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1. Introduction

Although conventional distillation is the most important industrial separation process, there
are situations where solvent-enhanced separation, e. g. azeotropic distillation, extractive
distillation, liquid-liquid extraction, and absorption is a more appropriate choice. Therefore a
software package was developed in order to find a suitable solvent (entrainer) for the above
mentioned separation processes. The entrainer selection is based on azeotropic data, activity
coefficients at infinite dilution and liquid-liquid equilibrium (LLE) data. These data are taken
from factual data banks as well as from thermodynamic models.

The program starts with an Entrainer Preselection page.

Entrainer. Selection

File Help

! Entrainer Preselection |

Processes l %

Entrainer Preselection List l

Components

#DDE |DDB | Component | ——
IFia
Ilze all cormponents -
(= Add List

24% Set Range

i

M aximum Melting Paoint [] of the Entrainer; | 323,15 @ :;Gmups [mad. UNIFALC (D))

[v Include Compaonents ‘without Given belting Paint W Include Comp'ts wio Given Groups
M aximum Yiscosity [mPazs] of the Entrainer; | 5. @I “Yapor Pressure Equation
[v Include Components ‘without Given Wiscozity [nformation Antoine Low - Mo Validation [STOFF) -

Public DDE:  MADDEY Private DDE: K\DDEPRY

The dialog offers the possibility to specify the component range. This is useful, if the
azeotropic data are calculated with a thermodynamic model. Instead of calculating the

homogeneous and heterogeneous points for many thousands of components, it can be chosen
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between a component range (e.g. Components 1 — 500) and a component list. The component

list is a “*.stl” file, which can be easily edited e. g. in ComponentSelection.

' Components
#DDE | DDB | Comporient | ~ -
I} Add
Aniline »
Add List
2-Methylphenal L= s
Water 21} Set Range

o) [E i# Cea
DDE m-Mitrophenal

Mk r-Mitrnaretanilide

The maximum meltin oint and the
g P b airnumn Melting Paint [K] of the Entrainer; |323.15 @
maximum  viscosity allow to exclude ¥ Includs Components 'ithout Given Meling Point

components with non-matching conditions but mawimum Viscosity [mPas] of the Entrain%ﬂ @

this criterium fails if no melting point or v Include Components Without Given Yigtosity Informatian

viscosities (Andrade parameters) are available.For all separation processes the maximum
viscosity and the maximum melting point have to be declared. The knowledge of the melting
point is necessary to avoid a crystallization of the entrainer. Low viscosities help to minimize

the energy costs (pumping costs).

¥ 2 Groups {mad. UNIFAC [Doj] | The Groups button allows Group Selection *’_ N [';_| E|§|

[w Include Comp'ts wio Given Groups
to exclude components by v @ B
their mod. UNIFAC (Dortmund) groups. These groups | Okay Lancel | Include Al
. wii 1 CHz2 S
can be seen as functional groups. SR
The v 3 ACH
v 4 ACCHEZ
Wapor Preszure Equation v 5 OH
Antaine Low - Mo Validation 3 TOFF) - v\ b CHICH
v 7 HzZO
v 8§ ACOH
selection box allows to switch the pure component vl 9 CHZCO
10 CHO
vapor pressure equation used. Possible entries are v 11 Cooo
Antoine Low - No Validation [5TOFF] vl 1z HCOO
Antaine Law - MoV alidation [ParamDE) v 13 CH2O
Antaine Automatic [ParamDE] v 14 CHZNHZ
EDH [PEITEIITIDB] W 15 CH2NH
DIPFR [ParamDB] v 16 (C)3N
Wagner [FaramDB]
v 17 ACNHZ
v 18 PYRIDINE
v 19 CHZCN
v 20 COOH
21 CCL
22 CCLZ
25 CCL3
24 CCL4 w
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2.Common Settings

The processes dialog contains many identical controls for four of the five processes. Only the

Absorption page is different.

| Extractive Distillation |

I}*: Zomponent 1 | 174 Water @

Vapaor Pressure [kPa): 46.98 (hy Ankaine Low - Mo Validation (Fram STOFF)

I} Companent 2 | 110 Methanal @
Wapor Pressure [kPal: 179,60 (by Ankoine Low - Na Yalidation (from STOFF))

Azeatropic Distillatiu:unl E:-:trau:tiu:unl .-’-'-.I::su::rptiu:unl SEIecti'-.fit_l,ll

{* System Temperature [K]: 393 @I

™ System Pressure [kPa]: 101,323 @I
[ Create Log File

kinimum Separation Factor at [nfinite Dilution [« _or inverse]; 15
B (a, ) =

kdinirum % apor Prezsure Difference [kPa) Entrainer - Binan Misture: .90 @

[> 0 kPa-» Reverse Extr. Dist.] lgnore components

without boilling point data

Activity Coefficient [ata Source Azeatropic Infarmation Data Source
DDE Access + | )| | mod UNIFALC (Dortmund) -
License Server: Access granted Entrainer Selection |

After specifying the binary separation problem (component 1 and 2), the vapor pressures or

boiling points of the components are shown, depending on the chosen system temperature or

pressure. The component selection ( 13 Companent 1 | ) is performed by the (DDB-) standard

program ComponentSelection. The button @ allows to perform a search in the Dortmund

Data Bank for pure component property of the component.

Activity Coefficient Data Source Azeatropic |nformation Data Source LLE Data Source

DDE Aecess - | () mod. UNIFAC (Dortmund)| + DDE Access

DDB Access
|LIMIFAC
M rmod, UMIFAC [Dortrund) ‘mod, LIMIFAC
mod. UMIFAC [Lyngby] _|mad. UNIFAC [Lyngbw)
ASOG — =as0G —

The data sources for the azeotropic data and the activity coefficients at infinite dilution have

to be chosen. The LLE data are currently always taken from the Dortmund Data Bank. If

experimental data are selected, a linear regression is used to estimate the values for the

Entrainer Selection
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separation factor or selectivity and the azeotropic temperature for the given system pressure.
The calculation with four different thermodynamic models (group contribution methods) is
possible: UNIFAC, mod. UNIFAC (Do), mod. UNIFAC (Ly) and ASOG.

Depending on the chosen separation process, the user has to define further input parameters:

Process Input
Extractive | minimum separation factor at infinite dilution, boiling point or vapor pressure

Distillation | difference between entrainer and binary system

Azeotropic |selection of the new introduced azeotrope (binary or ternary), model for the

Distillation | calculation of the virial coefficients

Extraction |minimum selectivity at infinite dilution

If the program is finished the data finally used are stored and automatically pretended in the

next run.

Entrainer Selection



3. Proposal of Alternative Separation Processes

In some cases the components can be separated without introducing a third component.
Therefore, a proposal with the alternative separation process is given, before the entrainer

selection starts.

zeotropic behavior [J ordinary distillation

- formation of a heterogeneous azeotrope U heterogeneous azeotropic distillation

zeotropy at high/low pressures [] vacuum (pressure) distillation

strong pressure dependence of azeotropic composition [] pressure swing distillation
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4. Extractive Distillation
With the help of saturation vapor pressures P’ and activity coefficients at infinite dilution J;

the separation factor at infinite dilution @ ; for the binary system can be calculated:

o _V;OPIS
2" © s
V2P

The entrainer should alter the activity coefficients of the components to a different extend, in
order to reach separation factors far from 1. Since the entrainer should not introduce new
azeotropes, the boiling point or vapor pressure difference between entrainer and binary
mixture must be sufficient. For a convenient recovery of the entrainer its boiling point must
usually be sufficiently higher (e.g., AT = 40 K) than for any component of the mixture to be
separated. Recent investigations have demonstrated the use of low-boiling solvents in so-
called "reverse extractive distillation" processes, but as the amount of solvent has to be
increased enormously to ensure a sufficient liquid concentration of the entrainer. Moreover,
the enthalpy of evaporation affects the energy balance of the process negatively. Thus, this
kind of process will probably only be competitive when no suitable high-boiling solvent is
available.

It is also possible to switch of the boiling point / vapor pressure condition when the user puts
in the value 0. This allows to find in one step entrainers both for extractive distillation and
reverse extractive distillation.

If the criteria melting point, viscosity and boiling point or vapor pressure difference are
fulfilled, all solvents are chosen which have a sufficient separation factor. Afterwards it will
be checked, if the new solvents show a zeotropic behavior with the components to be

separated.
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5. Azeotropic Distillation

For the azeotropic distillation, there are two different processes available. On the one hand,
entrainers are chosen which introduce at least one further extreme-boiling binary azeotrope.

On the other hand, entrainers are chosen which introduce a low-boiling ternary heterogeneous

azeotrope.

Tab.1 Criteria for solvents when components 1 and 2 form a pressure maximum
azeotrope or no azeotrope.

Case A Case B

+ Introduction of at least one further
binary azeotrope with pressure
maximum

« homogeneous oder heterogeneous

- for a given pressure:
Topsor T, ;<T.,,-20K

« for a given temperature:
Paz41-3 or Paz.2-3 > Paz,]-Z + 20 mmHg

« Introduction of a low-boiling ternary
azeotrop

+ heterogeneous
« for a given pressure:
Tpyrs <Tpyr-20K

« for a given temperature:
P 25> F.;;+20 mmHg

Tab.2 Criteria for solvents when components 1 and 2 form a pressure minimum azeotrope

Case A

Case B

« Introduction of at least one further
binary azeotrope with pressure
minimum

« homogeneous

 for a given pressure:
Taz.1-3 or Taz42-3 < Taz.l—Z + 20 K

- for a given temperature:
PazAI-j’ or PazA2-3 > PazJ-Z - 20 mmHg

there are no ternary heterogenous
azeotrops with pressure minimum!

Program stops.

In all cases, the method for calculating the fugacity coefficients must be specified (ideal,

Tsonopoulos or Hayden and O'Connel), in order to consider the vapor phase reality.
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6. Liquid-Liquid Extraction

The azeotropic data source is only required for checking the azeotropy of system 1 — 2. In

analogy to the separation factor for the extractive distillation, the extraction process demands
a minimum selectivity of the entrainer at infinite dilution S :

sp= L0

V2
For selectivities higher than 1, the solubility of component 1 in the solvent 3 is higher than the
solubility of component 2 in the solvent. In this case, the binary system 1 — 3 should have a
miscibility gap. This is checked by using the LLE data bank. If LLE data are stored, the data

set nearest to the system temperature is chosen, when the following options are fulfilled:

T,.-T < 10K and P, < 50 bar

system
It is also possible to show binary and ternary LLE-diagrams for all selected solvents. Figure 2

shows this for the system water — ethanol — benzene.

ETHANOL 70
25°C 60 —H
o _
4
5 50 %
< |
o4
o
VAVAVANAVAVA = v N
Ll
ASASaSAy VAN ] -
/\ V 7N\, A 30 KK
= S VAVAY Y
»‘" = ]
A_Xﬂgav_AYg_Avi S ‘ ‘ ‘
N AN AN N AN AN i e 20
NN NN NN, 0 25 50 75 100
WATER BENZENE WATER x [%] BENZENE

Fig.2 LLE data for the system water — ethanol — benzene

As a good method for estimating the solubility (capacity) of the components to be separated

this can be done with the help of activity coefficients at infinite dilution. The KEHRWERT of

the activity coefficient at infinite dilution can be taken as a measure for the capacity &, :
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The higher the capacity the more of the component to be extracted can be taken with the
solvent. Since it is desirable to have both a high selectivity and a high capacity, it is possible
to compare all the selected solvents in a capacity — selectivity diagram (Figure 3). In this

example solvent C is the most suitable entrainer regarding capacity and selectivity.

HA
ch

(selecktivity)
o
I

(8)]
I

o)
2

Vel ¥

B HE

1 1'y3 (capacity)

Fig.3 Diagram capacity — selectivity for a given separation problem with the selective

solvents A, B or C

Moreover, the densities of the pure components are given in the result file. If 2 liquid phases
are formed, it is desirable to have a high difference in density between the 2 phases in order to
have an easy phase splitting. Also the surface tensions are important factors for the design of

extraction columns, since they can be used to calculate the boundary surface tension.
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7. Absorption

1. Introduction

The absorption is besides the extractive and azeotropic ditisllation and liquid-liquid extraction
a further important separation process widely used. The goal of the absoprtion is to separate
components from a gas stream by adding an appropriate entrainer. Contrary to the extractive
and azeotropic distillation process which use heat as separation entrainer the absorption and
liquid-liquid extraction processes use a liquid component as entrainer.

The suitability of an entrainer depends on its ability to change the ratio of the activity
coefficients of the gases to be separated. The basic condition for a good entrainer is the
different solubility of the gases in the absorbent.

A further important criterium for the selection of an adsorbent is a sufficient capacity.

For estimating the selectivity of an adsorbent it is — in most cases — sufficient to know the

separation factor at inifinite dilution «j . The separation factor can be detemined by the

Henry constants if X4, 0 by the relation

o0
(xw:Kl,s_Hm
=

K2,3 H2,3

Absorption exists in two types — physical and chemical. This program covers only the

physical adsorption because of missing data for the chemical reaction.
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2. Program Description

Estractive Distillatiu:unl Azeatropic Distillatiu:unl Extraction  Abzorption Seleu:ti\.fit_l,ll
Compaonents in the Gaseous Phase
#DDE |ODB |Component | add | g Clear |
Carbon dinxide F00B/Al Gases
1051 Methane
S statistics
Check Data
By il ability

Component to be Solved
[1050] Carbon dioxide -

System Temperature [K]
240

Minimurn Sepatakion Fackar at Infinite Dilution (e -, or inverse)
12
s

Henry Coefficient Source

2as Solubiliey Databank,

Entrainer Selection
[ Create Log File

The first step is the definition of the separation problem by entering the two gases that must

be separated. The selection of the gases by the | S8 | button is done with the standard DDB

program ComponentSelection. The other buttons allow to

Button Function
o0/l Gases | search the Dortmund Data Bank for vapor-liquid equilibrium data and
gas solubilities of both gases.
& Statistics ... show an overview on available data.
Information E|

HPY Dakabarnk;
\y 1051: 2993 datasets and 99 sn[%nts.
1050; 7998 datasets and 375 solvents,
83 common solvents for all gases.

GLE Databank:
1051: 762 datasets and 163 solvents,
1050: 2155 datasets and 312 solvents,
124 common solvents For all gases.
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Button Function
Check Data ... search the data bank for suitable absorbents — some kind of a preview
Ay ailability

for the search.

Additional Datasets by Prediciian

wiTcse
Syekam Terpa-ature
240 00

1083 Carbon dioxde |1

b1 Mzthans

FErRtEOCE & Cachan dive de

L

=
ZAela e 051 Mahia 1= C
J Acetenibilz 1050 Cacbon diosde | C
3 fcatcnittila 051 Mthans s
4 Leetcne tUsdiiacbon diovde (L
4 Lrebrne n51 Marhat= r

e

a5 Catasebs  Add Prediced™ |Tc|r|:\:|':tu'c-||cnr‘_f -

fdd L1818 009 1618 @ 32 19615 8812845 17311268153 2.CC) 10315 5.37) 223
Ldd
A
Add
Add

il

o
&

il | PIRENIS B 5 T STy LS RV Ty P ) CRS WY PSR TERIT) P LS AT |

E

Al [723.152 545 S3][773. 151 51 504][PF3. 151 485.06]
3

¥

This table shows the amount of available data for gas-absorbents pairs.

The further settings are

Setting

Description

Component to be Solved |Select the gas that should be solved better in the absorbent. This

determines the sorting of the results.

System Temperature Specify the process temperature

Minimum Separation| This value reduces the size of the result list and ignores

Factor at Infinite Dilution |absorbents which have a low selectivity.

The separation factors are determined by binary Henry coefficients. This program retrieves

the Heny constants from

3as Solubility Databank,

Yapor-Liguid Equilibrium Databank, {low boiling substances)

Gas Saolubiliey File (free Formatted File)

Yapor-Liquid Equilibrium File {low boiling substances, free formatted File)
PSRE UMIFAC

Henry Source

Description

Dortmund Data Bank — Gas Solubilities
(GLE)

This data bank mainly contains experimental
Henry coefficients which can be used directly.
Also available Kiihnen-, Ostwald-, and Bunsen-

Coefficient data sets are converted.

Dortmund Data Bank — Vapor-lgiuid
Equilibria Data Bank of low boiling
components (HPV)

This data bank mainly contains PxT data points

which have to be converted.

Predictive Soave-Redlich-Kwong model

This model is an equation of state model combined

with a UNIFAC-like group contribution method.

The program also allows to read GLE and HPV data sets.

Entrainer Selection
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3. Data Sources

1. Gas Solubilities Data Bank

The program searches binary data sets built of one of the gases and a single solvent. This data
bank retrieval normally leads to a number of Henry constants at different temperatures. To
obtain the Heny constant at the selected system temperature a regression has to be performed.
If at least three Henry's are available covering a temperature range of more than 10 K and if
these Henry's are not farer than 50 K away from the process temperature the Henry at system
temperature will be determined by linear interpolation or extrapolation. The maximum
extrapolation is set to 25 K. If this regression obtained poor results (R<0.5) or if less than
three points are available only direct experimental data are used. If more than a single point is
available the program uses the mean value. If no exact matching points are available the
program uses the nearest point if it not more than 25 K away.

The result list contains comments of the Henry determination procedure.

2. Vapor-liquid Equilibrium Data Bank

This data bank contains PxT data which have to be converted to Henry constants. The detailed
procedure is a little bit to long for this program description but is covered in details in the

thesis of Michael Krummen.

3. Predictive Soave-Redlich-Kwong

This data source is a model which allows to predict Henry constant from an equation of state
combined with a UNIFAC-like group contribution method. This model only needs critical
data and interaction parameters. This allows to calculate Henry constants for approx. 1000
components. Since this calculation is rather slow it is recommended to use the Entrainer

Preselection list.

4. Result

The program collects the Henry constants for all pairs of a gas and a suitable solvent and
calculates the separation factor by the equation
o __ H 1,3
=
Y H2,3

Index 1 — Gas 1, index 2 — Gas 2, index 3 — Solvent, Absorbent
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8. Entrainer Results

1. Result for Extractive Distillation, Azeotropic Distillation, Extraction, and

Selectivity
Entrainer Selection - Results g@f@

¥ Close | Euprint | BRCopy | HSave | Bisont -
Exclude from list
[~ iComponernts without Boiing Paint [nforrmatioré [ Components without Viscosity Information
[~ Components without b elting Point Information [~ Components without Diensity [nformation
[ Components without Azeotropic Information for 1-2/41-3 [ Components with [T[alpha)-T[Spstem]l>5k
I~ o
Wisible columng
v “apor Pressures [ =
[v Melting Point v Mames v Selectivity
[~ Density v Azeotropic Information [
[v “iscosity -
Components to be Separated: A
DDE Mo. Hame Formula Ps [kPal Cal Mo.
(1) 174 Water HEZO 4. 98 TI2E-18-5
(&) 110 Methanol CH40 17380 &7-5E-1
Given System Temperaturs = 353.00 [EK]
Azeotropic data for system (1)-(2):
no binary azeotrope for this system.
—--> compohnents can be separated performing ordinary distillation
List of Entrainers (Extractiwe Distillation)
Table Sorted by Separation Factors
DDE Entrainsr Pz [kPal Tm [K] Visco=zity alphail,Z)
Ho. [wPas] (T in [
ElE Hexadecane Z.19E-00Z Z31._35 1.174 84.455 (3E32
TEE 2,3,4-Trimethyl pentane 35.20 163.30 n.a. 15.046 (325
453 Diethylene glycol 6. E22E-00Z EGE_65 n.a. 0O.213 {253
& 1,Z-Ethanediol 6. 45E-001 ZE1_E5 Z.374 O.Z2E (3E3
151 Dimethyl sulfoxide 2.14 231, 0,925 0.25% (360
Minimum Fegquired Walue for the Separation Factor alphai(l,Z or inwerse) at Infinite Dilution: 1.50
Minimum Vapor Pressure Difference: -10 kPa
Mavimim Maltime Dadwt- 272 10 W A
< >

1. Limited Views

The display of components can be filtered by several criteria. The Exclude from list criteria
allow to suppress components for some information is not available.

The Visible colums criteria allows to suppress some spcified columns. The normal result table
is often too wide even for a landscape mode print. Suppressing unused columns allows to fit

the print again.
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2. Sorting

This entrainer list can be arranged by different criteria:

criteria

function

selectivity

sort by selectivities

separation factor

sort by separation factors

boiling point / vapor pressure

sort by boiling points / vapor pressures

melting point

sort by melting points

surface tension

sort by surface tensions

viscosity

sort by viscosities

density

sort by densities

functional groups

sort by functional groups: about the button "functional groups"
mod. UNIFAC (Do) main groups can be selected.
Top: solvents which consist of the selected groups
Middle: solvents which consist not only of the selected groups

Bottom: solvents which cannot be incremented

component class

sort by component classes (based on mod. UNIFAC (Do) main
groups): alkanes, aromatics, alcohols, water, ketones, esters,

ethers, amides, halogenated compounds, unsaturated

compounds, aldehydes, carbonic acids, other components

DDB code no.

sort by DDB code no.

azeotropic information

sort by azeotropic information

LLE information

sort by LLE information

3. Links

The result table contains two types of links (green underlined text): The numbers besides the

component names open a context menu

Display Companent Info
Display GLE/HPY Ciatabank. Entries
Display Pure Component Properties

allowing to display several further information for the solvent.

The links bnext to the selectivity columns are links to the explanation that

Remark <*>:

Extrapolated activity coefficients for at least one component

Entrainer Selection
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2. Result for Absorption
Absorption Result g@g|

3 Cloze Erint Qopy Eﬁave @;Sort - Columns -
b aximurn H23 b amirnum Pzat Mazimum Temperature Fange
1000. biar 50. kPa  Spstem Temperature +- | 5. | K
Selected Temperature: T= Z40.00 E e
Data Source: GLE Databank
List of Gases:
#DDE  Formula Hame
(B 1051 CH4 Methane
(2) 1050 coz Carbon dioxide
Gas to be solved iz [ 10E50] Carbon dioxide
Table sorted by separation factors.
Lig.Visc. Lig.Dens. Tm Psat (Solv.) [Methane
$DDE Entrainer (3) GlEZ 1/0lE [mPa*=s] [Eg/m3] [E] [kPa]l =Co= T [E] =<Cor HLZ [barl<
7% N, M-Dinethylforma. .. 62,9172 0.01&9 Z.0006 1001.328 Z1Z.1%8 <0.01 = -» Z40.00 < 8= 24532 <
4 hcetone 45,5732 0.o0z19 0.5111 846 L1 178.3E 1.0 = -= z240.00 < E= 445,30 =
110 Methanol 23.3930 0.0427 1.60Z1 838.31 175 ZE 0.35 = -= z240.00 < 4= 735 =
140 1-Propancl 11.25843 0.o022e 11._396z2E 846,38 14705 a.0z = -= z240.00 < 4= 454,40 =
3% l-Butanol 10,5297 0.0223 lg.6527 242,12 123,38 <0.01 < -= Z40.00 = Z= 278.74 <
1Z0 Z-Methyl-l-propanol 10,2292 0.o0378 n.a. 844 .24 15 Z0 o.01 = -= z240.00 = E= 343,27 =
ZZ Z-Butanal G.6629 0.1501 40._3347 8E1.37 1E2_ L0 =0.01 = -» z240.00 = E= 3E6.73 =
31 Heptane 5.895168 0.1e7Z 0.3172 TET. 38 182.EE 0.13 < == E40.00 = 1= 132,69 <
2 component /s excluded by wvalidity range criterium.
Comment s
1: Henry determined by cuadratic interpolation (R=0.3)
2: Henry determined by linear extrapolation (B=0.9)
4: Henry determined by linear interpolation (R=0.9) W
S ?
"

1. Limited Views

The list of entrainers can be filtered by an allowed maximum value of Henry's constant, a
maximum value of the saturated vapor pressure of the solvent, and a maximum temperature

difference of the used Henry coefficients to the wanted process temperature.

2. Sorting

@ Separakion Fackors
DDE Murbers

The sorting criteria can be all the columns from the result table: Dori
EnNsItes

Viscosities
3. Links Surface Tensions
Saturated Pressure

The result table contains two types| pisplay Component Info m
Display GLE/HPY Databank Entries Component Class

of links (green underlined text): The ) _
Display Pure Component Properties Henryl3

numbers besides the component Henryz3
names open a context menu
allowing to display several further information for the solvent.

The links in the <Co> columns are links to the explanation what type of Henry coefficients

have been used:
Comments
1: Henry determined by quadratic interpolation (R>0.9)

2: Henry determined by linear extrapolation (R>0.9)
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4: Henry determined by linear interpolation (R>0.9)
8: Henry determined by linear interpolation (R>0.5)

9: Henry determined by interpolation between two points.
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