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/_\ Introduction: Topology of the Gibbs Energy Function (binary LLE) :@'

1) Possibility of different false solutions

TYPICAL PROBLEMSI

0
GM

RT
2) Uncertainty in the final solution

Liquid phases in equilibrium

\

Global Mixture
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLSE) ;"@1

(minor common tangent plane criterion )

B

ater (B)
Lines Organic Xp 1L\
Solvent

(A) C~ 1 ;

Solid

Inog.
Salt

e

Tangent

Planes
\/

I
L -G s

Solid

© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June, 2010. Ischia (Napoli), Ttaly 4




(minor common tangent plane criterion )
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Introduction: Topology of the Gibbs Energy
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(minor common tangent plane criterion )
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE) e"@i—

NEW STRATEGIES

¢ Limit the equilibrium composition space for the LLE root determination

a) Using the second derivative of the GM Restricted regions for
equilibrium compositions
r searching T
9" —
Advantages: ogM ]
v Less time consuming 0y +| !
Xl
v Trivial solution is avoided & g" 0 | 5 1
K o %
Marcilla et al. Fluid Phase Equilibria (2010) Minimum common
http://dx.doi.org/10.1016/j.fluid.2009.12.026 tangent
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE) i@l

NEW STRATEGIES

¢ Limit the equilibrium composition space for the LLE root determination

b) Using a geometrical approach - very good approximation to the ELL solution

05

0.24...

_ PREVIOUS
.| TIE -LINE

ESTIMATED
TIE -LINE

(sequential series
of minor cutting
X3 planes)

| 0 Plane generation points O Maximum distance points |
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE)

C

NEW STRATEGIES

¢ Limited composition space for the LLLE root determination

b) @ d)
® i o @

selected binary 1

OR=

['e]

plane defining
separated regions

one binary

phase = "% inflections ;

¢) gobal |NF N | LLLE tangent plane
minimum -

(sequential series of Marcilla et al. Fluid Phase Equilibria 281, 87-95 (2009)

minor cutting planes)
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLSE)
I

NEW STRATEGIES

¢ Mathematical constraints for binary parameters

Border line between L and LL regions for the NRTL model

Ajj = f(Aji) = —4.46564-10~° A% + 2.95745.10~* A% +1.20662 A j; + 766.908

3000

Homogeneous (L) Ay <f(A;)
Heterogeneous (LL) A; >f(A;)

1000

Aij

Type island ternary systems:

A12+ A21<0 (dissimilar binary pair) 1000
- MISCIBLE (1L)
ﬁ;g: 22;28 x PARCIALLY MISCIBLE
-200(-)2500 -1500 -500 500 1500 2500 3500

Aji
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLSE) "i@i

NEW STRATEGIES
¢ Different objective functions

a)_ Minimum_of the overall Gibbs Energy of mixing %:%;GMRT” +(1 s)zc; L. A”'
Calculation of the Minimum of the overall =
Gibbs Energy of mixing, along a concrete
line* for each experimental point. 1L+1S

05—
D 0,05 0,1 0,15 0j2
-0,55 +
T 06 | f

50,65 ] \ /
| \-)(—/
-0,75 -+

08+

Reyes et al. [EC&R 40,902-907 (2001) *Line defined by a constant |
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLSE) :'891

NEW STRATEGIES Olaya et al. Chem.Eng.Education 41(3),
. . . . 218-224 (2007
¢ Different objective functions (2007)

.. . .. M S M.
a) Minimum_of the overall Gibbs Energy of mixing Soveran &~ G iuia _ +(1 5)- 3 xk- A”'
RT RT RT g

2

b)_Isoactivity criterium O.F.(a):i(ai' —a') =0

i=1

c) Isoactivity + Minor common tangent condition (lglesias Silva et al., 2003)

d) A modification of the initial vector method of Eubank et al., 1992 (Olaya et al., 2007)

2

8.0E-05 \
X O.F. (a)<10™ a, b liquid phases of the
7-08:05 1 -+ O.F.=0.F.(a)+O.F.(t) Ib'naéy i—3 f
I, 11 liquid phases of
.5 6.0E-05 - —— Suggested method O.F.(a) a potential tie line
2 5.0E-05 -
2
o 4.0E-05 -
=
& 3.0E-05
2
O 2.0E-05 |
______ I
1.0E-05 - (
0.0E+00 T T T T T &l
3.13 3.14 3.15 3.16 3.17 3.18 3.19 N -3
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLSE) "i@i

NEW STRATEGIE RESULTS:
*SIMULTANEOUS CORRELATION (including all equilibrium regions) OF LLS SYSTEMS
(NRTL and E-NRTL)

T ‘ 3 | Olaya et al. IEC&R 46, 7030-7037 (2007) |
| wws | Marcilla etal. IEC&R 47, 2100-2108 (2008) |
—o—  Experimental dota
he e Calculated data ol :
08 S
*Water(1l) + Ethanol (2) + NaCl (3) at 25°C.
o7 .
g 1 =
z —— Experimental
= 06 09 \
Qs 08 | - - - - Calculated by NRTL method
% =
04 07 Jll Calculated by MNRTL method
LS A
B 0,6 ,‘ ii l\ \
- |
= " . § 05 -
o ,\, x ‘
: 04 -
t 2L 1L ¢ |
0; 01 0z 03 04 05 08 o7 08 08 1 0,3 -
x 1-butanct |
02 -
014
0 ‘ ‘ ‘ | | ! ‘ ‘ ‘ |
o o1 02 03 04 05 06 07 08 09 1
© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June x Ethanol
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE) :'891

NEW STRATEGIE RESULTS:
* CORRELATION OF (uncorrelated) COMPLEX LL SYSTEMS (NRTL)

TYPE |
Fommic acid Acetic acid Acetaldehyde
| 0, 4 11 LT 111 %, 1
a1 _,-" 0a 0.1;.-" \ 03 0,1;{,-' \.\_\ oe
o2 ,r"j e 027 e Uf_,-' Ry
o/ Ner 03/ o7 N
w/ Nos d o8 v ""\"‘a.\o.s
0.5;,»" "\‘0 5 0.5._, o5 ~— \'\\.u 5
oe,/ " o4 08/ 04 ’ ™ ;
o7/ 03 W e - s
ne/ "oz og/ T T ez
D'Q.f';l el -.\\ a1 0,9.__" . -"-z_lJ.l
W/ e M 1,0 % ap 12 0o
Furfural @0 o1 02 03 04 05 0F 07 0@ 08 10  Water  Water 00 01 02 23 04 05 06 OF 08 02 10 DCM Tolugpe 00 01 02 03 04 05 06 07 08 08 10 Water
Acetonitrile
Formic acid Methanol
v Mg v 0 1a VI u?"‘. "
07 s 0.1:;' ‘ .
02 08 oz 1 0
03 o7 o3 i o7
o e il 08
05 05 0,5!.:' 05
08 N o'ff" g .
o oy 5 0.3 /
ne D'E.r"r. \.\-\0.2 D'E.ff 4
08 og/ Nad vo/ /
w,_ = wio | ety +methyk il et
;f:gle 00 01 02 02 04 05 0 OF 08 038 10  Water 1-Butanol 00 01 02 03 04 05 08 OF 08 08 10 Water 2-pentanone 00 01 02 02 04 05 05 OF 08 08 1.0 Water
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/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE) X

NEW STRATEGIE RESULTS:
*CORRELATION OF(uncorrelated) COMPLEX LL SYSTEMS (NRTL)

TYPE Il Propanoic 2,5 Dimethy+ THF
acid Furfural
. an -
. a0 VIII e IX 00
VII AL a1/ g
01/ ng !
03¢ ‘enF
/K e
o8y / \\=0.s
0g
7 x »04
07,/ o F\‘
x,_ \\ o2 ;
o/ TR\ Y
oy / I g 04 10/
/ P :
B 10/ S P 00 01 02 03 04 05 06 O7 08 08 10
ropegur. 00 01 02 02 04 05 06 07 08 08 10 Waler  Hexane Eth:mzedlol TCE 08 04 02 03 04 05 05 07 o.e LE] m Water

Dimeth)g sulfoxide

00 x 10 /
3 ——a Experimaental Data
091y <o Comelation
05 - = = % Prediction
o7 LL
TYPE O TYPE IIl w
,“‘ 05
04
Marcila et al. |
t al.
Olaya et al. arcia € 023§
; Fluid Phase 1
Fluid = Phase Equilibria o
Equilibria 0 g 281 7.5 :
265, 184-191 . Teléotrahydrofuran ’ 0 01 02 03 04 05 04 D7 08 0F 1
(2008) (2009) X 5

A
/_\ Introduction: Topology of the Gibbs Energy Surface (ternary LLE) :@

NEW STRATEGIE RESULTS:
* CORRECTION OF SOME (NRTL) INCONSISTENT IN LL (type I-1) SYSTEMS

Nitromethane (2)

1-Propanal (2)
0,0 \1.0 .
wooRRECT 4y /1 Inconsistent... using the NRTL

binary parameters
published in the
DECHEMA
Chemistry Data
Series

INCORRECT
PREDICTION

OQP/

1,0,/
1-Hexanol (1) 00 01 82 03 04 0§ 08 07 08 09 10 " Water (3)

Acetonitrile (1) 00 01 02 03 04 05 06 07 08 09 1,0 Hexane (3)

1-Propanol Nitromethane
7 D'D,.\m
l DILI.I. .\.1_ ':'.B
b2/ “ 0a
Reyes-Labarta et al. 03/
Fluid Phase Equilibria il
278, 9-14 (2009) e

a4
Acetonitrile o0 01 02 03 04 05 08 OF 08 02 10 Hexane 1-Hexanol 92 01 02 02 Dd 0.5 0.6 0.? 03 09 1D Water
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Gomez et al. Ingenieria
Quimica, 379, 253-262
(2001)

A
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Introduction: Topology Azeotropic Liquid-Vapour Equilibrium

« LV Equilibria (P = cte). Homogeneous Ternary Azeotropic Systems

Carbon tetrachloride
(76.8°C) Ethanol (78.3°C)

N\

Cyclohexane 77.69C Benzene TolUene 84.4°C © water
(82.3°C) (80.1°c) (110.6°C) (100°C)
Water (100°C) Acetone (56.3°C)

107.5°C

Acetic ac. Formic ac. Methinol 53.4°C Chloroform
(127.9°C) (80.1°C) (64.7°C) (61.68°C)

Gomez et al. Ingenieria Quimica, 379, 253-262 (2001)
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« LV Equilibria (T vs. x,y at P = cte). Homogeneous Ternary Azeotropic Systems

1 BAMax + 1 TAsaddle 3 BAmin + 1TAmin

2

2 BAMax + 1 TAMax

Gomez et al. Ingenieria
Quimica, 377, 219-229
(2001)

Ternary system with:
1 heterogeneous binary azeotrope

1 LLV region (tie triangles) 3
\\\‘\.\ /'/'/ %\
\‘“\\ /‘/ 1 ———
V \\\\ /L'a‘sft V-Lhet
K point V-L: Curve
k4
T B
Heterogeneous
: e azeotropic
.......... binary
2
Solubility
surface
X,y
e Heterogeneous
1 liquids at boiling
Gobmez et al. Ingenieria Quimica, 377, 219-229 (2001) | temperature
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Introduction: Topology Azeotropic Liquid-Vapour Equilibrium
Ternary system with:
® 1 heterogeneous binary azeotrope
® 2 homogeneous binary azeotrope
® 1 homogeneous ternary azeotrope

Ti!
v
B BA
23
xp) 1
BT LY
A23 BA
A 12
1 3 : .
- 2L L
X, Y LL
2 2
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Introduction: Topology Azeotropic Liquid-Vapour Equilibrium

Ternary system with: L .
® 3 azeotropic binary compositions (2 min, 1 max) Distillation Boundary

® 1 azeotropic ternary composition

BA,3

: T
c2 T7 c3
T#1<T?2<T23<T4<T5<T?6<T?7

T3

2 Trajectory distillation -




Ternary system with:

® 3 azeotropic binary compositions
® 1 azeotropic ternary composition

*e.g. Methanol-Acetone-Hexane System (3 ABmin+1ATmin)

System Methanol-Acetone-Hexane

Acetone (2)

AB13min

Methanol (1)

-0.2 0 0.2 0.4 0.6 0.8 1

Temperature (<)

Acetone (2)

Systam Methanol-AostoneHexans. NRTL Equilibrium

N

e
)
)
\\%
.
-
-

)
A
B

5
o5
g
@
W
W
.

s
z
S

9%
s
2
N
o

i = '
S 0.6
0 0.4

System Methanol-Acetone Hexane. Tie-lines length

Acetane (2)

Acetone (2)

y(2)

— Hexane (3)

Methanol (1)_|
y(1)
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» A Distillation boundary needs:

« A valley or crest in the T vs x,y diagram s A |
' =" NI

* Aminimum in the LV tie line size ' :

 Inversion at least of one relative volatility

» Any of these conditions is sufficient by itself.

» The simultaneous inversion of two relative volatilities seems to
guarantee the existence of a distillation boundary.

© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June, 2010. Ischia (Napoli), Italy
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DISTILLATION BOUNDARIES CALCULATION

*Topological concept used:

“when there exists, the trajectory of a
distillation boundary continuously
contains not only the composition of the
liquid phase, but also the composition
of the vapor phase in equilibrium”

L-V tie lines

distillation trajectory

X,

© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June, 2010. Ischia (Napoli), Ttaly
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DISTILLATION BOUNDARIES CALCULATION

«Mathematical algorithm: | Singular points |

v

Trajectories: extremes, nipt, and function (nincs or n')

v

Independent variable (e.g. x,)

'

| Compositions: X, (k=1,2,...,nipt) |

|

Initial values for parameters A, (or cs nodes, X, )
g |

v

| Compositions: x| (k=1,2,...,nipt) |

| Compositions: ya, | (k=1,2,...,nipt) |

| Compositions: y@, | (k=1,2,...,nipt) |

yes

*End

; ycal  —yscel
EYP Y9 ?

no

4—‘ New values for parameters A, (or cs nodes: X, . k'=1,2,..., nincs)

© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June, 2010. Ischia (Napoli), Italy 27

DISTILLATION BOUNDARIES CALCULATION

Mathematical algorithm: | Singular points |

| Trajectory: origin/end , nipt and function (nincs or n )|

| Independent variable (e.g. x,) |

e.g. cubic splines (with
nincs nodes) or n-order
polynomial equation (with
Aj parameters):  x;=f(x;)

nipt = number of internal
points along the
trajectory k to be
calculated

T*1<T°2<T?3<T°4<T5<T?6<T?7

28
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DISTILLATION BOUNDARIES CALCULATION

Mathematical algorithm: | Singular points | ."E'.‘t\
! N

X | Trajectory: origin/end, nipt and function (nincs or n’) | : N
2,k (k=l,2,n|pt) ¢ Wu: ST

L \ Stable node | Independent variable (e.g. x,) |
L trajectory to test | Compositions: x, ,(k=1,2,...,nipt) |Q -
Xl kcal:f(xz) l
® ,
| Initial values for parameters A, (or cs nodes, X, ;) o
...................... eq. >|
@ Y5 Yok _ +| _ _
- yeal (k=
L Unstable| Compositions: x| (k=1,2,...,nipt) |
node ¢

e
| Compositions: yed,  (k=1,2,...,nipt) |
¢ |

| Compositions: y<a, | (k=1,2,...,nipt) | Yo, 8=f(y,)

Xl,k’(k’:1,2 ..... nincs)

yes

*End

4—‘ New values for parameters Aj or (cs nodes: x, . k'=1,2,..., nincs)
© Juan A. Reyes-Labarta et al. Escape-20, Capec. 6-9 June, 2010. Ischia (Napoli), Italy 29

NUMERICAL EXAMPLES: Ternary Distillation Boundaries (LLV)

Heterogeneous ternary system with:
1 heterogeneous azeotropic binary composition
2 homogeneous azeotropic binary compositions
1 homogeneous azeotropic ternary composition

0.7 Bl
0'6\\ |

0.3+ B

Isopropanol
o o
B (3}
| |

0.2 R

0.1 7 ,

0 1 1 1 1 1 %
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Benzene
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NUMERICAL EXAMPLES: Quaternary Distillation Boundaries (LV)

Homogeneous quaternary system with:
2 homogeneous azeotropic binary compositions

Acetone
1.

s

.. | .
]

o.,l
| »
fi:3

Methanol “=——onu-— N ' £ N N,
; e T B % i-propanol

Water

> In this case, the distillation boundary is formed by the two different

surfaces, that intersect in one curve.
31
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Numerical Determination of
Distillation Boundaries

~ Universitat d’Alacant
= Universidad de Alicante

*Conclusions
v Topological analysis can really help to equilibrium calculations in complex
systems, and therefore in the calculation of unit operation such as
multicomponent distillation columns (including minimum reflux calculation)

A(k) . VONFS
Crossing point
Operating (minimum distance between
line tie-line and VONFS)
_ Tie-line
Y/ Prolongation
Vi1 k) K"'
.
i\:' V(ALK
wijk)¥ n
B
_ L
Tie-line [ Tie-line
projection T Y
X' Distance between the
\ y projections of the tie-ling
¢ A U\'_) and A(K) A(2)
X(1),Y(1)
x(1), v(1) ) '
Marcilla et al. Latin American Applied Research
and International Journal of Chemical Engineering,
Reyes-Labarta et al. IEC&R 39(10),3912-3919 (2000) 27, 51-60 (1997)
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Conclusions

v Topological analysis can really help to equilibrium calculations in complex
systems, and therefore in the calculation of unit operation such as
multicomponent distillation columns (including minimum reflux calculation)

or extraction columns...
EXTRACTOR:  QPTIMAL SOLUTION: 112127870 $/year
Component 1 0.a3 100.0
2 0.04
3 o.01
4 012
Component 1 0.05 Component 1 0.00
2 0.36 2 0.00
g 0.53 3 1.00
4 0.08 4 0.00
RAFFINATE 208.00 i3 105.00
EXTRACT 275.00 75.00
Component 1 0.59
2 0.29 1 0.83
3 0.00 2 0.04
4 012 3 0.0
4 012
Component 1: Water
2 Acetone
3: Chloroform
4 Acetic Acid
Marcilla et al. IEC&R, 38, 3083-3095 T —— {Howsinkgfhe)
(1999) :
Reyes-Labarta & Grossmann, AIChE 47(10), 2243-2252
(2001)
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eConclusions

v Topological analysis can really help to equilibrium calculations in complex
systems, and therefore in the calculation of unit operation such as
multicomponent distillation or extraction columns...

v The proposed new method is very easy to model, gives very good results
and has also the possibility of using different equilibrium equations
(thermodynamical or empirical)

v The prediction of distillation boundaries is essential in the design and
simulation of complex chemical processes, including distillation column
sequences, etc.

ETANOL
L
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Numerical Determination of Multicomponent
Distillation Boundaries
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Te rnary SyStem Wlth: | Componente de volatilidad intermedia
H Componente menos volatil

1 heterogeneous azeotropic binary composition v componente més voti !

linea de vapor
linea de reparto L-V »
(PP-LV) triangulo de

reparto

curva de solubilidad

a presion constante

(a la temperatura de

ebullicién del liquido)

linea de reparto L-L
(a la temperatura
de ebullicién)

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

Gomez et al. Ingenieria
Quimica, 377, 219-229

(2001)
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/_\ Introduction: Topology Azeotropic Liquid-Vapour Equilibrium =X
S

Ternary system with:

® 1 heterogeneous azeotropic binary composition
® 2 homogeneous azeotropic binary compositions
® 1 homogeneous azeotropic ternary composition

A\
“\

=

Het 5 Homogeneous
N e erogen(t)eus binary
Inary azeotrope azeotropes
Homogeneous

ternary azeotrope

4
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*e.g. Bencene-Ciclohexane-Toluene System (1 ABmin)

Introduction: Topology Azeotropic Liquid-Vapour Equilibrium
d
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* GRAPHICAL CONCEPTS TO ORIENT THE MINIMUM REFLUX RATIO
CALCULATION ON TERNARY MIXTURES DISTILLATION

(S

Introduction: Topology Liquid-Vapo
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Reyes-Labarta et al. IEC&R 39(10),3912-3919 (2000)
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Introduction: Topology Quaternay Liquid-Liquid Equilibrium ’%@»
#

* EMPIRICAL CORRELATIONS

Marcilla et al. IEC&R 38(8), 3083-3095 (1999)
-Xl4+c-xl42+d +e-xl4+f-xl42-logxlz+

0 X|2 k,p Xl2 k,p k,p Xlz k.p X|2 Xll
2 2

h X|4 H X'4 I X|2

+ gk,p+ kop | i —Hk,p' o0 -1 109 ;

XZ X2 Xl

y'(a)j (m} [y(4))
Iog( , =k lo k lo k
y@) ™ Ty )™ v@)™™
yD+y(@2)+y@)+y(4)=1+4-C
U y' (i) = y(i)+C
Four equations with four variables !!
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AN PROBLEM STATEMENT: Distillation Boundaries Calculation =
If you have:

* a concrete multicomponent azeotropic system,

» a specified separation and/or recovery of solutes in the product streams
(for the distillation process).

The design problem needs the determination

of:
* possible distillation boundaries and distillation regions
present in the system,

The objective is to make the correct design of the distillation column
(that can not work in different distillation regions)
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Introduction: Topology Quaternary Liquid-Liquid Equilibrium ¥X
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/_\ Introduction: Topology Quaternary Liquid-Liquid Equilibrium :&E
Chemical Engineering
* COMPLEX EXTRACTOR DESIGN (GDP) i @ Carnegic Mellon
http://newton.cheme.cmu.edu/interfaces/extractor/main.html
& D:\juanr\extractor\extraction. exe [_ O] =] |
IB® gnuplot graph [_[O0] |
[! gnuplot graph =] E=
EXTRACTOR: OPFTIMAL SOLUTION: 1121278.70 %fyear
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2 0.04
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2 029 1 0.83
) 0.00 2 0.04
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| 4 012
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{ flows in kgfhr )
Thu Aug 22 16:10:57 2002

© Juan A. R_eyes-LabarTa et al. Eécape-ZO, Capec. 6-9 June, 2010. Ischia (Napoli), Italy 48




