining EOS and activity coefficients models

COSMO-RS is a good fully predictive model

= Useful when group contribution UNIFAC does not work
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Thermodynamic Consistency

/4




Thermodynamic consistency of binary VLE data

L/

/R

- [

ol TP

clnp |

=10

X

+1-%)

- |
A W

-

# The application of this equation to a (T,P,X,y) data set is not
straightforward even for a binary system.

# Therefore, it was proposed by Barker (1953) to use a model for
calculating y which is thermodynamically consistent by itself, and to
fit VLE data by this model.

# If at the end of the procedure the fitting results are statistically
acceptable (in the sense that is explained below), it will be concluded
that the data are thermodynamically consistent, and can be reliably
used for process simulation calculations.
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Thermodynamic consistency: the Barker's method

/R

i a) the experimental errors are considered to affect P and y only,
whereas the values of T and x are regarded to as “exact”
ones

D) the equilibrium is calculated by a y-¢ approach at atmospheric
pressure, where the iso-fugacity conditions are expressed by:

Py =7 P x PL-y) =P (1-X)

C) To avoid that a loose fitting result is due to an insufficient y
model, the Margules equations have to be used for calculating
v. In fact, in this model n increasing number of fitting
parameters can be considered (either 2, 3, 4, 5,..), so it is
flexible enough to reproduce all the possible shapes of a GE
function

d) data fitting is performed by minimizing the errors on Pcal,
according to the objective function
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Thermodynamic consistency: the Barker's method

/R

L/

P,.—P

calc " exp

Pt P

Exp

fitting model

NP
Fob = ng,
j=1

e) the suitable number of parameters in the Margules equation is found
by looking at the minimum value of the objective function minima. In
this way, it can be excluded that an inadequate fitting is due to the

f) with this number of Margules parameters, the thermodynamic
consistency check is done by looking at the fitting errors of both P

and y. This last is defined as:

gy = Yearc — yexp

g) To avoid that a loose fitting result is due to an insufficient y model,
the Margules equations have to be used for calculating y. In fact, in
this model n increasing number of fitting parameters can be
considered (either 2, 3, 4, 5,..), so it is flexible enough to reproduce

all the possible shapes of a G function

n) data fitting is performed by minimizing the errors on £., according

to the objective function above
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Thermodynamic consistency: the Barker's method

L/

/R

1) the fitting is deemed as acceptable if, for both P and y:
a) the average errors are randomly distributed around zero

by all the errors lay within the experimental errors values +€P,exp and
ey, exp, respectively

j) if this is not the case, there are two possibilities:

a) to measure again the data of some points (i.e. those with errors outside
the experimental ranges)

by to neglect those points in the consistency check procedure. In this case
the fitting has to be completely repeated from point d) above, as the
final result depends on the entire data set used

K) The VLE data set can be defined as thermodynamically
consistent ONLY if the conditions of point g) above are
simultaneously satisfied with a suitable number of
experimental data points
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Thermodynamic consistency: the Barker’s
method

L/

/R

# A thermodynamically consistent data set will later be used for
fitting the parameter values of the property model selected to

represent the process

= remember also that different thermodynamic property models can be used in
different sections of the process

# Clearly, the Barker’'s method as outlined above is suitable for
applications to VLE data at lower pressure when a y-¢ can be
used (with all ¢i=1).

= An extension of this method to higher pressure VLE data can be found in the
article by Bertucco, Barolo, Elvassore, (1997).

# An alternative, and more appropriate, method for assessing
the thermodynamic consistency of binary VLE data is the
“maximum likelihood” method, which accounts for
experimental errors on all of the four variables T, P, X, y.

= The corresponding routine is available in the PS.
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