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resumo

CPA, equacdes de estado, equilibrio de fases, funcdes alfa, métodos de
contribuicdo de grupos, pontos criticos, propriedades derivadas.

O projeto e otimizacdo de processos envolvendo moléculas associativas
multifuncionais é de elevada importancia para as industrias quimica,
petroquimica, farmacéutica, alimentar, energética e de cosméticos.

A equacédo de estado (EoS) Cubic i Plus-Association (CPA) tem demonstrado
ser um modelo termodindmico adequado para a descricdo de diversas
moléculas associativas. Este modelo é utilizado frequentemente na industria
de gas e petréleo para a descricdo, entre outros, de sistemas de agua com
hidrocarbonetos e de formac&o e inibicdo de hidratos de gas. Os seus
pardmetros sdo geralmente obtidos através de um ajuste a pressdo de
saturacdo e de densidade do liquido de um composto puro. Contudo, a
falta/impossibilidade de medicdo deste tipo de dados (visto alguns destes
compostos nao existirem como liquidos puros) dificulta a sua utilizacdo. Desta
forma, o uso da CPA em simuladores de processos € limitado, visto ndo
termos acesso a parametros para um largo grupo de compostos. Além disto,
0s engenheiros de processo ndo tém disponibilidade para parametrizar cada
composto nao disponivel na literatura. Como tal, sdo necessarios métodos
preditivos para estes pardmetros para um uso eficaz da CPA em simuladores
de processo.

O principal objetivo deste trabalho é generalizar o uso da CPA para moléculas
multifuncionais. A contribuicdo do termo associativo foi generalizada para
aceitar qualquer numero de grupos associativos em cada molécula, com
namero e caracter (eletréfilo, nucledfilo ou hibrido) dos sitios definidos pelo
utilizador. Foram desenvolvidas ferramentas para gerar automaticamente
pardmetros da CPA, contudo, em vez de um ajuste geral de todos os
pardmetros a dados de pressGes de vapor e densidades do liquido, os
pardmetros do termo associativo sdo passiveis de ser transferidos entre
grupos similares e/ou de serem calculados por métodos de contribui¢cdo de
grupo. Apés isto, os restantes pardmetros (do termo cubico) podem ser obtidos
através do ajuste a correlacdes de propriedades dos compostos puros. A
utilizacdo de outras propriedades que néo pressdes de vapor e densidades da
fase liquida é analisada, especialmente no caso das capacidades calorificas.
Uma funcgédo alfa, diferente da de Soave, foi aplicada nesta versdo da CPA,
sendo feita uma andlise sobre as implica¢des desta mudanca.

A nova versdo da CPA incorporando as alteragBes propostas nesta tese €
extensivamente comparada com versfes do modelo previamento reportadas
na literatura.
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Alpha functions, critical points, CPA, derivative properties, group contribution
methods, phase equilibria.

Design and optimization of processes dealing with streams containing
multifunctional associating molecules is of great importance to the chemical,
petrochemical, pharmaceutical, cosmetics, food and energy industries. The
Cubic-Plus-Association (CPA) equation of state (EoS) has been shown to be a
general and accurate thermodynamic model to deal with a variety of
associating molecules. It is widely used in the oil and gas industry to simulate,
among others, systems with water and hydrocarbons, and hydrate formation
and inhibition.

Currently, CPA parameters are obtained by simultaneously fitting pure
component vapour pressure and liquid density data. But the lack of such data,
or the impossibility to measure them (as some of these compounds do not exist
as pure liquids) hampers its use. As a result, its application in process
simulators is limited, as there are no pure component parameters for every
component we might be interested in. Also, process engineers who want to use
the model do not want to have the trouble of fitting a set of CPA parameters for
each new component. Thus, predictive methods to generate CPA parameters
are needed.

The main goal of this work is to generalize the use of the CPA EoS to any
associating molecule. The association contribution of the model is generalized
to consider any number of associating groups in each molecule with user-
defined number of sites and corresponding nature (electrophile, nucleophile or
hybrid). Tools are developed to automatically generate CPA parameters, but
instead of simultaneously fitting all parameters from pure component vapour
pressure and liquid density data, the associating parameters are transferable
between similar groups and/or can be generated from a group-contribution
approach. Then, the remaining (cubic) parameters can be obtained from pure
component property correlations. The use of properties other than vapour
pressures and liquid densities, mainly liquid heat capacities is also analysed.
An alpha funtion, different from that of Soave, is employed in this version of
CPA and an analysis is conducted on the implications of this change. An
extensive comparison between the new model and previously reported of CPA
is also carried and discussed.
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1 Introduction



1.1 Scope and objectives

Multifunctional molecules are present in a wide range of processes and applications. Thermal
controlled systems use this kind of molecules for thermostating and refrigeration purposes,
presenting also some applications as cryoprotectants. In separation processes they present
variousrelevant rolesasfor example gas dehydration and ligtiiquid extractors forefined

oil products In the petrochemical industry they present some impottarses, especially
ethylene glycol which is used as a hydrate inhibitor. They are also the basis of most polymer
formulations and present diverse uses in the pharmaceutical industry baliug®r additives.

Some other relevant uses include their apgicas in the cosmetic, pesticidand aerosol
industries. Table 1.1 presents some examples of multifunctional components and applications

of these compounds.



Table 1.1 Examples of multifunctional componentscitheir applications

Compound Structure
name
triethylene HO
lycol T
diethanolamine HO
\/\N/\/OH
H
ferulic acid 0
H,CO-_ il
~0OH
HO~—
cysteamine H
H'// N ~ S H
glycerol HO
HO\/K/OH
1,2-ethanethiol
adipic acid 0
HO— 1.
e~ OH
5
L-cysteine 0
HS /\‘JJ\ OH
NH,
Formula Boiling T (K) Examples of applications
triethylene GsH1404 5610 The most applied absorvent in naturi
glycol gas dehydratiorl]
diethanolamine | GHiING,  541.5 (decomposes) Important component for the
cosmetics industry
ferulic acid GioHioOs  Unknown/decomposes  Preaursor for the manufacture of
other aromatic compounds
cysteamine GH/NS decomposes Drug applied for the treatment of
cystinosis.
glycerol GHsOs 561 (decomposes) Solvent and sweetening agent
1,2-ethanethiol | GH:S 419.2 A common building block for organ
chemistry
adipic acid GsH100s 610.7 Used in the production of nylon
L-cysteine GH/NS Unknown/decomposes Used in the treatment of asthmatics



The correct description and optimization of these processes requires access to accurate
thermodynamic data wer large ranges of temperature and pressure. However the high
complexity and polar/associative nature of these moleculaied to the difficulty, or
impossibility to measure some of their properties results in the laclkadéquate information

to develgp adequate models of to carry its simulatioiThis lack of data presents an
opportunity as well an important challenge for the improvement of existing/development of

new thermodynamic models.

Whenever such molecules are present in a process, it has beemaon practice to define the

entire process or a suftowsheet of the process withneempirical §model, such as NR[P.or
UNIQUAG3], as classical cubic equations of state, such as-Rebinsonare well known to

fail to accurately descrid@mixtures with those componenthese §models provide enough
accuracy for process sifation purposes, but require some caution whenever extrapolated
outside of the conditions used for the parameter fitting or when new components need to be
involved. This somehow hampers accurate design simulations, as in these exploratory studies
the simuhbtor is used to understand which components (such as a solvent for extraction) or
optimal conditions shall be used. Thus the use of thgfsmodels, has been decreasing in the

last few years due to their lack of predictive capacities (except for particatas like UNIFAC,

which incorporates predictive capacities).

EoS¢F mixing rules are successful in obtaining results for associative compounds while
describing correctly larger temperature and pressure ranges, nevertheless most of these
models incorrectl describe highly asymmetric systems and present weaker performances than

those of more recenassociation model$4]

SAFTlike Eo0S, explicitly takiato account hydrogen bonding, presémy advantges over the
classical approaches on the modelling of associative compounds. The B\ iE@Be such
approach, which allies the simplicity of a cubic HsSoredictive natire and accuracff] with

an association term that allows its use for polar and associatingpoands turning this EoS

into anasset that can beasily integréed in process simulators. One dié major advantage

of the CPA model is that it reduces to a cubic equation of state for everyasmwciating
component, what makes it a powerful replacemeor cubic equations of state in process
simulation, as only associating components will require a special treatrR@néxample in the

oil and gas industry, all pseudo component properties used by the cubic equations of state can

be used by CPA as well



There is today a need for models able to describe multiple thermodynamic and transport
properties, as well as the phase equilibria with a single set of pure paraniéléviast models
are nowadaysunable to do this, and those with that capacity use ayvhigh number of
parameters decreasing their predictive ability. There is also a need for more predictive
methods for multifunctional molecules, as in many cases their liquid densities and vapour
pressures are not available or are impossible to measueetduhermal degradatiofi8] Thus
more accurate sets of parameters are needed for multifunctional molecules. According to de
Villiers et al[9] these should be obtained using more properties and pressure conditions

during the parameter fitting.

With this work we pretend to upgrade the current CPA model while alsdimg it more
generalized and easier to use for nthrermodynamic experts, such as chemical engineers

running a process simulator. We will be looking at how the current model can be improved by:

1 Analysing how thé parameter (and volume) is treated in tlvabic term (fitted ce
volume or standard cwolume with a volume shift)

1 Defining an explicit multifunctional associative approach with user defined groups,
number of sites in each group and site types (electrophilic, nucleophilic, hybrid)

1 Creating a growgontribution scheme for the associative parameters of different
associating groups.

9 Estimate the remaining CPA parameters by using the critical properties and some
temperature dependent correlations for properties such as vapour pressure, liquid
density aml liquid heat capacities.

1 Analysing other possible alpha functions in the cubic term.

A study on the behaviour of associative groups is proposed in this work, with a primary focus
on the hydroxyl group in diverse families of compounds. To improve theitguzfl CPA
parameters a new property is to be studied as an alternative for the parameterization process.
Previous studies with seBAFT from our group suggested the heat capaaite the property

with best prospect$10] thus we opted to start with the introduction of Cp, while the

prediction of other deivative properties will also be analysed.

This work is divided in seven main sectidnsintroduction, 2. A modified CPA and first
applications 3. Secondaryalcohols, diols and glycerol, AVater and aqueous ystems, 5.
Thiols and amines, &Critical ponts of mixtures, 7.A tentative group contribution method

for multifunctional molecules.



The first part of this thesid,. Introduction, provides a brief context on equations of statad
gf models as well as a review on the applications of group contitioumethods when used in

conjunction with advanced equations of state.

The second part of the documeng. A modified CPA and first applicationstarts by

highlighting the differences between the versidaveloppedin this work and one of the most

usedversions of CPA, the simplified CPACBA). The chapter also presents the first set of

results, for primary alcohols, including an analysis of both the pure properties and the
description of binary VLE and LLE. H#ve transferability approach is applietor the

associative parameters, which will be kept in most of the other chapters. In this chapter as in
subsequent ones, thevarious versions of CPA are compared on the description of pure

properties and phase equilibria. This chapter is based on the staip Palma, A. M.; Oliveira,

M. B.; Queimada, A. J.; Coutinho, J. A. Re\R&uating the CPA EoS for improving critical points

and derivative properties description. FlidK &S 91l dZAf A0 ® HAMTI nocIyphb(

The third section here presented. Secondary alcohols, diols and glycerstudies the
changes introduced by steric hindrance and the number of hydrogen groups have in the
associative parameters. This chapter starts thalgsis on the advantages and issues of using
liquid heat capacity as an alternatipeoperty for the parameterization. Beside binary VLE and

LLE, this chapter introduces analyses on the description of gas solubility and multicomponent
phase equilibria, with includes analysis on the description of ethylene glycol + petroleum
condensatesThis chapteris based on the manuscript: Palma, A. M.; Oliveira, M. B.; Queimada,

A. J.; Coutinho, J. A. P. Evaluating Cubic Plus Association Equation of State Predictive
Capacities: A Study on the Transferability of the Hydroxyl Group Associative Pararaders.

Eng. Chem. Re2017,56(24), 70867099.

As suggest by the titlethe fourth chapter,4. Water and aqueous systemsddresses the
description ofthe pure propertes of waterand its mixtures. This chapter includes an
important study on the use of restrictions for alpha functions. A discussiaghedifferences
between the LLE description using tharious CPA versionsmainly in the temperature

dependencie®f the non-aqueous phasess alsopresented

The transferability approach is expanded to secondary amines and thiolspter5. Thiols
and aminesgxpandinghe study on the description of pure properties and phase equilibria for

two newtypesof compounds.



Thefollowingsection,6. Critical points of mixturesintroduces a different topic. The version of
CPA here applied forces the correct description of pure compound critical temperatures and
pressures, thus it is of interest to verify if $eproperties are accurately describedior
mixtures. The systemshere reported,containing compounds studied in all of the previous
sections are analyzed and, when available, the previously applied binary interaction

parameters used.

7. A tentative group contribution méhod for multifunctional molecules presents the first
version of a group contribution method anaeports its first results for hydroxyl group

containing compounds.

To finish the document a general section@bnclusionsand Perspectivess presented The
Perspectives section includes a brief analysis of the different functions, rules and
methodologies available for CPand a summary of what has been tested and learned about

these during this work, as well, as what still needs to be analysed

1.2 Classic Thenodynamic Models

Models capable of accurately describing phase equilibria for a large range of conditions are
essential tools for the industry. Diverse models have been proposed and used in the selection

and optimization of processes and equipment.

The derelopment of cubic equations of state started long before the appearance of personal
computers, nevertheless it was only with the development of apparatus with large
computational power that they become widely used, were subject of an intensive
development and became of great utility to the industry. Cubic EoS present a simple
mathematical formulation, using parameters that are usually calculated from critical
properties of the pure compounds, enabling fast calculations and ease of use. The capacity of
this equations to provide a good description of the phase equilibria in wide ranges of pressure
and temperature of nospolar compounds makes them a very powerful tool. The most used
cubic equations of state are the PeRgbinson (PR)1] and the Soawé&Redlichkwong
(SRKL1], largely applied in both the chemical and petrochemical industries simulators. As
most of the other cubic EoS, these equations are generally used with terms based on critical
properties, but also include an attractive term dependent on theraiic factor to improve the

description of the vapour pressure far from the critical point.



Despite these advantages, cubic equations are unable to describe systems containing polar
and associative compounds. Being conventional models they are alsoeut@hlescribe
conditions near the critical point and at very low temperatures. To improve results near the
critical point two methodologies have been proposed, the first suggesting a recursive
approach[12][13] This method is nevertheless highly demanding in terms of communati
capacity[14] The second approach, usually named crossover equations, is based on Chen and
Tang worl15][16] This method uses the correct asymptotical description of the critical point,
while transforming the space of the variables to enable a progressive increase of the influences
of critical fluctuations. Despite a numbef works concerning crossver equations, as the
models are always being changed there are scarce versions tested for large groups of systems
or compoundg14] Some cros®ver models have also been used for more modern equations

of state like SAFIL7][18] More information about the advantages and issues of cubic
equations and most specifically SRK will be discussed below in chapter 3.1. An analysis of
group contribution methods for both cubic and more complex equations of state are proposed

asa review and will be introduced in the final version of this document.

Systems of polar compounds have been described for a long time using activity models based
on the local composition concept. Contrary to cubic EoS these models can cope with the
descrption of polar compounds while also providing a good description of-pualar
molecules, nevertheless their range of applicability is restricted to low pressures and small
temperature ranges. Some of the better known local composition models are[RRifid
UNIQUAQ3] These models do not present predictive capacities, thus sormedels were

proposed based on group contribution methods, from which the most famous is UIIBAC.

To achieve both good results for mixtures containing polar compounds and satisfactory results
for high pressures, models mixing equations dtstand Gibbs free energy models were
proposed. Firstly introduced by Huron and Vif#][21] the EoS gmixing rules create many
possibilities through the combination of EoS afkdugd different rules for their mixing. Two of

the most important mixing rules were introduced by Michelsen ¢23].the MHV1 and MHV2
rules. Despite their success in describing systems with polar compounds, most of these
approaches are unable to describe large asymmetric systems. Also for more caystiemxs

with more than two components, this models are unable to perform as well as some more
recent approaches based on association theory and requiring a smaller number of

parameters|4]



1.3 EoSbasal on perturbation theory and their applications in
tandem with GCmethods.

Process simulators are important tools for the desigptimization and decision making of
industrial processs Providinghem with a reliable thermodynamic description while enswy

small processing times is a major challenggentlyfaced by process simulats.

Cubic equations of state,Egnodels and their combination are the preferred methods to
describe phase equilibria and thermodynamic properties. However, the simplititiiese
methods is unable to cope with the description of complex compounds, their mixtures and a

broader set of operating conditions.

Association equations of state atbe most powerful tool to describe the thermodynamic
behaviourcurrently available Nevertheless, their use j$n many caseshindered by the need

to parameterize every new compound in study. This probleauld be overcome by
introducing groupcontribution methods for parameter estimation, allowing for automatic
parameter generationBelow we will describe the state of axn the application of group
contribution methodsfor association EoS, based on perturbation theory. The advantages of
these approaches, as well as their shortcomjraye considered, providing a comprehensive

analysis ofhe recent developments in this field.

1.3.1 Introduction

One of the main concerns of a process engineer are the separation steps of any process. The
correct choice and optimization of a separation process, operation conditions and solvents are
needed to reducehe high costs of separation as well as increasing security while reducing

health and environmental risks.

Knowledge of the thermodynamic properties of the systems involved in the separation step is
of outmost importance to create an efficient and safe g#es. Nevertheless, testing every
system experimentally is not possible and despite the high number of binary systems already
studied there is still a lack of data on multicomponent/multiphase systems in the open
literature. To deal with this issue, acate thermodynamic models are needed to predict the

properties of these systems.

The most widespread models tddressthese issues are the cubic equations of stétee

most widely usedbeing PengRobinson and Soave Redlich Kwong), excess Gibbs energy



models, and the combination of the two previous methods. Despite their strength and
simplicity, these are not able to describe systems containing highly associative, highly

asymmetric and most multiph&ssystems.

Since the last decade of the previous centumpodels which explicitly take into account the
effect of hydrogen bonding haugeen object of significardevelopment§8]. These association
models are able to describe phase equilibria and physical properties of compounds capable of
hydrogen bonding, be it with other molecdl®f the same component (seHssociation) or

with different components (crosassociation). Some impamt examples are the group
contribution with association equation of state (G{28], the Statistical Associating Fluid
Theory (SAF[R4], the AssociatedPerturbedAnisotopicChainTheory (APAC[Rb], the Cubic

Plus Association equation of state (CBAand the ElliottSureshiDonohue E0S. These have
proven to be a huge improvement over the dasl models when dealing with

polar/associative molecules.

However, to date, many simulations in the industry involving processes containing associative
molecules and multiphase systems still use a cubic EoS in their property packages. This is in
part dueto the predictive capacities of the cubic equations of state, which only need data for
the critical properties to describe many pure compounds, while, in most cases, for more
complex equations of state a fitting of one or more parameters are requiredallysto
saturation data. Many compounds already have their parametessablished for an
association equation of state, however with diverse versions of each equation and the

increasing number of molecules of interest, fitting all compounds is simplyeasttie.

Group contribution methods are important tools in the prediction of thermodynamic
properties. These have been previously applied in combination with excess Gibbs energy
models, as well as in EgSapproaches to improve the predictive capacitidsitese models.

Allying the predictive capacities of these methods and the accuracy of association equations of
state is an attractive prospect. This work focuses ondbmbination ofgroup contribution
methods and association equations of state, whickxpected to help widespread the use of
these models. Tk study concerns specifically those based on perturbation theories, mainly
the SAFT family of equations, where GCA and CPA are considered special cases and will receive
specific mention. The EIBIA 2 (i G b { dzNX fikalspegial éage adS predictive EoS which
accounts for association, this EoS has one group contribution method for polymers, however,
the EoS will not be analysed in detail as the method was later expanded to SAFT and the

general desription is presented in the SAFT section.
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SAFT type Eff§ are models based on Wertheim's first order thermodynamic pertudrat
theory (TPT1) for associating flui@.SAFT and its variations have been successfully applied to
diverse systems, bothitt nonassociating compounds with large asymmetries (e.g. Wit
alkanes with the original SAFT; mixturesneéthane H, CO,ethanewith alkanes using RC
SAFT[26]),[8] and associative compounds, which is the areaemghthis theory is most
relevant. One area where SAFT proved to be an extremely important tool was the description
of polymers and their mixture8] Some recent applications of SAFT equations of state include

the description of ionic liquidand deep eutectic solventf27,28]

A large array of SAFT versions have been proposed since its gpigiiahtionin 190, with
various approachedeing conducted for group contribution methods for both the physical
parameters of the pure compounds and the binary interaction paramg@29s35]. Constant
values, or more rarely, group contribution methods for the association parameters have also

been employed witlgoodresults[34¢36].

The Cubic Plus Association (CPA) equation of statebinesan association term based on
2 SNIKSAYQa (KS2NE gAGK (KS aenablidg goGipiedictiodst |
for associative/polar compounds, while for hydrocarbons it simplifies into an accurate but also,

simple cubic equation.

CPA was firstly introduced in 1996 by Kontogeorgis gbhlwith the objective of describing
multicomponent and multiphase equilibria of diverse mixtures of hydrocarbons and
polar/associative compounds, like water, alcohols, glycols, esters and organid&ci@RA
has proved its worth in the description of associative and polar systems, while for

hydrocarbons the use of SRK or other cubic equations luageldeen established as adequate

choices. Thus CPA is seen as a good compromise between accuracy and simplicity, being

considered the best choice for modelling associative systems which do not need the more

elaborate SAFT equatiosiichas polymers and ottr more complex moleculd$]

The group contribution with association (GCA) equation of state uses, as the hame implies, a
group contribution method to describe the dispersive term of the model, being a particular

case of a perturbation theory EoS already coupled with a group contribution method.

Odzd

GCA was proposed by GrosetfaB]F & | O2YoAylI A2y 2F 2SNIKSAYQA

the group contribution (GC) EoS, with the main objective of describing multicomponent
systems containing associating compounds. GCA, as the first associatidiore@fiatate with

an incorporated group contribution methodt has been compared with previous EoS + GC

11



models and has shown relevant advantages with the explicit introduction of the associative

term.

1.3.2 Group contribution methods and equations of state

Theequations of state analysed in this work explicitly separate the physical from the chemical

dependencies to compressibility. This can be observed in equation 1
7= th}'s + Fassoc — th}'s + Zcham_ 1 = gattr. 4 Frep. 4 BT _ 1 (12)
L]

Whereni/no ¢ 1 corresponds to the association termyis the true nunber of moles existing

after association ando is the apparent number of moles without considering association.

GCA
GCA is a special case of an EoS, where a group contribution method is introduced directly into

the EoS attractive term. This term is a graxgmtribution version of a density dependent local
composition expression (NRTL). The repulsive term-{fodeme) is a hard sphere term based

on the CarnahaiStarling equation, being usually described, in terms of the Helmholtz energy,

asfollows:
gz%(y_1}+£(}’f—Y—lnY}+n1nY (1.3
where:
v=(1- ﬂ)'l (1.9
BV
A = B ndf 19

Tis temperature,Ris the universal gas constant,is the total volume, NC is the number of
components anch; is the number of moles of component The hard sphere diamate; is

obtained from:

d, = 1.065655d_, |1 — 0.12exp (— ;T)] (1.6

With T being the critical temperature of compoundand dg is the value ofd at this

temperature.

The association term is a modified form of the expression used within SAFT, which is expressed

as:
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ATERE = TNCAp:

- (mx*ﬂ' - 'm) + 1] (1.7

&

WhereNGAis the number of associating groug$is the total number of moles of associating
groupi, M; is the number of associating sites aXkés the fraction of group not bonded to site

k, given by:
Xlk:]_ 1+E".'GA _| 3;{! _;l}ﬁ'k.i _;.}] 1 1.9

Themolar density is here presented Ja}% while the association strength is:

AUeBL) = geletl [exp( “u) 1] (1.9

With x*#5 and %%/ being the parameters representing the volume of association and the

energy of association, respectively.
Theattractive term, as mentioned above, is based on NRTL and can be described by:

Aare {2/ 208 gmix(TV)
— R (1.10
BT RTV

Wherezis the coordination number, which is set to 2Pis the number of surface segments

andgmixis the characteristic dispersive engrger total segments.

These are calculated from:

Bregn iTh i
NG NG TRER]TA

Gmix = E E Ek 17NE J, J (1.1
LizifiTy

§ =25 nvyg; (112)

g, is the surface fraction of grouk, NGis the number of groups and; is the number of

groups of typg in molecule. With:

_E:'I 1MW (113)

Agi
7,y = exp((a,; 222) (114
‘ﬂgz_;l Gij — 955 (113

Where g;; is the dispersive energy between groupand j and ;; is the nonrandomness

parameter.
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The five pure group specific parameters of GCA are the group sujfeaal four parameters

applied in the calculation of the dispersive energy between like grgups
&= ] r Fi r
8ii = Ei; (1 + g (F—i) +g 111(;)) (1.16
WhereT;" is a reference temperature specific to each group.

Up to four binary interaction parameters can be applied. The tiivetare the norsrandomness
parameters i{; andh;), while the remaining two present the dispersive energy between unlike

groups, as is presented in equatichd7and1.18

gz’_;l' = kz‘_;l'\.' giig_;l'_;l' (117)
ki =k = ki (1 +K'yIn (ri)) (1.18
Ly

WhereT; is an arithmetic mean between the reference tempenags of groups i and .

When considering association, GCA authors have used constant parameters for each
associating group, independently of thetructure of the molecule. &vertheless it is
important to note that some of the differences in associatiofméeiour may be acunted for

in the physical term. ifferent groups are employed for smaller molecules (ex. no physical
parameters are introduced for the OH group, but are introduced instead for methanol [CH3
OH] and ethanol [CHBH20H], while the remaimig compounds with a primary hydroxyl

group use the group [CHRH]). It is important to note that the associative scheme used for
water with this EoS is a 2B scheme, instead of the 3B and, 4C schemes usually applied with CPA
and SAFTCrossassociation is@ounted for, using a set of constant parameters fitted to each

pair of associating groups.

GCA was the first association EoS to be built specifically as a group contribution methodology.
It could be locatedbetween SAFT and CPA in terms of processingdsprd complexity, being

able of accurate descriptions with lower processing times than SKWd-Ppure component
parameters are usually correlated from vapour pressure data, with binary phase equilibria
(from diverse types of equilibria) beingsed for the parameterization of the group
contributions for binary interaction parameters. In thierature concerning this equation, no

pure properties, exce®, were calculated.

In 2009, to improve results for the description of systems containing water, Rearedl.[37]

proposed to use modified version of equation 1.6nly for thiscompound:
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dy, = dy, = {u.554 [Exp (—2:—;)]2 — 0.543 [exp(—Z%)] + 1.:]9?} (1.19

This approach enable@d improve the description of the mutual solubility of hydrocarbons and

water.

GCA is thus, ableo descrite a large diversity of phase equilibria, whilgetaining much
simpicity, when compared to oter GC methodsliscussed belowNevertheless, the uses of
this method are mostly for phase equilibria calculations, with other properties not studied with

this equation.

GeneralSAFTconcepts
A large number of SAFT variants have been proposed during theeleesdes. This section will

focus on the variants applied in tandem with a group contribution method. Some relevance
will be given to SAFTand variantsas these equations were built with a group contribution

feature in mind, as was the case for GCA.

The contributions to the residual Helmholtz energy, in SAFT equations, are usually ditided
a segment term, a chain term and an associatierm. The differences between most of the
SAFT variations are due to changes in the segment term. The chain term can, in most versions,

be written as:

% = %;ix;(1 —m;)In(g;(d;)"™) (129

With gi being a radial distribution function, itself dependent on a temperatadependent

segment diameted;.

The association term is also common among the diverse versions of SAFT:

% = X ¥%; [EA[(IHXA[ B HTALJ * :EL M"] (12D

with M; beingthe number of association sites on molecubnd Xt the fraction of molecules
non-bonded at siteA. It should benoted that this expression will be changed in approaches
that use a noraverage grougontribution method for the associative parameters (ex. SAFT
as the association sites will be linked to a specific group instead of the whole mol%¢uis.
given by:

. 1
X4 = (143,55, oK% N5 (1.22)
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where p; is the molar density of componentand A4 is the association strength between

site A and B of moleculésndj respectively, which is calculated from:
AAiBj — dgﬂi}'(di}'}ﬂg}fﬂiﬁj [exp{s“lf&i ,’kT} _ 1] (1.23

wherek is the Boltzmann factorT is the temperature and and ¢ are the association energy

and volume, respectively.

It is important to note that most versions of SAFT use, in approximation, a temperature

independent diameter () instead ofd;;, in the original SAFT (SABjTthese two parameters

iy

can ke correlated from:

d 14+0.2977kT /=
- = — i P (124)
o 1+DI55;EEMT+J‘I~”1}|::K_ET-_}
With:
f(m) = 0.0010477 + 0.025337 ”‘T'l (1.25

Wherem s the number of segments.

As presented above the segment term is where most differences are vigtiteterm can

generally be presented as:
¥ = azﬂgzixt-mi (1.26
where m;is a parameter linked to the chalangth of molecule.

F8g h dizp.
a,  =ap +a, 1.27

Different hardsphere expressionare used inthe variousversions of SAFT. One of thetter -

known is the CarnahaStarling ¢sedin SAFWVR PGSAFT and SAFTX (G KS NBYI Ay Ay 3
use a simplified version of the& equation) Tables are presented in annex showing some of

the variations on the contributions for most of the versions of SAFT here discussed, for SAFT
1/GGSAFIVRand varians, this is discussed/shown in their respective sectianlsile their

base equation, SARIR, is presented in the anneMost differences arise from the dispersive

term, which for SAFD can be written as:

. ) disp
disp _ &R disp | Qpg
ag = (%1 + = (1.28

where:

16



2t = po[—0.85959 — 4.5424p, — 2.1268p2 + 10.285p}] (1.29

[/
ali® = pa[~1.9075 — 9.9724p5 — 22.216p7 + 15.904p] (1.30
m:? (1.31)
and:
pr = [6/(2%°m)]ln = [6/(2%*m)]{s (1.32
where:
Cm =" D21 X O (1.33)

The subscrips means that these are segment, and not molecular, properties.

For both the original and simplified FSAFT, the dispersiterms are the same and can be

obtained from:

giEr A, A

TN Ty T (1.39
with:
A, i & o -
n = impm” (E) o2 [, @ (x) g™ (m,xo fd)x*dx (1.35)
_1 -
Az _ R azhe 2(EN 38 [, (1200 2
= wrpm(i +ZM o+ p ) m (H) o ap[pfl i1 (x) 2g"e(m, xa /d)x?dx] (1.36)

In these expressionsii{x) = u(x) /= is the reduced potential function ans = r/z is the
reduced radial distance around a segmelt is important to note that here the radial

distribution function is related to the chain instead of the segments. Expressions are given to

azhe
o

3 ) Naming the integrald; and I, in order of

calculate the integrals anﬂi +Zh 4+ p

appearance, the expressions for these three terms can then be written as:

(127452 = (14m P 4 (1 - R (1.3
Withn = 5.
L = Ni-gam (1.39
I, = Bigbin’ (1.39
Where:
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m—1 (m—1)(m—2)
Q;=ay+——ayt— —ay (1.40

(m—1)(m—2)

™

by = bo; + 7 by + by (1.42)

=

These expressions for the intedg are based on the Lennaddnes potential and the radial
RAAUGNAROdzOA2Y T dzy B8] M2 obnstants ark eteSsyrk Orlthes® alcllatiohs

(I €andd P and these were fitted to the pure component propertieaflkanes.

SAFFT A& | @ NWRHbiilk shetificallF with graup contribution methodology in
mind. The dispersive term of this variation is explained during the presentation of the group
contribution method on SAFT &4 SOl A 2 YWR dedcKpfion {s Isi@ilar to this approach
except for the GC methodology.

In this section the focus will be on the group contribution methods and in some cases,
specifically for some of the SAFT @ NA I yia GKS NBFRSNI A& F2NIKI NR
further information is deemed necessary, as these variants have very isggitfiérences, not

concerning, directly, the group contribution.

Figure 11 presents a schem of the molecular methods applied in the following group

contribution methods. Most of these methods employ an average of the group parameters for

the whole moleule and create thus an effective homonuclear approach. SAET A (i a @I NA I y
and GESAFIVR use a fused heteronuclear group approach, which enables the interaction

between specific groups, instead of considerimgly interactions between molecules as a

whole:
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Figure 1.1 Representation of the molecular methods applied with the group contribution
methods for propane. a) Homonucleahain of united atom segments, b) fused heteronuclear
united-atoms.

A pseudo groupcontribution method for SAFD
In 1999 a pseudo grougontribution method was proposed with SABTIn this approach, only

the parameter for the segment diameter and chain length are calculated from a group
contribution method. The value fongg, is obtained directly from the slope of the parameter
for n-alkanes, therm.y, is also obtained from the m af-alkanes when removing the values
for the CH and dividing the resulting value by the two £#toups. A similar approacis
employed when different groups are to be parametrized, being the fimahlue a sum of the

group contributions.

The temperature independent volumé® is obtained through a similar grougntribution,
while only considering that instead of° the calalation is made fom.\*°. This methodology

will be applied irother group-contribution methods with SAFT.

Tamouza et alGCSAFT approach
In 2004 Tamouza et d29] proposed a group contribution method for SAFT and SART

inspired on the LorentBerthelot combining rules. In this method, the adjustable parameters
of the physical term, on both equations, were considered to be averages of those obtained
from the constituent groups. The averages for size parameters are esaditb be arithmetic,

while that for the energy parameter is geometric, as is presented in the following equations:
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Ngroups
=1 i Ngroups 1
£ = II £ (1.42)

molecule i=1 i

Ngroups
X, g njgj
__ =
Tmolecule = Effgroups (143)
i=1

nj

ngroups
1 _ Zi'-:J_ nidi 14
molecule — Z’fgroups ( . 4)
i=1

wheren;is the number of groups of type

The chain parameteis considered to be a sum of the contributions to chain len&ghf{om
each group.

Myolacule

= E?f;““ps n; R; (1.45

In 2005 the same authof89] expanded this approach to associating compounds. In the same
year Thi et al.[40] applied the method to PSAFT. Despite the group contribution
methodology for the pure compounds, for mixtures the binary interaction parametarst

still to be adjusted.

Hempinne and ceworkers[41¢43], while expanding this approach to the version of$&FT

for polar compounds (PRC! C¢ 0 X LINPLI2ZAaSR O2NNBf | A2y a
binary interaction parameter corresponding to the energy of the dispersion term (interaction
parameters for the associative term are also used and are considered constant Ibetwee
associative groups)Jsing PPGAFTKontogeorgis and eworkers[44,45] have analyzed the
descriptions of both the VLE and LLE of a large range xtfines and proposed a different
predictive approach for the binary interaction parameters. In this case;ne applied and
instead the | is studied. These parameters were adjusted to the mutual solubility of
oxygenated compounds in water, using camdt parameters for each family of oxygenated
compounds (eXietoneswate=0.01099), thus creating a predictive method for the compounds on
each family. It is important to note that both binary interaction parameters for association

parameters are also taulated and applied in the same manner.

In 2016, Ahmed et a[46] proposed a modificatio to the description of the temperature

dependent diameter of water:

d(T) = oy [1 — Aexp (—3%)] (1.46
Where<sis the diameter softness. In the original-B&FT this value is 0.12. It is also important

to note that " is now temperature dependent for water. This approach was tested for water
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mixtures, using both a method for the predictionlgf and the methodf Kontogeorgis and

co-workers®.

In 2016 Trinh et al47] have proposed a predictive method for the calculatidrijdased on
the nonadditive term of the squarsvell equation of state. This also conforms to a group
contribution method, which is based on the work of Thi e{f4#]:

. 1 group k__groupl ]
Ia’j - ngroupngrouka ZI n; ?lj L (140
i j

group k .

nf" | : is the number of groupkin moleculei

is the number of groups in moleculgn

andL*! is the nonaddictive parameter between grougsand|.

This methodology was applied for the calculation of Henry constants, concerning the solubility
of hydrogen in oxygenated compounds,epenting very reasonable results ard better

predictive capacity than the proposed methods for the predictiok;of

Vijande et al.approach for PESAFT
In 2004 Vijande et al30] have proposed a groupontribution method for norassociative

compounds using RSAFT, which was further expanded in 2049). In the originalwork, the
authors proposed an additive group, in which the parameters are a sum overpal tyf

functional groups present on a given molecule:

Mynalecule = Ei’ n;m; (14&
[:?ng)moleculg = Ea’ n;m;&; (149)
(?ngg)moleculg = Ea’ n;m; J;'3 (150

With n; being the number of groups of type

In this first version, the authors considered that a functionabugr does not affect the
properties of another functional group. However, this leads to the need of creating diverse
versions of each group, depending on their position on a specific molecule. In the second
version of this approach, the mutual effect of twiunctional groups on each other
contributions was introduced. Considering a generic molecular coeffiCigtite perturbed

coefficient for a specific group can be written as:

m; =m; + Am; (1.5)

Wherer[is the perturbed coefficient andm; is the total perturbation felt by groups of type
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The perturbation felt by a specific growp type i, depends on its position in the chain, thus,
the value ofAm; is not constant. Thus, it is necessary to distinguish groups of the same type in
different positions of the chain. Consideringndj as two types of group anki | two groups of

the respective typeAr;, becomes the perturbation felt by groupof typei. Havinghr,, _;, as

the perturbation on group k of typedue to the presence of groulpof typej, it is possible to

write the total perturbation as:

Ei’ ni’ ,f“r[!_ = Z!’ EELI ﬂﬂ'!-k = Zz‘ Ej ZEE: 1 Z?il 'ﬁﬁ:;'k—j[ (152)

A can then be calculated from the perturbation @m; by any adjacent group of kind

ix=it
(4r:-;) and the relative position of groupof typei to groupl of typej (p;,—;). This second
parameter is defied as the number of bonds between each group, and the final relation is

given by:

Am, = Tm (1.53)

=it — Do,
Thus, the sums presented on equatibb2are only dependent on the distance between each

group. Knowing that each group does not affect itselft &ffects other groups of the same

type (¢.,:—; can have a nouzero value), it is possible to introduse: ;as:

- mj 1
Siej =8 = ( ke1 Zim 5 ) (1.54
With this information and knowing that the relevant value is the sum.of ; and . ;_;, and
not each of them individually, these parameters can also be considered symmetric.

When transposing from the generic to the general parameters of PEAFT we need to

calculate the expressions for bottand " :

_ my+mj _ 2Mmei—j
.Ium.s.:'—j - 2 ‘us.a’—j = ‘us.a’—j - m;+m; (155
I8 gy = (Znemi) s
Hmg? - = 5 Hei-j Heioj = - (1.56
And thus the final expressions for the molecular parameters can be written as:
Mpolecule = Ei’ n;m; + Z!’ Ej#m.i’—jsi'—j (157)
1
(?ns)mo!ecufs = Ei’ n;m;&; + EEI Zj(?n!' + ?nj)ps.!'—jsz'—j (15&
1
(?ngg)mo!ecms = E:’ n;m; Jf*;zi' Zj{?n!' + ?nj)ﬂo.i—jasz‘—j (159)

It is important to note that the reference groups for this method are those linked to an infinite

chain of methylene (G and thus the perturbation caused by these groups over another
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group is always Qui ;_cx, = 0). Nevertheless, in this specific cgsg;_cx, * fem,-n:» thus,

the perturbation felt by the Ctthain due to other groups in the molecule is not 0.

In 2014 Vijande et aJ36] expanded this methodologipr compounds with a single associating

group. The expression for the association parameters is given by:

AB

— o AB
Motecute = Ty + LjHnds,_;Sy; (1.60

Where' is an associating group and®is a general association parameter. It is important not
to forget that the associatie group also contribute to the parameters of the physical term.

Also, wherj is a norassociating grougy 4= ;_, = 0. However, the associative parameters are
affected by the presence of other groups andise:z ,_; can have a nozero value. Alsofo

note is that, for the compounds of interest on the paper (primary alcohols and amines), the

relative mutual position of GHand the associating group are given by:

1

(1.61)

SC‘H;—}.- = Sy—C‘H; = L+nca,

And thus the association parameters will present an asymptoti@beur.
SAFT

In 2007 a different approach was introduced by Lymperiadis ¢8%], based on SARIR. In

this approach, a fluid is created based on heteegmented monomers, which are then fused

to form a chain. Thus, in this case, instead of an average value for all groups, the contributions
of each group towards the Helmholtz engy are calculated individually and the interactions
between two different molecules are calculated from the interactions between each segment,
and not from an average set of parameters for the whole molecule. The Helmholtz energy of
the monomer (segmentlerm is calculated from a second order high temperature expansion

applied to the reference, which is a hard sphere mixture:

Amono _ Ahs A, Ay
NkgT  NkgT  NkgT + NkgT (1.62
The equation for the Helmholtz energy concerning the hard sphere term is:
hs
;:l_BT _ (E?zcolmpongnrs xi_zﬁs:fmgnrs v Sk}(ahs} (163)

Where a"* is the hardsphere contribution of a segmentz.; represents the number of

segments of typd in component and, as the segments in this method present different sizes,
& introduces the proportion at which each segment contributesthe properties of the

molecule.
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ah =5 [(2—{— $o)In(1 — {3) +3 ﬁ + L] (1.64)

TP fa(1-¢5)?

The group number density of the mixture)(is related to the molecular density by:

szp( i= 1 izk 1vkzsk) (165)

Wherex,, ;. is the number of groups of tydein the mixturew.

Ne
Xy p = ch;z‘f;i’*% (1.66)
A similar approach is applied for the remaining terms of the monomer contobut hus, the

original values for the parameters of a segment are kept intact and when concerning mixtures
of different compounds, the interactions can be accounted for with higher accuracy and

without the need of binary interaction parameters.

For the man-attractive energy per moleculg5,50,51]

4, 1
NkgT  NkgT

( i= 1 lzk lvkask)al (16D

a, is calculated from the padttractive contributions between two different grougsand|:

E J' 1 X kXs .!'al (16&
which are obtained from:
' = —p.aif” of (1.69
Considering an hypothetical pure fluid of diameterat contact and at an effective packing

eff

fraction {1/ , g5 (0, {krf) is the pair correlation of said fluid. In the first applications a

squarewell potential was applied and, in this case, the value for the van der Waals attractive

parameter igyiven by:

2]
ap™ = ?Tsmgﬁs (4, —1) 1.70
With £,; being the well depth of squaraell interaction of rangel,; and "« the contact

distance of segmentsandl.

In these conditions the radial distribution function is calculated f{6@j:

of f
1-0.58,
9w = ﬁ (1.7

The value oi’,fff is here calculated from:

i;fff = €y ilx + Co a7 + Ca {3 (1.72
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C1.ki 2.25855 —1.50349 0.249434 1
Cokt | = | —0.669270 1.40049 —0.827739 || ki .73
€3k 10.1576 ~ —15.0427  5.30827 2,
With:
$x = = Pu0 (1.74
Using the following mixing rule:
07 = L1 Yok O (1.79

Having calculatedy it is now of interest to look at the calculation Af:

2 ( : )2( X TR UesSi ) (1.76)

NkgT  \NkgT

Where:
ay = LNS L%, X kX1 @5 1.77)
The pair contibutions are given by:

6&5‘:!
dpg

(1.78

kI _ Ll:-Hs
a3 —EK Er1Pes

Where K'Sis the isothermal compressibility of the reference hamhere mixture, which for
the sake of consistency with the meattractive term, the authors calculated from the
Carnahan and Starlirf§2] expression, obtaining:

(1-gg*

KHS —
(1440, +40F —4472+475)

(1.79

In this version, to obtain a compact equation for the chaernt, effective molecular

parameters are applied. These are related to the segment parameters in the following manner:

NS 2
=3 _ Zg=1 VkiSk Okk

O = ZEEJ_ Vi 1Sk (18@
&t = Lo 12101 ZeaZui€in (1.8)
j!’i’ = E}TEIE?;SIZ;“-Z“A!& (182)

z;.; is the fraction of groufxin component, whichis given by:

Ty = sk (1.83

T $NS
E.R': ) VEiSk

When considering a squaxeell potential, the chain term is described as:

Zchan =N X [Zfﬁlvk.isk - 1) hl (.gf;'}v (51'1'153)) (184)

NkgT =171
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Other variants have been tested with different potentials.

This version also presents differences in the calculatibthe associative parameters. The
volume available for bonding of sitesandb on groupsk and| of componentsi andj can be

obtained from:

w5l c 3
K;‘jk!ab = 4';20' _ [111 (T&IGE;QT:?) (6}‘}51!’ + 18?'11_"';5 — 24}}3) T (T.frclfab +2r,— gij} (22}}2 B
Td z
STty — 710 — 815, + 15y + G 2)]
(1.85)

Whered;; is obtained from an arithmetic mean af; andd;;,

14/0;; is the reduced distance

between the association site and the centre of the interaction sphere (set to the value of 0.25)

and 75, is the cutoff distance. Thus, as in the case of the methodology of Vijande[8Dal.

the association parameters will depend on the structure of the molecule and not only on the

nature of the asociating group (in SAFT (KA & Aa 2yfeé GNHzS F2NJ (KS

interactions).

In 2008 Lymperiadis et aJ53] extended the approach for groups Witmultiple spherical
segments, whereSs=uQ{2 with viQbeing the number of segments in grodpand SQis a

modified segment size to accommodate the previous parameter.

This EoS has been linked with developments, using various force fields, which paveeiin

the link between experimental data and CoaGeained (CG) models. Some newer variants,

which modify not only the force field, but introduce other modifications to SART K| @S 06SSy
proposed and are analysed further in this review. bbater-knownof these versions is SAFT

Mie introduced by Papaioannou in 20[BH4].

Extension of the ESD group contribution to SAFT aneSRET
Another group contribution method wasroposedby Emami et al[31] in 2008. This approach

was an extension to the methodology presented for ESD by Elliott and Nat§bajain SAFT

and PCSAFT, creating a different group contribution method than that of Tamouza [294l.

To adapt this methodology, a correspondence between the different EoS was needed. A
relation was then introduced between the otecular volume and the equation parameters.

For SAFT equations this comes as:

b=mma3?/6 (1.86

In this methodology the assaociation volume is correlated from the physical term parameters:

K42 = 0.035b/m (1.87)
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The energy of association is tteverage of all associating groups in the molecule, with
constant values for each type of associating group. Nevertheless, it is important to note that
only groups with 2 associating sites were considered in the original version of the method.
Restrictionsare then introduced to the remaining parameters. For calculatingotparameter

the extended Hoy56] correlation isapplied:

29g _ 0.AVE®E
Zp™ = B (1.88)

The 0.1 in equatiod.88is the pressure of application of the equation in MPa. The liquid molar
volume at 298 KI§2“®) is given by:

V2% = 121+ Y v,AV, (1.89)
With AV; being the group contribution fdiquid molar volumes as introduced by H&%].
The authors then use the internal energy from liquid molar volumelseat of vaporization as
obtained from the Costantinou and Gani G@ethod [57] to restrict the internal energy

departure functions and obtain the value for the energy paraenefhis is presented in the

following equation:

Zyr2og
sZpges U

208k 298R (1.90
]
Wheret is the solubility parameter given ly= [(H2%8 — 298R)/v2%] ",
The segment number is then obtained from
m=1+ Y v,Am, (1.9

With Am; being the group contribution for the shape factor.

One of the main advantages of this method is that all the pda¢a necessary for the
calculation of the pure compound parameters are obtained through other group contribution

methods and thus, no experimental data is needed in order to use this methodology.

GC approach with first and second order groups for sPAFT
Tihic et al.[32] proposed yet another GC approach, using the simplifie€BRET for systems

containing polymers. The methodology is based on Constantinou and Gani group contribution
method [57] and introduces two levels of group contributiori§rst order groups (FOG), which
only give information on the groups present in the molecule, but which are not capable

distinguish between two @mers (eg. Zentanol and Zpentanol, both have 2 GHL CH, 2 CH
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and 1 OH groups) and second order groups (SOG) which introduce information on the

structure of the moleculeThe parameters for a molecule are then obtained from:

Muolecule = E (?1 m; )FOG +E []’l m; ) (193
(M) potocute = LM M;07 roc T 2; (n m;o; ) soc (1.93
(Me/k) motacute = 2i(MiM;€; [k ) pog +Z [n m; r_;r /k) (1.99

GGSAFIVR
In 2009 Peng et aJ34] proposed a different group contribution method based on the hetero

segmented version of SAIWR. Being based on the samersion of SAFT, the GC approach
here applied presents some similarites to SAFP b SGSNI KSt Saasx Ay (GKAa @€
groups/segments are related to a pure component instead of the whole mixture, as is the case
withSAFF | & O y odnpaii) 8qghatign&.65¢ind D94

Xeki = XR]TRE (195

n
NC ¢
N

wheren,, is the number of group types on componeat

This leads to applying the interactions between groups of each molecule as can be seen in the

example below:

n kil
‘IIZEI:lE Zk 121 1 Xs ki s!jal d (1%)

And thus eliminates the need to create a set of effective parameters when considering the

chain term.

Some other notorious differences include the use of a different effective packing fraction

expression based on the works of Patel e{%8).

of f _ Cukilu+Copili
kil - (1+CE'I':I€I]3 (197)
1
Agitj
1
€1kl —3.16492 13.35007 —14.80567 5.70286 FE
€2kl 43.00422 —191.66232 273.89683 —128.93337 L (1.99
Ca .kl 65.04194 —266.46273 361.04309 —162.69963/ | 7z -
1
Afigj

Another important difference is in th&*Sfunction applied, which in this version is the Percus

Yevick expression:
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fo(1-g)*

HS _
K = i artetaa g (1.9
In this method the chain contribution is given by:
A i —
Aatain _ _ 3, Ty (3, (30)) (1100

NkgT
The first sum is over all components, while the second takes into account the chain formation

and connectivity of the segmentislereSWstand for squarewvell and:

Vithes = exp(—Periis) Givr; () (1.109)

with B = 1/ksT

The association term is calculated in a similar manner to SABT

GC method for polymers with RSAFT
In 2012 Peters et a[33] presented a GC method for the parameters of polymers and their

mixtures using PGSAFT. This method uses the same approach as the one from Tamouza et al.
[29]. Nevertheless, the authors have shown that parameters calculated previously for groups,
do not transfer well to polymers. Thus, differesets of group parameters need to be used for

polymeric molecules.

The same authorproposedin 2013[59] a GC method for the binary interaction parameters

between polymers and solvents.

NG; NG
[Epzinp;fzszl LES |
1- ki’j) =

T (1.102

Here kys is the contribution to the binary interaction parameter from each pair of polymer
solvent groups andahp, is the number of groups of typp in polymeri and the same for the
solvent. It is importat to note that the authors only use the groups for solvents in the binary

interaction parameters. For the pure solvent parameters the authors use optimized sets.

This methodology enables the reduction of SAFT parameters to fit systems containing
polymersand cepolymers, while providing accurate results for the analysed systems, in some
caseswith better results for mixtures than those presented previoussing the conventional

parameterization.
SAFE 2 /|

In 2013 a SAFTbased approach was developbg Ghobadi and Ellidi60] with the objective

of creating a consistent model for the description of interfacial properties, without the need of
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a full molecular simulation. This version is based on W&HendlerAnderson potential. In
this version he Helmholtz energy contributions are divided in:

a = a!’d 4 (IWC'A 1 achai’n 1 apsrt 4 gfssorc. (1 103
The Helmholtz free energy is, in this version, directly compared to the corresponding terms in
molecular simulation.
The perturbation contribution in equatiori.103 is based on ahird order Zwanzig high
temperature expansiof61,62}

A1 Az | 4a

aPrt =2+ 24 2 (1.109
Where:
Ay = N;§<u’>o (1.105)
4y = 5oz (U)o = W13) (1.109
Ay = ——((U™)g = 3(U" ) (U™)g + 2(U")3) (1.107)

3INEE
(U'), is an average over the configurations of the reference system for the total potential of

the system.
The Helmholtz ermrgly of WCA spheres is given by:
wea _1(_ _ nnayy 3
a = p( ngln(1—ny) + G + fanz) (1.108
With:

fg _ (3 }"2_2Fa]“a_1-5(}"2_]"aJ[2“a‘“g]*’}"a(l_“a]zm(l_“a] (1109

36mn3(1-ng)?

1; are adjustable parameters fitted to simulation data of WCA spheigss p Y.V x;M*. The

description ofM;” is presentedn the annexes

The chain term is also different in this version. The authors have shown that for some
molecules, as is thease of some twaite molecules, the chain contribution can easily present
a value of 0. To solve this issue, this version uses:
) . 1 .
achaim = — FNC (52?311’&.;5& NBk) Ingl¥c4 (1.110)

Where NE stands for the number of chain links for a site of tpeMore information on the

specificoof this equation can be found in the origiraticle [60].
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In 2014 Ghobadi and Ellif3] expanded this version to associative compounds. The approach
for this term issimilar to what was presented when applying SAFT ¥ 2 NJ 0. d=zbr { FfdzA R
inhomogeneous systems a more complex approach is applied based on the works of Segura et
al. [64] and Bymaster et al[65]. It is important to note that such an approach casneith a

high cost in terms of number of parameters. Twelve adjustable parameters are used per non
associating group, with six extra parameters for associating groups, two of those concerning
the number of sites. In the first work with this equation oftstavery reasonable results are
presented for liquid density and derivative properties of alkanes up to dodecane. Vapour
pressure presents higher deviations, which are, however, still in the range of magnitude of
other group contribution methods with SAFAs in most of these methods, the critical
temperatures and pressures are not correctly described. In the second and third works with
this version of SAFT, the authors present very reasonable results for interfacial properties and

expand these to moleculesith groups capable of hydrogen bonding.

This model was based on the TraPPE force field, nevertheless as shown by the authors its
parameter transferability is inferior to that of TraPPE. Further information on this approach

canbe found in the articlediscussed above

SAFT  aA S
A new version of SAFTemploying a Mie potential force field was presented in 20@4

Pappaioanou et al[54]. This version uses a higher order temperature expansion for the

monomer term, which can be described as:

mono hs
. .- N T (1.11))

NkgT  NkgT NkgT NkgT NkgT

However, instead of the dependence with the effective hardsphere diameterd,; is

applied:

Okk Mg
dige = |, Kk [1 — exp {— Pleie ( “]}] dr (1.112

Where the interaction energy between two segments is given by:

A Al
Mie (.. _ A AN
@37 (1) = Crr& [( ) - (E)

Tkl

(1.113

Hered}; and A%, are the repulsive and attractive exponentf the intersegment interaction. To

ensure that at the minimum of these interactions the value obtainedsis, €;; comes as:
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a
r r :r"1 a
Ay A YL
Coy = kL (ﬂ) kl Tkl 111
T ap-ag \agy ( 3

The hardsphere term of the monomer part of the equation is mainly the same asdhSAFT

1 @ LAY cotitrfo@ion the value of, 4, is now obtained from:

Ay g = Cpq | X [ okl (‘11 1t (Pss A5y) + By (ps, ’1&:)) X (‘11 1t (Ps Ap) + BH(Psr;{EJ))] (1.115)

wherex, ; = 0,/ d;,; and:

! x( I]
B (ps, At) = Eﬁpsdﬁs‘?kr i 23( ) =2 lﬂ ——=J(4 H)] (1.116)

2(1-¢
To simplify the integration of the potentiai‘,(,lm) and ,-’[Ak.r) are introduced, theiruse is
explained in detail by Lafitte et 466]. Similar modifications are needed to the teuy,; as
well as the introduction of equations fel;. Six pure parameters are needed in this method to
describe a norassociating group plus five parameters fassociation compounds, it is
important however, that three of these parameters correspond to the number of bonding sites
and number of hydrogen bond receptors and acceptors. On the first work with this version of
SAFT the authors show relevant advantagethe description of derivative properties, being
able, for many compounds, to present correct descriptions for vapour pressure and liquid
density, while presenting reasonable results for derivative properties, including speed of
sound. The predictive capity for phase equilibria has also been shown, and for many binary
systems this model is abte producea completely predictive description, where, most other
methods of the same type need binary interaction parameters. For a complete explanation of
these modifications as well as othahangesconcerning the use of the Migotential the

reader is forwarded to the original SAFT a A S [54]F LJS NJ
In this version the association strength uses a more complex function:

AP, = 03I lexp(ef7*® /k,yT) — 1] (1.117)
with I;; . as a dinensionless integral. The evaluation of this integral is discussed by Lafitte et
al. [66] and Dufal et al[67]. One of these evaluation methods consists in an approximation
based on a BarkeHenderson zerottorder perturbation approach, in which
g™e(r) = gf¥ (r). Assuming*gZ*(r) = d* g5* (d) an expression close to that of other SAFT

variants:

Leap ~ 95° (i )K S (1.118
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CPA
CPA allies the simplicity of a cubic equation of state whth rigour ofan asociative term

0FaSR 2y 2SNIKSAYQa (KS2NRB® ¢KAA | LIINRIFOK ONBI
state for associating compounds. These are desirable characteristics for the industry, as an
increase in processing time, even if small, might hak&evant impact in the simulation of an

industrial process.

In terms of pressure, the physical term (cubic term) of CPA can be written as:

RT a
Pewnie = 3 T e s et (1.119)

Wherel, and 1, are parameters specific to a cubic EoS. Usually the cubic term applied with
CPA is the SoaMedlichkwong (SRK), for which, = 1 andi, = 0. The term a is

2
a(T) = a, (1 +e,(1 —vﬁ}) _
Binary interaction parameters in the cubic term are used to correct the @pesgy

parameters:

;= \r"?aj(l - ki’j) (1.129

The association term is similar to the ones presented before and can be written as:

RT din
Fassoc = _Tp (1 +p apg) Ea’ n; E.‘lf[l - XAE-) (1121)
with:
1
Xa; = 1+pEJ'XJ'ESJ.X3J.ﬂAfB} (1.122)
where:
]
A4iBj = gptl g4iB; (e? — 1) (1123

CPA usually presents tendencies within a dmeéamily of compounds for both the energy
parameter at the critical temperatureaf) and the cevolume of the cubic termh). However,
the alpha function parameterc{) presents a high variability and should be regarded with
concern if a group contributn method for the whole equation is needed. The association
parameters do not present the same flexibility as in SAFT or (BGAost cases considering
them constant within a specific family of compounds is not possible, unless a mogifigidn

of the madel is employed68,69] Oliveira et al[70] and Queimada et a[71,72]have tried to
obtain correlations based ro the van der Waals volume, for the pure parameters.

Nevertheless, even within the same family of compounds, in most cases, the tendency of the
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alpha function parameter was irregular and was not possibléetelop predictive correlations

for this paramete.

Successful group contribution methods applied to CPA have maddyessedthe correct
description of mixture phase equilibria. These have been conducted using tB®RRersion,
where the SRK cubic term of the Simplified CF3 model is replaced by Perigobinson. In
equation1.119 this corresponds to having = 1#2 andt , = 1-K2.

Mahabadian et al[74] and Hajiew et al[75,76]incorporated the G@nethod developed by
Jaubert and cavorkers[77] for the PR EoS, PPR78 (824 and1.125), with CPA. Theofmer
used the original version while the lattertroducedsome modifications.

Iﬂi':TJ 'ﬂ_.,-(]'h
ecum [ — X
S xSum B, oo

ey () = - (1.124)

\I'ai-(l" Jaj(rh

2

2
bibj

Ng +«Ng 298.15 eﬁ_l)
SuMpppye = LyZy ;:1(‘1;'5- - ajk) [a” - aj!)‘qk! ( T ) (1.125)

Ny being the number of groupk and | are indexes representing the group&,and B are
symmetric group interaction parameterfi=Ax) andh i is the fraction of group& in molecule

i, given by:

number of k groups in molecule i
gy = fkg (1.126)

" total number of groups inmolecule i

The modification, mentioned above, was based on the description of binary interaction
parameters for water + hydrocarbons, which were not correctly described with the drigina
PPR78. Hajiw et al75] introduced moadifications to equation 124 for the specific case of

interactions with associating groups. Three group parameters were introduced for these

interactions:

SuMgp = T, 00 P R0 (ay — g ) (@ — o) (CuaT? + Dy T + Ep) (1.127)
Applying this modified method, the same autioshowed the capacities of GRCPA to
describe the minima of LLE solubility in systems containing water and heavy hydrocarbons,
using a temperature depender¥;. Accurate results are obtained for ghguid equilibria of
liquid alkanes with water, whdl the aqueous solubility of heavier alkanes present a correct

behaviour.
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Hajiw et al[76] have tested the same approach for the analysis of methanol content in natural
gas. GEPRCPA is able to represent the azeotropic compositions and to accurately describe

partition ceoefficients, both in a wide range of temperatures.

One of thebetter-known applications of CPA figr the description of systems with hydrate
formation/inhibition. Using the original PPR78 group contribution withGHA, Mahabadian et
al.[74] applied CPA to a multiphase flash in the presence of hydrates. Accurate predictions are
obtained for the hydrate stability, usg this approach, obtaining good estimations of the

hydrate dissociation conditions.

These analysis were only applied to systems containing a single associating compound (water
or methanol), thus no studyas evermade on the need to correlate associatiohinary
interaction parameters or on the use of PPR78, with or without modifications, between two

associating molecules.

1.3.3 Resultsand comparison ahese methods

In this section, a brief analysis of results, using the different methods for somestweied

compounds/mixtures ipresented

For pure components properties it is not fair to include CPA, as its pure component
parameters are optimized from fitting vapour pressure and liquid density data. For GCA, the
authors only presenthe results for saturatia pressure, and thus this will be the only property

in analysis for this modeFkor most of the SAFT GC approaches presented, the deviations on
the vapor pressure and liquid density are on the same order of magnitude as those of their

optimized counterpan.

Emami et al[31] presented a comparison between the results of their GC metnudithat of
Tihic et al[32], for vapor presures For the twelve families of compoundssedin the study
the method of Emami et aJ31] showed superior resultsNevertteless, it is notorious that for
compaunds with a lower molecular weighthe predicted vapor pressures are not accurate.
However, this method alsaddsthe advantage of notequiringa previous optingation to
pure component data. fle data needed for the optimization is obtained through otlgeoup
contribution methodologies and the authors repah averagealeviationof less than 30% for

the vapor pressure data of the 666 compound&din the study.
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The moststudiedGC methodologfor SAFT and PEAFTs that based on the work of Tamouza
et a. [29] and its extension to polar compoundsown asGCGPPCSAFT41]. Some results,
obtained using GGPPCSAFTor the pure vapor pressures and liquid densities of alkanes and
alkanols were analyzed and are compaseith the results using the workf Vijande et al.
[30,49]expanded for asociative compoundf36]. Thepredictionsare compared to Multiflash
[78] correlations (ethanol up to-butanol) and to carelations obtained from the data in the
DIPPR79] and TR(@80] databases for the remaining compounds. For most compounds, there
are some similarities between the deviations from both methods. Nevertheless for these
compouwnds, theapproachof Vijande et al. seems more consistent in the deviations for vapor
pressure and presents a better description of liquid densities. Thesdts are presented in
table 12.

For heavy alkanols like eicosanol, the deviations obtained &mow pressures are high.
However, the volatility of these compounds is low, and the uncertainties in their
measurements areonsiderable and it is to be expected that these models, especially using
group contribution methodswill present difficulties in ie description of vapor pressure.
Interestingly enough using the method of Vijande et[a6] for associating compounds, the
results for liquid density are stidjuite accurate when compared to the DIPPRretation. For

this compound, the deviations of the method of Tamouza et[20] are still close to the

average deviation of the method of Emami et[al].

Table 1.2 Deviations for vapor pressure and liquid densities ofrteaikanols.

%AAD
Vijande et al. Tamouza et al
Compound Trange(K) P& " f ; P& Tt A

ethanol 260400 4.62 096 5.86 2.88
l-propanol 260400 4.89 131 4.49 1.23
l-butanol 260410 1.03 0.75 7.84 2.24
l-pentanol 315455 250 0.05 1.72 2.06
l-hexanol 275455 3.37 0.31 545 250
l-heptanol 285445 6.78 0.53 10.75 1.89
l-octanol 300460 7.77 0.70 7.20 1.66
l-nonanol 300470 7.26 0.51 4.22 1.86
l-decanol 330490 11.10 1.04 3.36 1.16
l-eicosanol 404574 40.24 3.31 31.08 14.39
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It is important to remember that the calculation of the method of Vijande ef38] does not
take into account a polar contribution, which is expected to decrease the accuracy for specific

compounds/systems, which depend greatly on these contributions.

GCA authors have showgood results for the vapompressure of pure compounds. Some
examples include Sanchéz et[8ll] which presented deviations below 7% for a large group of
aromatic compounds in temperature ranges of 6&B25Tc A second examplare the results

that Soria et & [82] presented for both branched alkanols and branched alkanes with
deviations below 5%. However, the method of calculation of the critical dianfetdito be
changed as the authors pointed out, and this will affect the description of the atrjpiint.
Another example is the accuracy of the description of alkanes up to 36 carbons studied by

Prieto et al[83] and which yieldsleviationin most cases inferior to 5%.

The moe complex methods on this list are the SAREriants and GGAFIVR, both based on
SAFIVR. These modetsquire more information on the structure of the molecules. However,
when these models were first presented by Lymperiades €B8].and Peng et al34], they
showed to be able to predict the properties of heavy compouwithin reasonable accuracy.

The reportedresults for the average deviations of vapor pressure of ikedkands between
ethanol and idecanol with SAFT [84] never exceed4%, while thosdor liquid density are
mostly within 1% of deviation. These methods have been applied to a large range of complex

compounds and mixtures and a short list ajnksis reportedin the annexes.

The following paragraphs present a brief comparison for systiaishave been analyzed by

more than one of these methods or have been calculated iswviiork.

Most SAFT variants are known to present higher deviations, than CPA and GCA, when
describing systems of water and alkanes. This is verifigtie resultsby Hajiew et al.[75]

when the authors compare their results to those of GCA andPBESAFT. This is also
emphasizedn the work of Sanchez et 4B1] where the authors compare the results of GCA
with those of sPEGAFT and-€PA, being the mailts of those two equations, which use an
optimization approach instead of a group contributi@omparable However, SAFTalready
presents a high accuracy for these systems, as presented by Papaioano@4}with results

that are comparable to GCA for the LLE, while in most caseg lable to present a better
description of the VLE. Figute2 presents the results for the VLLE of water-pehtanol and

water + thexanol using both SAFTand the approach of Vijande et al. with B8FT. For

water + kpentanol the results for GCA from Soria et[8b] are also presented. GCA is able to
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provide a verygood description of this system for both its VLE and LLE. The description with
SAFT is also satisfactory, but while keeping a good description of the LLE, a decrease in the

quality of the VLE igbserved
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e ) e
= X360 ~
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O 340 } o
& o
320 I 30t o SAFT-
= GAMMA
300 S 300
o
0 L L L
0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1
x/y water x/y water

Figure 1.2 Results for the description of the systems waterpehtanol (left) aal water + 1
hexanol (right) at 1 atm. Experimental data values are from Goéral &&).Cho et al[87] and
Tunik et al[88]. Thek; applied for GEPGSAFT was optimized in this wokk<0.02 and 0.04
respectively).

A similar accuracy for the VLE of water with ethanol oreed with GEPPCESAFT89] and

SAFT [90]. Similar results are also obtained using the approach of Vijande et al. with a single
ki that was obtained in this work and are presented in figlir® where these are copared

with those of GEPPESAFT using onlyka (the best sets from Pereira et §89] use two other
binary interaction parameters). Both GPCSAFT and SAFTend to overestimate the pure
saturation pressure when compared to these experimental data, while the afitmg with

GCPGCSAFT present an underestimation of these values.

38



P/kPa

= = = GC-PPC-SAFT
A 313.15K GC-PC-SAFT
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

x/y 1-ethanol

Figure 1.3 Results for the VLE description of water + ethanol witlFR@SAFT and GRPC
SAFT. Experimental data values are from Phge#d.[91] and Vu et al[92]. Thek; applied
for GEPGSAFT was optimized in this woki=0.025).

Figurel.4 compares the results of PFRAFT and GRRCPA for the descriptioof the VLE of
methanol with small alkanes. The results for CPA are in very good agreement with the
literature data, while both SAFT models present higher deviations, especially when using the

GC method from Vijande et aHowever, GEPPCSAFT predicts ALE immiscibility in both

systems, which is not shown in the experimental data.

The results for systems containing phenol/anisole and other hydrocarkere calculated
with both GEGPPESAFT93] and GCA94]. These results are mosthquivalent, lowever, GCA
is still able to outperform GEPESAFT in the description of mtoof these systems.
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Figure 1.4 Results for the description of methanol + propane at 3133 (left) and methanok
butane at 323 K96] (right) with GEPCSAFT, GBPCSAFT and GBRCPA. Th&;Q applied
for GEPGSAFT and GRPCSAFT were calculated in this wo&GPCGSAFT kij=0.045 for both
systems /GPPCSAFk;=0.030 and 0.014 respectively).

Both GEGSPCSAFT32,97]and GESAFIVR[98] have been applietb the description ofa large
number of polymer containing systems. While both equations present interesting results it is
of note that for most systems a binary interaction parameter obtained throughpredictive
methods is needed for GEPCSAFT, while for GEAFIVR this is not aderved. This is one of

the main advantages of GEAFIVR and SAFTnot only in this case, but also in the general
case of systems for which there is a lack of experimental data. In the description of many
systems, these versions present a more predictive behavior and daexqoire the use of
binary interaction parametes. Nevertheless, this is not universal and there are diverse
situations where these versions need binary interaction parameters. Exampldssadre
description of gas solubility. Lobanova et[8P] with SAFT -Mie, that reported the need to

use this type of parameters to fit thdata formixtures in analysis, showing interesting results
for these systems, while also exploring the capacities of these SAFT variants to link
experimental data and molecular models. the description of gas solubility in ionic liquids,
Ashrafmansouri and Raeisgl00] also reported this need, whileachieving an accurate
description of the pue liquid density of these compounds and deviations below 5% in the

pressures obtained for the binary systems.

The phase equilibria of G@ther gases with alkanes/water/alkanols have been one of the
topics of interest for calculations using group contribntmethods. Other studies with SAFTX

and variantanclude a study dedicated to fluids of relevance to the gas and oil indji€fy}.
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In this work, the authors present some results for systems of methane/ethanefcO
alkanes/water with deviations below 5%. Another example isitmglementation of SAFT in
molecular design of GGolvents[102], leading to the design/discovery of new solvents for
these processes. With GEAFIVR, Haley and McCalpg03] have studied the description of

fatty acid methyl ester + GQystems with very reasonable results.

Beside SAFT | y SAFIWR GCA hasiso been used forthe description ofsystems
containing gases. One of the examples of the quality of theelictions is presented by
Prieto et al[83] where the phase equilibria of G@ith hydrocarbons with up to 36 carbons is
predicted by GCA. The predictions for VLE are within 10%A® While for the LLE the
composition of hydrocarbon phases is predicted mostly within 10%, theri@®Ophase is far
more challenging and the model usually presents deviations above BO% similar effort,
Huynh et al.[42,43] using GEPPCSAFT, have obtained results for the description of VLE
containing C@methane/ethane/HS/N, with a large range of hydrocarbons. The authors
created a binary interaction correlation for the binary interaatiparameters, thus eliminating
the need to optimize every set of binary interaction parameters for these systems. Using this
methodology, the authors reported deviations below 10% for most systems. Huyhn£04.
have condeted a similar study for the VLE of C@ith linear and branched-alkanols,
presenting similar resultd/ariousresults forother systems containing gases, mainly.Cfith
these methodswere obtained in the literature. The tables in annex reference winoiks

analyzed this type of data/results.

Some results have been reported for multifunctional compounds. Rozmus EtO&l. have
studied the perfomance of GEPPCSAFT in the description of alkanolamines and alkanediols.
For the latter the results for liquid density up to dh&xanediol present deviations below 1%.
The 3 heavier alkanolbeing studied present average deviatianin pressure below 4%.
However, it is important to note that it was necessary to change the association and chain
contributions from the OH group for compounds with two of these groups. For an heavier
alkanediol, 1,1@alkanediol, and alkanolamines the authors report deviatiorastly above 8%

for the saturation pressures.

Chremos et al[90] presented results using SAFTor systems of alkanolamines + water/£0O

The results are accurate when a secamder group methodology106]is introduced.

Most of these methods present advantages for specific applications. While-Saiel GE

SAFIVR are in many cases the most accurate models, the need of higher processing times in
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many situations does not compensate for the increase in accuracy, especially in long processes
with a large number of compounds. The remaining GC SAFTitgawaile not as accurate for

many systems, are not to be discarded, especially thd®BESAFT, which is able to describe

very reasonably diverse polar systems. GCA and CPA being simpler equations present the
advantage of lower processing times, while §ome systems, like the solubility of

hydrocarbons/alkanols in water, their results aguivalentto those of SAFT.

SAFF and its variants have the advantagthat their new applications impra the link

between coarsegrained models and experimental data.

Hendriks et a[7] stated that the industry is looking for models capable not only of
multicomponent and multiphse equilibria, but also able to describe a large range of
properties, be it for the pure compounds or for mixturd$e derivative properties of pure
compounds are one of these groups of properties of interest. However, with GC methods, not

muchhas beempresented in the literature, except for SAFT

Vijande et a[36,49]have studied the description of the heat of vaporization at 298.15 K for a
large number of alkanes, primary alcohols, methyl esters and primary amines, usBgFHC
with largely accurate results. The same authors have studied the depemdofHa, with
temperature for dodecane, -thethylpentane, 2,2dimethyl propane and ethyl propanoate
with similarly accurate results. Pereira et[80] have presented results for the heat of
vaporization using GEPCSAFT for selected esters related to biodieselesystand glycerol.

The average deviations for these predictions are inferior to 5% in all compounds, whiferonly
two ethyl esters (ethyl laureate and ethyl myristate) average deviations above 2.2% in the

selected temperature rangare observed

Lubarskyet al.[107] havealsoanalysedwith GCPPCESAFThe description of speed of sound,

Cp isothermal compressibility, isobaric expansivity and adiabatic compressibilites, for some
selected alkanols, ethergsters and ketones. were obtained with this methadre then
compared with those of the nef6C CHPCSAFT Between these models, GZCSAFT has
advantages in the description of vapour pressure and isobaric heat expansivity coefficients.
However, for the ompounds analysed, this model presents low accuracy for most of the other
properties in analysis, including liquid densiyith the same approach, Rozmus ef{H)5]
analysed the description of properties for alkanediols and alkanolamines. These

multifunctional molecules present an important challenge to the model and start showing its
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limitations by presenting difficulies in the description of the &at of vaporizationof

alkanediols.

Using the parameters from Vijande et[@6,49]the isobaric heat capacity and speed of sound

of some selected alkanes and alcohols were calculated in this work. For alkanes these are
compared to those applying the group contribution of Tamouza ef28l. when extended to
PGSAFT, as presented by Thi ef4l].

Thedeviations for the(p of alkanols are presented irables1.3 and 14. The description o€p

for alkanols and speed of sound foh&ptanol are presented in figurk5 and1.6.

Table 1.3 Deviations for the arlgized properties of the first 10 primary alkanalsing the
method of Vijande et d136,49]

%AAD
Compound Trange(K) Cp

methanol 260400 16.95
ethanol 260400 4.01
1-propanol 260400 6.83
l-butanol 260410 6.57
l-pentanol 315455 4.59
1-hexanol 275455 5.61
l-heptanol 285445 4.66
l-octanol 300460 4.85
l-nonanol 300470 5.31
l-decanol 330490 4.58

With GGCSAFIVR Silva et 4l08] have repaoted a good description for the heat of
vaporization of four fluorinated alcohols at near room temperature. The same authors have
estimated the thermal expansion coefficient at 298.15 K for these compqunilkin the

expected temperature trend
Table 1.4 Deviations for the analyzed properties of fivalkanes.

%AAD Vijande et 849] %AAD Tamouza et @9,40]
Compound Trange(K) P “lig Cp P “lig Cp
butane 200410 293 1.73 1.40 1.64 1.31 0.58
pentane 260410 2.33 1.80 1.69 0.15 1.94 1.47
hexane 260450 1.62 2.15 0.63 0.74 2.09 0.50
Heptane 260520 1.12 258 0.65 1.03 2.21 0.55
octane 260520 211 289 0.65 2.25 2.26 0.65
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Figure 1.5 Results for the description ofdlkanolsCp using the method of Vijande et [6,49]
TheCpdata values werebtainedfrom varioussource$79,80,109111).

Papaioanou et gb4] showed the difference in prediction accuracy using different potentials
(Mie or SW) with SAFT The Mie variant is shown to outperform the SW variant in this regard.
The authors have presented average errors below 2% forQpeCwand speed of sound of
alkanes, with higher deviations for the isothermal compressibiity<4%) and the thermal
expansion coefficient v (<6%) For alkyl esters the deviations are higher, nevertheless, most of
these properties are still described within 6% of deviation. Accurate predictions were also

presented for theCvof butane and heptane by Ghobadi et{&], using SAFTWCAvariant
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Figure 1.6 Results for the description okalkanesCp using both methods. Thépdata values
were taken from Multiflash*[78].

Asdiscussedibove, the results for derivative propertie$ alkaneswere calculated using RC

SAFT and can be compared with those using the SAFTJ I NA | y (1147 toAL@. TAeA 3 dzNXB &
results present a similar beh@aur using both base methodologies for88FTVijande et al.

[36,49]and Tamouza et aJ29]) and thus in these figures only the results obtained using the

method ofVijande et a[36,49]are presented.
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Figure 1.7 Results for the description ofeptanol speed of sound, usinge method of
Vijande et a[36,49] data values araédm the TRC databakio].
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SAFT is able to reasonably capture the temperature dependen€y dfor the temperature

dependency of the speeaf sound, this version is able to describe the property at

temperatures close to the critical point, but shows discrepanatéswer temperatures.

Dufal et al[113] predicted the Cpfor alkenes within a reasonablgeviation For carboxyt

acids the same authors studied the description of the speed of sound, which is reasonably
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predicted at higher temperatures, presenting, however, an incorrect tendency with

temperature when compared with literature data.

For acetone, also with SAFT aA S3X odzi SYLX 28Ay3a |a3a20Al0GA2Y

specific groups/compounds, Sadeqzadeh dtLa#] obtainedan acceptable prediction of both

the speed of sound an€p Using the same approach the authors predicted the heat of
vaporization for carboxylic acidsdm butanoic to octanoic acid), these predictions present
some overestimation when compared to those of the literature, but their behaviour with

temperature is correct for most of this family.

Avendano et aJ115], studied the description of ggd of soundCp, Cv, & JouleThomson

coefficient ;7 and coefficient of thermal expansion for carbon tetrafluoride (GF and

N

c

sulfur hexafluoride (SF; using SAFT aAS® ¢KA A& I LIINRZI OK LINBaSyida

the near critical and swgrcritical region for all studied propertie®n asimilar studywith CQ,
Avendafio et a116] found SAFT aAS |6t S { 2me RSup O®NaAedvaive (i K S
properties in near critical and supercritical conditions, showing a correct description of the
properties on these conditions. Papaioanou et[#01] studied theCpof CQ with SAFF a A S

achieving an accurate description for this property in the near clitind supercritical region.

Lobanova et gl117] tested CG force fields associated with SAFT i 2 NBLINBASyYyd 64|

methodologies improve the dedption of thermodynamic properties from CG models, but is

unable to capture the description of most derivative properties.

1.3.4 nclusions

In general, the group contribution methods are able to describe the analysed properties

without a glaring reduction in aaracy from the original parameters.

Both SAFT, its variants and GCA have shown very promising results with group contribution
methods. However, there is an increasing interest of the industry in models able to describe,
simultaneously thermophysicalproperties and multiphase equilibria and in the case of the

former there is a severe lack of tests concerning properties other than density and pressure

when using the GC methodologieesmbined with associatioaquations of state.

CPA presents very interesgjrresults. Nevertheless, despite its processing speed advantages,
group contribution methods for this equation so far only contemplate binary interaction

parameters. Thus this equation is st@ijging behind on thpredictive capacity methodologies
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achieved nowadayswith SAFT or GCA. It is also important to note that despite the group
contribution methods applied for the pure components, in some cases SAFT approaches still
need to fit, instead of predict through GC methods, binary interaction parametergptain

more accurate results for mixtures.

SAFT and its variants opened the way for applications linked to the use of coarse grained
models with the support of an EoS to create a bridge between the experimental data and
these models. The characteristics of these methodologies also enabled theiradipplito the

calculations of interfacial properties.

The studies available for the calculation of derivative properties with these type of methods,
include those using SAFT aA ST F2NJ I f 1y Sakd withiGIPESAFTWIS i G Sa |

some hydrocarbos. These predictions showed to be reasonably accurate.

Improvements on these predictive methods are expected to increase the number of industrial
applications taking advantage of these models. However, the competition from cubic EoS and
gf models does nobnly come from their predictive capacities, but also from their simplicity,
ease of implementation and processing times. In these last two aspects, CPA is a strong
contender, nevertheless as discussed above, its group contribution methodologies are
currently at a stage of development wadehind those of other EoS. The powerful capacities of
these equations have an important role in solving present and future problems, which the
classical methods are unable to describe. However, it is not likely thatlalssical methods,
especially the cubic EoS, will lose their position as the main thermodynamic property
estimators in the industry. The use of these equations, despite their less accurate results, not
relevant for many processesmd applicationsincetheir processing speed and simplicity would

be lost by introducing an advanced equation of state.
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2 A modified CPA and
first applications



2.1 Abstract

Although the CPA EoS was initially developed 20 years ago to meet industrial soliitation
namely the need to describe mixtures of hydrocarbons and water, including the formation and
dissociation of hydrates, it has only recently received a widespread use kstraamn and
downstream oil and gas processing, or in the petrochemical and chemaastries. One of

the reasons for such limited use of the model in the industry is the necessity to parameterize
every associating component from saturation data. This involves access to pure component
databases and some advanced knowledge in thermohyos and numerical methods, which

are often behind the scope of process design engineers.

This work revisits the CPA model, evaluating its strengths and weaknesses and attempting at
identifying some opportunities for improvement. Usingalkanols from Clat C10 and their
mixtures with othern-alkanols andn-alkanes, it investigates the description of the pure
component critical points, saturated liquid densities as a function of temperature and some
secondorder derivative properties. It also explores newettmodologies to regress the CPA
parameters in a more systematic way, making it easier to generate parameters with less

intervention from the user.

2.2 Introduction

Design and optimization of processes using multifunctional molecules is of great importance to
the chemical, petrochemical, pharmaceutical, cosmetics, food and energy industries. There is a
need for simple, yet accurate, models able to cope with the requirements of the industry.
.ST2NB GKS YAR 2F (KS mMdodhnQa bas&NBoroaciesdr TS o
the description of mixtures including strongly polar and associative molecules in broad ranges

of temperature and pressure. The development of excess Gibbs energy mixing rules for
equations of state provided some opportunities for mdde mixtures with polar compounds,

but at the expense of having to use more parameters and in some cases havingstinate

them. A good review on the use of excess Gibbs energy models in equations of state has been

reported by Kontogeorgis and Coliss[118].

.FaSR 2y 2 SNIKSAYQA1LxAR $he Statigighl Absaciath@ RididiThedry
(SAFT)123,124] E0S was developed and on its trail the JBAmodel appeared as an

alternative to model associating mixtures while keeping all the advantages, simplicity, and well
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known behaviour of cubic equations of state. The CPA can thus be seen as a special case of a
cubic equation b state where associating components are involved. The CPA relevance as a
simple, yet accurate, model for associative compounds has been growing since then, both in
the academia and in the industry, although its use in the industry is still essentiatidlita
upstream oil and gas applications, where mixtures of water and hydrocarbons during
production and the formation of hydrates in transportation are the most wabbwn

applications of the modgB,125]

Although CPA would be the right option to replace cubic equations of state in process
simulators, up to until recently, not many commercial simulators implemented the model. This
model can be found for example, in the physical properfaskage Multiflash'and in the

SPECS software from CERE at the Technical University of Denmark. So its use in process
simulation was until recently limited to what could be achieved by using the -C/ERI
interface with these two packages. Nowadays, GPaviieHestablished model in the literature

and has been expanded to other fields of applications, as is the case of bid@i¢2€;128].

It is also gaining ground in the field of industsahulators, being now available in the Petro

SIMMand Hysys simulators, as well as in many in house simulators.

Then-alkanols are a webtudied family with CPA. Various studies have been reported on their
mixtures with other alkanold129,130] water [73,131] amines[132] and hydrocarbons
[73,130,131,138136], as well as on other tevant properties of the pure compounds such as
surface tension using a combined EoS/gradient theory apprda@h Villiers et al[9] have
also studied the description of derivative properties for hotalkanes and-alcohols. Other
CPA applications include the description of glycols with water and hydrocafth8risl41],
mixtures with organic acidgl42], description of fluorocarbon§l43] and the extension to

some multifunctional compounds, as alkanolamifie$4] and phenolic compounds1,72].

As for other association equations of state, the CPA model needs to be parameterized for
every new associating component that has not previously been studied. The right balance
between the attractive and repulsive terms in the equation of state @aly be achieved if all
parameters are regressed simultaneously from equilibrium data, usually from vapour pressure
and saturated liquid densities. Although one can now find in the open literature sets of CPA
parameters for the most common compounds, thaumber and variety is still quite limited.
There is also not much reflexion on how to systematically parameterize molecules with
multiple associating groups such as alkanolamines or oxygenated compounds relevant for

biorefinery applications such as polgp and phenolics, many of them solid at room
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temperature or for which no saturation pressures and densities are available, or even

measurable. These are some of the actual model drawbacks hampering its success and more

widespread use in commercial simwad, since the common end user of a process simulator is
understandably reluctant in regressing the CPA parameters for all new associating components

present on his process.

One of the main objectives of this work is to generateurate CPA parameters Wilittle or

no user intervention. Ideally this should be done using a small set of data already available
from the simulator pure component database and fitting as few parameters as possible, so
that the model parameters are transferable or predictive. @t purpose, it is necessary to
understand the balance between the cubic and associative terms and evaluate all known

weaknesses of the current CPA model.

This work started from the standard version of the CPA mptijland investigated its known
weaknesses: 1) not meeting the defined critical temperature, 2) missing the tetopera
dependence of pure component saturated liquid densities, 3) using famction in the cubic

term that can provide unreliable results for a few properties in some extreme conditions (as
discussed by Le Guennec et @45]), and 4) having an incorrect description of the molar
volume pressure dependence, which lead to a poor description second derivative properties.

For this analysis the-alkanols will be used asge study, as this family should also allow us to

look into the associative parameters fortiitd | I NR dzLJs GNBAyYy3I G2 Sadl

tendencies for their change with chain length.

The focus of this work will then be an evaluation of the advantageb disadvantages of a
modified CPA model that will try to overcome the identified limitations of the model. The
properties in study are the vapour pressure, liquid density, liquid isobaric heat capacity and
heat of vaporizationlt is important to note hat a correct description of pure compound
properties does not guarantee accurate results for mixture phase equiliBaga the VLE of
binary systems containing-alkanols with alkanes or twa-alkanols will also be studied to
insure that the new sets ofgrameters are transferrable for mixtures. LLE equilibria is also

studied for mixtures of alcohols and alkanes.

2.3 The modified CPA model

To obtain the modified CPA here used, the starting point was the simplified @EPAjsas

currently available from thetkrature.[73] CPA models account for physical interactions using
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a term basedn a cubic EoS. In the case € BA this is the SRK Eb&5] Using a single sum
over sites, as proposed by Michelsen efld7], CPA can be written in terms of compressibility

factor, as:

1 AlDp 1

7 = thys 4 gassec _
1-Bp RT(1+Bp) 2

(1+pZE) Zom(1-x) 2.1)

Where A represents the energy parameted(T) = n*a(T)), B the covolume parameter
(B =nb), p is the densityg is a simplified haresphere radial distribution functiofv3] x,_ is
the mole fraction of componentnot bonded at site A anth; is the mole number of sites of

typei. The mixing rules faandb are presented in equatiornd.2 and2.3:

a= E:‘Z;I;;’fj“:‘j (22)

b=73,xb, (2.3)
where:

;= V’Taj(l - k!’j) (2.4)

andk; are binary interaction parameters.

Presently, the alpha function used with the modified CPA is a modified Maflupeman

function[148], that can use up to 5 parameters:

a(T)=a.(1+STR x c; + STR? x ¢, +STR?* x c; + STR* x ¢, +STR*> X ¢5)* (25)

whereSTRs (1 — \,’ﬁ) andG to G (G) are the alpha function parameterghe use of a high
order polynomial introduces inconsistencies when extrapolating the results above the critical

point. Thus, it is necessary to introduce a correction in the form of the following conditions:
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T<T.a=eq.1
T=T,a=0
T, <T <105, a = 22204 Me,
MC -5, T.—-11
< =1 "17r -
105 <T, <110 a="22 2005

T,>1lla=au =1+5(1-/T)

(2.6)

where alpha API is the soave type alpha function proposed by Graboski and Djadbgrt.
MG, is the same parameter ag from equation 2.5 andAk is the parameter from the API

alpha function.

Equation2.7 introduces the calculation c¥;.

X;=——=——— 2.7)

1+gp Tjmjxal

with the association strengtif) given by:

et
A = ghii gl (eﬁ - 1) 2.8

wheree'/ andB" are the association energy and volume for interactions between sitadj.

The sCPA uses a simplified radial distribution function, which is given by equa8i¢n3,150]

g(p) = —— (29)

1-0.475bp

The difference of this new version of CPA lies in #wrictions used in the pure component
parameterisation processlhis version forces:. and b to obey the critical temperature and
critical pressure. In this way, part of the parameters have a direct relation to the critical point,

enhancing the predictiveapacity of the model.

Peps (Tc®®,Veeale) = pee» (2.10)
ap
(3| oo, =0 (2.11)
V=Veale
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(25). | rer, =0 (2.12)

avs
V=Veale

The objective function used in the parameterisation is also different fretPA. The molar
volume is not optimized directly being insteadbtained through a Peneloux type volume
shift:[151]

Uy = Vg — Cpq (2.13

where ¢, is the volume shift. Using this typd volumeshift does not affect the calculations
of vapour pressure, heat of vaporization and heat capacities as is discussed by Jaubert et
al[152]

Also relevant to the process is the separation of the optimization of associative and cubic
terms. Given a starting point for the associative parameters, the cubic term is generated, with
the alpha function being parameterized directly to the vapour pressure curve. The whole
group of parameters can be then optimized by adjusting the associative parameters, as the

cubic term is automatically generated from the critical data and vapour pressure curve.

The following equations were considered to optimize the valudg.of

2

no (Toup ~Toub
OF = Ei' T (214)
hrh
np (Boub —Phip ?
OF = Ei' T (215)
hrh

npo wnp (*ik —XiR ?
oF = 737 77 (B 219

ik

wherenpois the number of phases to optimize.

When two or more associative compounds are present in a mixture, CPA needs combining
rules for the crossmssociative parameters. €RL30] was here applied, as proposed by

Kontogeorgis et a[129]
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By =pp (2.17)

G _ ()

gl =2 (2.18)

Contrary to what is usually done with CPA histwork association schemes are linked to each
group and not to each molecule. In this way, considering tHé28 schemefor the hydroxyl
group, diols will have a 2x2&ssociatiorscheme.This is not much relevanihen considering
compounds with similamssociative groupsas is the casa y -alkanediols, but for more
complex molecules with varying types of grouasd or,affected by steric hindrance, this will
enable implementing group dependent parameters, which are expected to improve the

predictive capacities of CPA.

Kontogeorgis et dl153], have compared the schemes for the hydroxyl group, fitting binary
phase equilibria with both the 2B and the more accurated(@omplex) 3B23]scheme. Their
results show that the 3B scheme does not improve the results when comparing to the 2B
schane. Each of these schemes holds advantages in the description of specific properties as

discussed by de Villiers et|[Al.

In the case ofvater the selected scheme was 4C. This schemenisidered better than the 3B
scheme for application on equations of state and is also suggested as the preferential scheme

by a group of molecular simulation resulf$53]

These association schemes are presented in table 2.1

Table 2.1 Association schemesead and referenced in this work.

Association Scheme Designation Example
2B
'S
9
- G
° @G
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Further specifics orhow this modified version was obtained is presented in thetnex

subsection.

2.4 First applications results

2.4.1 Adjusting the critical point

The use of CPA usually involves the regression of cubic and associative parameters to
saturated liquid density and vapour pressure data away from the critical point. Due to this
procedue, both the critical temperature and critical pressure tend to be overestimated. This
can be observed for methanol in Figitd, calculated using the parameters from Oliveira et al
[70].

30000

25000
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15000

p/mol.m3

10000

5000
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Figure 2.1 methanol saturatel densities with <CPA.

This creates an inconsistency in the model, where the critical temperature set to be used in the
calculation of thea parameter is not obeyed by the model. It was then investigated how the

CPA model and the parameters regressionld be improved, to eliminate this inconsistency.

As stated in the model sectioit,was opted to introduce modifications intan sCPAmodelto
force both ac and b to obey the critical temperature and pressure conditiommfis is expected
to enhance thepredictive capacity of the model, as part of the parameters are now anchored

to the critical point.An analysis, and subsequent modifications, with similar objectives was
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proposed by Polishuk for SAFT + cubil] and PESAFT155]. With CPA, Vinhal et dl156]

have presented a work with a similar objective, but a different approach.

This approach was first tested on the methanol data. Dtaio the first estimates for the
association term it was taken into account the relations presented by Kontogeorgis[8f al.
where the association parameters are related to the enthalpies and entropies of hydrogen

bonding:

£ ® —AH (2.19

AS

B ocer (2.20
The same authors shown similarities between the results of the CPA associative parameters
and the assoaition contribution to the heat of vaporizatiorHf). Based on this idea two sets
were tested, the first used the value pfi,| presented by Nath et al157] as the energy
parameter, while fob we used a value close to that proposed by Kontogeorgis ¢T3l The

secand set, used a similar approach fer but instead recalculated, with data from the

as?

DIPPR databag@9] while for b the value obtained waBT;,;;e & . After adjusting thea; andb

values, the Soave alpha function was adjusted to vapour pressure data. The parameters and
deviations for the vapour pressure and of liquid densities are presented in Z&bl&s can be
observed from Tabl®.2 and Figure2.2, while set 1 provides better estimates of vapour
pressures, liquid densities and liquid heat capacities for methanol, the results are much worse

than those obtained using the best parameter set from the litera{ud.

Table 2.2 Parameters and %AAD between-0.58 T, for the first tests with methanol.

ac (Pa.nf.mot?) b (10°.m3.mol?) C s (J.mof) % AADPat 7y
1 0.59 4.34 0.780 146 21866 4.63 25.7
2 0.77 4,78 0847 1.03 19816 8.40 33.3
Oliveira et al.[70] 0.43 3.22 0.747 3.41 20859 0.45 0.34

The first estimates were the results of simple assumptions and, as expected, present large
deviations. Using theoretical estimates for the association parameters and with valugs of
andb being fitted to the critical point, the only parameter left to be optimizediisHowever,

there are other interesting remarks before further improvements. Results for other properties
present qualitatively correct descriptions despite the deiadas, as shown in Figu&?2 for the
isobaric liquid heat capacity. A possible way to improve these results is to replace the simple

Soavetype alpha function with a -parameter MathiasCopeman function. Indeed, if the
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MathiasCopeman function is used irstd of the Soave function, by fitting only the vapour
pressure data, the results become quite accurate for vapour pressure, heat of vaporization and

liquid Cp as reported in Tabl2.3.

Still, the estimates of liquid densities are not yet as accurate gsimed. The use of a
temperature independent volume shift in cubic equations of state, as well as a linear
combining rule have been studied by Jaubert andvookers[152,158] It was shown, that

with this approach itis possible to improve the description of the liquid volume without
decreasing the accuracy of phase equilibria and without affecting most other properties, such

asCpor heat of vaporization.

In this manner, @ improve the volume description, a Peneloype volume shiff151] was
introduced in CPA. This volume shift is constant and is obtained by matching the liquid density
at a reduce temperature of 0.7Tc The results are shown in Tal2e for the first set of
associative parameters. The descriptiof liquid density obtained,idure 2.3, is less accurate
than what was observed with the parameters by Oliveira ef7&] This is probably due tihe
higher value of the cwolume parameter, which will affect the general behaviour of the
density curve, despite the volume shifthe results for vapour pressure are improved. Without
adjusting the range of temperatures between 400 K and the criticaltpthe present value of
%AAD for vapour pressure is belowd%. The results for liqui€p Hgure 2.2, and heat of
vaporization present similar accuracy to those from the literature. It should be noted that
these are preliminary results, using an appnoate approach for the associative parameters.
The capacities of this approach to improve the presented derivative properties will be further

explored below in the nexgub-section.

59



150

140 } R
X
130 -
-
'g". 120 -
-
5110 L~
£ N
= 100 [ -~
e,
8' @ Data
0 r Set 1 with M-C
= = = QOliveira et al.
80 F
@0 e Setl
70 }F —_— . =S5t 2
60 L L L
250 300 350 400 450

T/K

Figure 2.2 Results fothe liquid Cpof methanol using sets 1 using both alpha functions,
[146,148]set 2 and the results from Oliveira et pi0]

Table 2.3 MathiasCopeman parameters using the first set of associative parameters (Table
2.2), with a constant volume shift, and respective %AAD betwee 05 T.

Set cl c2 c3 Vshiffdm3mol! P& Cp npH&® "
Set 1 using the MC alfa function 1.05 -1.61 2.01 0.0226 0.30 256 1.12 2.26

Giventhe results with the Mathia€£opeman alpha function it was interesting to investigate if
the description of liquid density near the critical point could still be improved. For that purpose
a more flexible alpha function, based on the Math{2a@peman functiofl148] but with up to 5

parameters was usefgquation 2.5).

It was found that by increasing the values for the associative stremjtth€ value of the co
volume will be reduced. With this approach it was possible to greatly improve the liquid
density results in both methanol and ethanol. However, for these smaller compounds, there is
an important degradation of the description of thgapour phase density at higher
temperatures, as well as of thép(with average absolute deviations larger than 13% between
260 and 400 K) and the heat of vaporization (with an average absolute deviation close to 30%
in the same temperature range). Vapopressure accuracy is slightly decreased for the
analysed compounds, especially in the case of butanol. FRj8rpresents the results for the
saturated densities of methanol. The results for all the ladde analysed are presented in
Table 2.4. The expemental critical point data of the firden n-alkanols is presented iralble

25
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Figure 2.3 Density results for methanol with a 3 parameter Math@gpeman functioril48]
(set 1, Table2.3) and with a Sparameter alpha function after optimization of the association
parameters Table2.4).

For heavier alcohols, from heptanol to nonanol, it is possible to compromise and decrease only
slightly the accuracy of the density descigpt while also predicting the results f@p The
description of heat of vaporization is also improved, presenting a %AAD of 3.06% between 285

and 445 K in the case oftieptanol.

Results for the liquidiensities from ethanol td-nonanol are preented inFgure 2.4 Figure

2.5 presents results foCp for the studied compounds. For-Heptanol it was possible to
achieve a better compromise between liquid density and second derivative properties than for
the other alcohols. This has to do with using highdues for the association parameters,
which increases the accuracy of the density description near the critical point, but if not high
enough, tend to decrease the accuracy for the temperaturdswe).7 Tg as is presented in
Fgure 2.6. The fact that a lgher association strength works well fohgptanol but less so for
higher alkanols might be explained by the change in liquid density curvature abwtdnol.

As can be seen irigare 2.6, using the dheptanol association parameters forottanol and 1
nonanol, the curvatures obtained are far more accentuated, this is also more severe for 1

nonanol than for loctanol.

This kind of compromise was not achieved fgordpanol up to ipentanol, and the results
present similarities to those of methanol andhanol. In a first approach, the values of the
association energy parameter were set as constant to test the predictive capacities of the
model. Nevertheless, despite the high variability of tifie parameter, no relevant

improvements were observed by varying the two parameters simultaneously.
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Table 2.4 Parameters and results for the alcohol optimization (sé)C

alcohol carbon 1 2 3 4 5 7 8 9
N
ac (Pa.nf.mol2) 0.20 0.27 0.35 0.52 0.90 2.31 4.35 5.14
b (16.m3.mol?) 2.29 3.08 3.80 5.17 7.59 13.90 17.60 19.66
] 0.35 0.72 0.32 0.45 0.98 0.89 1.64 1.56
C -0.04 -3.38 2.05 1.44 -6.91 -4.29 -8.95 -5.77
C3 1.85 23.48 2.12 3.78 49.21 36.54 42.40 23.87
Cs 0.00 -39.98 0.00 0 -93.35 -79.95 -83.21 -40.93
Cs 0.00 21.75 0.00 0 53.49 56.82 60.25 24.97
b.1? 3.76 3.63 4.85 4.94 5.04 1.56 0.15 0.11
& (J.motl) 26913 26913 26913 26913 26913 26913 26913 26913
Vshift/ -0.007 -0.015 -0.023 -0.024 -0.024 0.019 0.037 0.043
dm3.mol?
%AAD i 2.90 2.02 2.10 2.74 3.72 2.90 3.42 4.81
%AADPsat 2.96 2.85 1.39 3.49 0.11 0.03 0.57 0.74
Trange (K) 260 260 260 280 310 320 330 330
512.64 513.92 536.78 563.10 588.1 632.30 652.30 670.90
Tc calc(K) 512.6 513.9 536.8 563.1 588.1 632.3 652.3 670.9
Pc calc(MPa) 8.09 6.13 5.17 4.42 3.90 3.09 2.78 2.53
%Dev.Vc cat. -3.31 -4.28 -7.23 -3.027 -2.42 14.07 18.86 16.76

Table 2.5 Literature critical points for the first 10-alkanolg78,79]

alcohol carbon N

T (K) 512.6 513.9 536.8 563.1 588.1 610.3 632.3 652.3 670.9 688.0
Pex® (MPa) 8.09 6.14 517 442 390 342 309 278 253 231
Ve (dms.mol?) 0.118 0.167 0.219 0.275 0.326 0.387 0.444 0.509 0.576 0.645
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Figure 2.4 Liquid density results from ethanol tegentanol(left) and from theptanol to
nonanol(right), with a 5parameter alpha function and optimized association parameters.
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Figure 2.5 Cpresults for the studied compounds with optimized association paramétessllts
are from the sets ofdble2.4).

The values obtained for the critical volume present an average deviation below 5% for
methanol, ethanol, dJbutanol and pentanol. For Ipropanol and the heavier alcohols these
deviations are higher, with a value of 18.86% fewcianol being the highest deviation. It is
important to note that from theptanol to tnonanol a compromise between the description

of liquid density and of the derivative properties was tested, and thus, the critical volume is
expected to be less well estimated. For these compounds, if volumes ac@re considered

only for nonanol an error above 5% is observed.
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Figure 2.6 Comparison between the liquid density results fendtanol and inonanol, using
the cubt term parameters presented irable2.4 (left) and using dheptanol associative
parameterg(right).
The description oCppresents an inaccurate behaviour for some of the lighter alkanols. This

can be linked to the higher values of the associative volume, but also to some extent to the
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alpha function, which, being highly flexible, if not restricted may provide some incorrect
behavour for derivative properties. In this case, the most relevant contribution should be the
former. The temperature range used in the vapour pressure optimization waarltdrgn the
presented range inigure 2.5, which should decrease the influence of thgpha function

flexibility.

This analysis shows that by fitting the critical point, it is possible to obtain a correct description
of liquid density on a larger range of temperatures with CPA, without using a-avess
method [15,16] or an approach based on the renormalization group theld®,13]. However,

by using this approach, the accuracy of the results for the vapour phase is decreased. This

analysis will be continued when discussing results for binary mixtures.

The final parameter set obtained in this section will be hereafter referredraicatl (CJ).

2.4.2 Improving derivative properties

After the analysis of the performance of a modified CPA model to reproduce the liquid density
curve while providing an accurate description of the critical point, it is important to look into
its predictivebehaviour. In this study we will be looking simultaneously at the liquid density,
heat of vaporization, liquicCpand vapour pressure from methanol tedecanol. As before,

the values for the association energy parameter were considered constant andthanly
volume parameter was optimized. The alpha function used in this analysis is the modified

MathiasCopeman function with up to 5 paranes (equation 2.b

These results are compared with those for the simplified CPA, without any modifications, after
anoptimization considering vapour pressure, liquid density and heat capacity with the weights
for each property being 1, 1 and 0.1 respectively. Thipammeterization is required to

compare the two versions of the model, with both optimized against #raes datasets.

For the nalcohols between propanol anddecanol it was observed that the modified version
could describe the target properties using a constant value for the association volume, while
keeping the constant value for the association energgindilar approach was tested irRGPA,
however, the results presented much higher deviations and were thus not considered. Tables
2.6 and 2.7 present the parameters obtained for CPA before and after modifications,

respectively, and the deviations obtainéat each set.
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Table 2.6 Parameter sets and results for the optimization of thR€RA version (with no

modifications)

alcohol carbon N 1 2 3 4 5 6 7 8 9 10
ac (Pa.nf.mol?) 0.42 0.78 1.15 1.68 231 2.83 3.46 4.09 4.66 5.46
b (1°.m3.mol?) 3.21 4.8 6.38 8.03 9.73 11.3 12.98 14.69 16.34 18.12
(] 0.72 0.62 0.88 0.85 0.81 0.93 0.88 0.97 1.06 1.07
b.1¢? 3.3 0.6 0.77 0.34 0.15 0.14 0.06 0.05 0.04 0.02

8 (J.mol) 21294 24335 21913 23162 24582 23848 27151 27413 27532 28415
%AADPsat 0.28 0.46 0.62 0.36 0.27 0.54 0.88 0.33 0.95 0.77
%AAD' g, 0.18 0.43 0.43 0.59 0.59 0.81 1.16 1.22 0.94 1.25
%AADCPpiiq. 1.13 2.00 5.31 3.95 2.93 3.31 0.66 1.22 1.81 1.03
%AADHvaP 0.69 1.15 0.35 1.29 0.81 0.27 1.68 0.28 1.75 0.58
Y%AADCPres. 2.38 4.37 12.6 9.46 7.04 8.65 1.79 3.36 5.18 3.03

Trange (K) 260400 260400 260400 260410 315455 275455 285445 300460 300470 330490

Tk (K) 529.47 532.02 550.83 576.50 605.65 626.70 653.00 672.10 697.05 711.95
Pcae (MPa) 9.75 7.83 6.53 5.47 4.61 411 3.66 3.30 3.05 2.80
%Dev Vc calc. -16.80 -14.56 1.03 3.12 -3.03 5.76 -3.83 -4.85 -6.64 -8.57

Although the values for the energy and-eolume @rameters from the cubic term are being

directly calculated from the critical point, it is still important to look at their tendencies, as

they are affected by the parameters from the asstigie term. In Fure 2.7 it is possible to

compare these tendenes before and after the modifications to CPA.
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Table 2.7 Parameter sets for the optimization of the modified CPA (set C2).

alcohol carbon N 1 2 3 4 5 6 7 8 9 10
ac 0.68 1.13 1.60 2.07 2.58 3.18 3.78 4.48 5.21 6.01
(Pa.nf.mol?)
b 4.61 6.40 7.75 9.45 11.14 13.13 15.01 17.17 19.37 21.75
(10°.m3.mol?)
C1 0.90 1.04 1.12 1.13 1.31 1.49 1.06 1.63 1.59 1.69
C -2.47 -1.46 -0.89 -1.38 -3.72 -5.73 0.66 -6.76 -4.88 -6.10
Cs 3.26 -0.79 1.49 8.04 20.54 29.81 -0.76 35.77 22.93 30.13
(o7} 0 3.76 -13.85 -31.50 -56.54 -70.72 -4.99 -81.78 -46.11 -63.28
Cs 0 0 22.67 37.84 55.71 60.07 7.32 67.68 32.33 48.54
i1 0.46 0.16 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
8 (J.mol) 24913 24913 24913 24913 24913 24913 24913 24913 24913 24913
Y%AADPsa 0.34 0.32 0.12 0.27 0.44 0.21 0.26 0.05 0.79 0.27
%AAD' g, 1.94 0.93 0.48 0.64 0.59 0.68 0.47 0.39 0.69 0.34
%AADCpiig. 0.91 2.20 2.25 1.38 1.37 1.77 1.25 1.14 1.57 0.83
%AADHvap 1.57 0.50 0.71 1.40 0.42 0.85 1.89 0.48 1.91 0.77
%AADCPres. 1.79 4.93 5.52 3.50 3.32 4.60 3.36 3.18 4.43 2.77
Trange (K) 260400 260400 260400 260410 315455 275455 285445 300460 300470 330490
Vshift 18.6 19.1 155 17.1 17.5 21.7 23.7 29.0 37.2 42.2
(dm3.kmol?)
Tkl (K) 512.6 513.9 536.8 563.1 588.1 610.3 632.3 652.3 670.9 688.1
Pcac (MPa) 8.09 6.14 5.17 4.42 3.90 3.42 3.09 2.78 2.53 2.31
%Dev.Vc calc 29.81 27.99 24.42 22.18 22.75 21.84 22.13 21.40 21.01 21.22
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Figure 2.7 tendencies of the energfleft) and cevolume parametergright) of the cubic term
for primary alkanolsiespectively (parameters fromables2.6 and2.7 and Oliveira et al.70]).

It is also impaant to look at the tendencies for the volume shift, to verify if these still follow a

seemingly quadratic trend with the carbon number of tha@lcohols. This is shown in Figure

28.
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Figure 2.8 Volume sHit valuesfor the studied alcohols (fromable2.7).

Due to the use of a highly flexibtefunction with multiple adjustable parameters, the results
for heat capacity and heat of vaporization presented anomalous tendencies at the lower
temperatures. By extending the lower temperature range, used for vapour pressure
optimization, between 50 andl00 K the description of both properties, in the original
temperature range, is improved. This is not, however, a consistent method, being highly
affected by the quality of the vapour pressure data, and should be improved by using a better

and more restiited alpha function as proposed by Jaubert andvookers[145].

The obtained volume shifts show a different trend for the first two alcohols. As for the trend
from propanol to Xdecanol, these results might be changed by using a group contribution
method instead of a constant value for tifieparameter, nevertheless despite some outliers,

tendencies can be observed.

Due to the new optimization procedure here proposed, and the use of a more flexible alpha
function, the modified version presents a higher accuracy for the vapour pressure ih mos
cases. It is also able to describe well the liquid densities in the studied temperature ranges,
and the results are, in most cases, similar to those-GP4\ if not better. As for the description

of liquid Cp in both cases it is possible to describe ieperty for heavier alcohols withimr
ranges between 0.5 and 0.7, nevertheless after the modifications (@ettl results seem to

be more consistent for this property in the whole range of compounds studied. Heat of
vaporization despite not being fid in neither of the tests is well described in both cases. In
general, the results from the modified version compare well with those from the calculated s
CPA set. Figures9 and2.10 present the results for heat capacity and liquid density for these

compounds.
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Figure 2.9 Liquid heat capacity description with the modified CPA for the analysed alkanols.
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Figure 2.10Liquid density description with the mdikd CPA for the analysed alkanols.

After the study of saturation properties, it is important to look at the description of some
single phase properties, the results fihis section are presented irgare 2.11 and inannex
Looking at single phase détas it is possible to obtain a fair description between pressure

and liquid density, however, due to the wrong temperature dependency of the saturation

liquid density these results are not very accurate. Usually with SRK a temperature dependent

volume slift is used in order to describe these properties. Baleed efl&l9] made a very

relevant study on this, showing diverse volume shifts and their description of single phase

properties. In a similar way, we tried using the following equation for the volume shift with

CPA, optimized atvo different temperatures:

— _ A0 _ a1
vt - vO Cvs Cus

(2.21)
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Using a temperaturelependent volume shift it is possible to obtain a very reasonable
estimation of the single phase liquid density up to 60 MPa, freprapanol to Xdecanol, in
normal operation tempeatures. The use of a lower association volume enables this, as for
ethanol and methanol the results are only able to describe up to describe high pressure
densities up to 20, 10 MPa respectively. With this approach it is also possible to obtain an
accuratedescription for the isochoric heat capacity at atmospheric pressure, however as can
be seen in the results (anney), this comes from a compensation of the errors on the isobaric
expansivity and isothermal compressibility. These incorrect descriptioss lglad to an
incorrect prediction of the speed of sound. This incorrect description of the volume
dependency with pressure in CPA was already mentioned by de Villierd®tialtheir sudy

of derivative properties in alkanes and alcohols. For heavier alcohols the modified version
seems to present a more accurate description of the change of density with pressure. This is in
accordance with what was suggested by Poligiil0], as by increasing the values of the co
volume an improvement of the pressure dependency was verified. Still, for lighter atcshol

CPA presents better results for these properties, than the modified version with a constant

volume shift.
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Figure 2.11 High pressure density descriptions with CPA fbufianol at 5 different
temperatures modified CPA with a temperature dependent volushét (left), SCPA (right,
dashed lines), Modified CPA (right, full lines). Experimental data is from Davil§létlal.

2.4.3 Phase equilibrifor binary mixtures containing-alkanols

To model binary VLE systems of alcohols with alkanes, the C2 set succeeds in their description
with values for the interaction parameters only slightly higher than those obtained before the

modifications. The C1 spresents some difficulties in achieving a good description and despite
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presenting good results for the liquid phase it displays some problems with the quality of the
vapour phase description. These results are presented in Pabblnd Figure2.12. Thealkane

parameters used with the nemodified version (SCPA) are from Oliveira et &0].

Table 2.8 Results for the optimization of three binary systems withexane

System Alcohol Set k; %AADToup
1-propanol + rhexane[80] | SCPA 0.024 0.30
SetC1 -0.049 0.57
Set C2 0.041 0.21
1-butanol + nhexane[80] | sCPA 0.012 0.22
SetC1 -0.066 0.17
Set C2 0.027 0.35
1-pentanol + rhexane[80] | sCPA 0.022 0.17
SetC1 -0.026 0.22
Set C2 0.031 0.21
375
370 SetCl — — —Set(2 «eeeeee s-CPA
365
360
£ 355
350
345
340
335 : : : :
0 0.2 0.4 0.6 0.8 1

x/y 1-propanol
Figure 2.12 De<ription of the system “propanol + hexane, with the three sets in analysis.

Similar results were obtained for the prediction of alcog@lcohol systems (nk;). While set
C1 produces high deviations, set C2 achieves very reasonable prediction2. Jainésents a

comparison between the predictions of set C2 and the results witiPA.

Liquidliquid modelling presents higher difficulties, however, despite the need for higher
values in most situations, the C2 set is able to achieve very good sdsulthis type of
equilibria. For C1 these results present high deviations due to the expected excess of the
associative contribution. Figur@sl3 and2.14 present the results for the systems, methanol +

hexane and ethanol + hexadecane.
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Table 2.9 Predictions for the alcoha] alcohol binary systems.

System Alcohol Set| %AAD b
1-propanol + methano[162] sCPA 0.77
SetC1 2.06
Set C2 0.38
1-butanol + metanol[162] sCPA 1.52
SetC1 4.51
Set C2 1.12
1-butanol + ethanol[163] sCPA 0.37
SetC1 1.86
Set C2 0.36
1-pentanol + metano[162] sCPA 3.09
SetC1 7.11
Set C2 2.91
1-pentanol + ethano[163] sCPA 1.07
SetC1 3.47
Set C2 1.12
1-octanol + methano[164] sCPA 1.20
SetC1 3.06
Set C2 1.24
310 | 7/ )
300 t
290 /
X 280 | I
= @ Data
270 [| setC2
260 = = = Kontogeorgis et al.
] — - =set(Cl
250 F 0 eeeseee Oliveira et al.
240 . . . .
0 0.2 0.4 0.6 0.8 1
x methanol

Figure 2.13 Results for the LLE equilibria of methanol + hex@nvalues are presented irelble
2.10).

As can be observed, the set C2 is able to adjust adequdtelydata despite of a slight
overestimation of the critical point. The results for this set can be compared with those from
the alcohol sets from Kontogeorgis and-workers [73], [131], which presented the best
results for both systems. Tab&10 presents the binary interaction parameters used for these

2 systems.
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Figure 2.14 Results for the LLE equilibria of ethanol with hexadedkjwvalues are presented in
Table2.10).

Table 2.10 Binary interaction parameters for the presented LLE binary systems.

Ky
Set MeOHc¢ Hexane[165] | EtOH Hexadecan§l66]
C1 -0.02 -0.100
C2 0.036 -0.026
Kontogeorgis et a[.73,131] 0.007 -0.035
Olivdra et al.[70] -0.007 -0.027

The description of the VLE equilibria for the systems above is in high agreement with the
results of sCPA. Using the binary interaction parameter from the LLE optimization in both
cases, yields very similar results. A higkegl0.052 is needed if an accurate description of the
VLE is wanted with set C2. The results from set C1 are rather accurate for the liquid phase with
the presentedk;, nevertheless present some relevant deviations in the vapour phEsis.

results are presenteth Hgure2.15.
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Figure 2.15VLE results for the system methanol + hexane,guisome of thek; presented in
Table2.10and an optimized value (0.052) for VLE with set C2.

2.5 Conclusions

In this study som& ¥ / t ! Qa

S 1ySaasa

4SNBE NBlIylfeasSR

them. In a first step it was shown how the critical point can be introduced in the

parameterization. Using this approach, and a more flexible alpha function along with a

constant volume lsift to improve liquid densities, it was possible to describe the liquid density

curve in a larger range of temperatures than before, including the region near the critical

point. However, by doing sohé quality of the vapour pressure dependency withtbditjuid

density and temperature is decreaseénd thus derivative properties linked to these

dependenciesre not correctly predicted, as is the case of the heat of vaporization. This also

tends to affect negatively the description of both VLE and LltEnsys

A second approach was then adopted, retaining the description of the critical pressure and

temperature, but relaxing the description of the liquid density curve for higher temperatures.

Using this approach, it was possible to consider the associatiergy a constant between the

n-alkanols with 1 and 10 carbons and from propanol to decanol it was also possible to consider

the association volume constant. With this constraints, and considering a temperature range

used in most applications, this veraiof CPA was able to prediCpand heat of vaporization,

while providing an accurate description of the vapour pressure and of the liquid density after

introducing the volumeshift. These results compare well with those frof€BA with a fitting

in the paameterization to density, vapour pressure and ligQid
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Considering the binary phase equilibria description, the results of this second test are in good
agreement with those from the literature, despite requiring binary interaction parameters

with a somevhat higher positive values.

Using only pure component vapour pressure data on the optimization routine is a relevant
drawback, as the parameterization becomes largely dependent on the quality of the available
data for this property. Also for some compowndhis property is very difficult or even
impossible to measure due to decomposition of the compounds, thus future studies must
address the use of a different optimization property, or more than one property
simultaneously. One alternative is to analyseahié alpha parameters should be optimized

simultaneously with the associative term.

Other relevant issue is the alpha function used. Due to the high number of parameters, the
optimization of the vapour pressure had to be extended to larger ranges of teatyer so
that relevant derivative properties presented a correct behavidunis is further addressed in

the remaining chapters of this document.

To summarise, a first set of modifications was evaluated and is able to describe the critical
point and the dasity curve in a large range of temperatures, nevertheless leading to high

inaccuracies in the description of derivative properties. The second set of modifications
provides a CPA parameterization with a high predictive potential, which can be more

consisent in the description of isobaric heat capacity than the origir@Pa\.
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3 Secondary alcohols,
diols and glycerol



3.1 Abstract

To create a predictive method for an associative equation of state, the parameters of a specific
associative group shatilbe transferrable among molecules. The hydroxyl group, one of the
most common associative groups, is a good starting point for this development. Based on a
previous study, where a modified version of CPA was shown to present accurate results for
alkanols with almost constant association parameters, this work addresses branched,
secondary alcohols, -1;alkanediols and glycerol to evaluate how CPA can handle steric
hindrances and the presence of more than one hydroxyl group.

The pure component properties here studied are vapour pressure, saturated liquid density,
saturated liquid isobaric heat capacind heat of vaporization. Some VLE, LLE, and GLE of
binary systems are also analysed, showing how the modifications affect the description of

binary/multicomponent systems. Some systems containing petroleum fluids are also analysed.

3.2 Introduction

Isomerismintroduces relevant changes to the properties of the compounds and, due to the
increase in steric hindrance, a hydroxyl group present in a branched alkanol is expected to
behave differently from one in a primary alkanol with a similar carbon number. Betieéd

use as solvents, the alcohols studied in this work are applied in diverse industries: -both 2
propanol and tertbutanol are used in the production of fuel additives, with the first being also
used as a sanitization agent andb@anol has applicatias in the perfume and food industries.
These compounds are also applied as precursors for the production of diverse compounds of

interest in the chemical industry.

The 1, -alkanediols are among the multifunctional compounds those with the simplest
structure, presenting two hydroxyl groups at the ends of a linear hydrocarbon chain. The
properties and three dimensional orientation of these molecules are mainly caused by the
effect of hydrogen bonds, which makes these molecules interesting subjects to analyse as
model molecules for hydrogen bonding, either in ssdBociating systems as well as to describe
solute-solvent interactions for dilute solutions. They present diveiisftls of applications in

the industry: moneethylene glycol (1;2thanediol) is one of the most important hydrate
formation inhibitors, while various of the smaller diols can be used in refrigerating and
thermostating systems, as well as cryoprotectaridsols are also used in the production of

polymers such as polyurethanes and polyethers, as well as drug additives in the
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pharmaceutical industry and for cosmetics formulations. Despite their importance, for most
alkanediols, the experimental data on théfirermophysical properties are scarce and often of
guestionable quality. Rowley et |HI67] have recently carried a systematic study of the existing
properties for six of these compads. Their study created sets of recommended equations for
vapour pressure and heat of vaporization, while also providing some insight into the choice of

experimental values for other properties, such as the isobaric heat capacity.

Due to their high assdative nature, some diols present intramolecular association. This is the
case of 1,3ropanediol and 1 utanediol, which bend to form a ring resulting from the

hydrogen bonding between the hydroxyl groups at their extremifiea]

Glycerol, dued its nontoxic nature and chemical properties, is widely known in the food and
pharmaceutical industries, with diverse applications such as humectant, sweetener, lubricant
and solvent. Similarly to what was presented before for some diols, glycerol edsers
important qualities as an anfreezing agent for automotive applications. This molecule is also
an intermediate for a large group of chemical reactions. Other applications of glycerol include
uses for botanical extraction, being a component ofiiliy for electronic cigarettes and being

used in ultrasonic testing.

Alcohols have long been studied with the CPA Eo0S, both for the description of their pure
properties or in systems with water, hydrocarbons, or several other compojii$29,153]
Various sets of parameters have been proposed to describenthieohols family, revealing
important tendencies when considering only the optimization apaur pressure and liquid
density. There is, however, a dearth of studies concerning the influence of the position of the

hydroxyl group in these molecules.

Models able to describe a variety of phase equilibria, while providing a good description of
both transport and thermodynamic properties are in great dem#rfdin the case of
multifunctional molecules, the situation is even more dire as many of the properties are very
difficult to measure or even impossible due to the thermal degradation of the conqx]&h

To improve the sets of parameters, increasing their accuracy for more properties, de Villiers et
al.[9] proposed that the optimizations should be conducted using more properties and a larger
range of pressure conditions. Oliveira e{E9] have studied the use of derivative properties

in the parameterization of SAFT and have shown relevant improvements with this approach.

In this study, parameter sets were obtathéor a group of five secondary/branched alcohols

(2-propanol, 2butanol, 2pentanol, 3pentanol and tertbutanol) and for five,. -alkanediols

77



between MEG and 1;6exanediol, usinghe modified CPA version that is proposed in this
thesis. The results forvapour pressure, liquid density, liquid heat capacity and heat of

vaporization were then analysed, as well as, some selected binary systems from the literature.

3.3 Results and discussion

3.3.1 Pure component analysis

Continuingour studies on the hydroxyl group pameterizationfrom the previous chaptethe
constant association energy parameter of 24913 J'meds here used, while the associative
volume was considered constant within each family of compounds, except for MEG, in which
case the ethanol associatiy@rameters proved more accurate. The parameters obtained with
ethanol were also applied to glycerol. For meaioohols (with a single OH group), the liquid
heat capacity was used in the fitting of the associative volume parameter for secondary
alcohols, wile for diols and terbutanol this parameter was only fitted to vapour pressure

data.

The vapour pressure data used for the diols were obtained from Rowley Et6al, which
enales the use of this version of CPA due to the large temperature range of vapour pressure
data that can be estimated. For the remaining compounds the vapour pressure curves were
obtained from the DIPPRF9] and TRJ80] databases. For liquid density the curves from
Multiflash [78] and DIPPR79] were applied, except for 1;6exanediol, for which data by
Bleazard et al[170] were used. For the heat of vaporization the data were taken from the
DIPPR79] and TR(80] databases as well as from the Multiflagt8] correlations, while for

heat capacity most data comes from Géralgkil dkaczykl71]. Critical data were taken from

Rowley et al[167], the TR@80] and DIPPI9] databases.

The parameter sets and results for liquid density, vapour pressure and heat of vaporization, as
well as the critical data used in the pamaterization, are presented inables3.1 and 3.2.
Figure3.1 presents e tendencies, against the van der Waals volume, for both the cubic term
energy at the critical temperaturead) and cevolume parameters, and a comparison to those

for the primary alkanolg69]

The critical data presented imables3.1 and 3.2 corresponds to both the experimental and
calculated values as within the presented tolerance there are no differences between these

two values.
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Table 3.1 Parameters and results for the studied diols and glycerol.

Compound MEG

1,3-Pr(OH)

1,4Bu(OH) 1,5Pe(OH) 1,6He(OH) glycerol
ac (Pa.nf.mol?2) 1.72 2.25 2.72 3.22 3.82 2.59
b. 16F (m2molY) | 6.87 8.27 9.88 11.56 13.57 9.11
a 1.10 1.37 1.30 1.33 1.32 0.45
) -3.64 -2.50 -1.23 -1.25 -0.52 4.16
G 12.16 6.27 3.32 4.04 2.26 -19.32
o -37.1 -23.1 -18.0 -20.0 -16.1 19.9
(S 425 28.4 24.4 25.2 22.2 0.0
s (J.mol) 24913 24913 24913 24913 24913 24913
b.10? 0.162 0.075 0.07 0.075 0.075 0.162
%AADPsat 0.50 0.63 0.71 0.77 0.94 0.53
%AAD g, 0.70 1.07 0.51 0.44 0.79 1.02
%AADH'a 0.34 1.84 3.00 0.67 0.22 0.51
Trange (K) 330490 293533 293533 293533 318438 330530
vshift (me.kmol?) | 0.020 0.019 0.017 0.019 0.022 0.025
Te(K) 719.0 718.2 723.8 730.0 737.0 850.0
Pc(MPa) 8.20 6.55 5.52 475 4.08 7.50

Table 3.2 Parameters and results for the studied alkanols.

Compound 2-PrOH 2-BuOH 2-PeOH 3-PeOH tert-BuOH
ac (Pa.nf.mol?) 1.57 2.00 2.50 2.46 1.87
b. 10 (m3.mol?) 7.90 9.44 11.18 11.05 9.42

C1 1.20 1.15 1.02 0.95 1.12

C2 -0.69 -2.01 0.54 -0.01 -0.95

G 1.20 13.82 -0.81 2.81 2.30

(o7} -215 -50.2 -9.6 -16.4 -13.0

(o3 40.2 58.0 17.5 21.3 25.0

8 (J.mol) 24913 24913 24913 24913 24913
b.1? 0.034 0.034 0.034 0.034 0.030

9%AADPsat 0.03 0.89 161 0.96 0.22

%AAD' |ig. 1.68 0.16 0.46 0.50 0.74

%AADHVaP 1.53 1.95 0.61 1.84 2.03

Trange (K) 293433 254354 251-361 275415 254424

vshift (mé.kmol?) | 0.015 0.016 0.017 0.018 0.016
Tc(K) 508.3 536.1 560.3 559.6 506.2
Pc(MPa) 4.76 4.18 3.68 3.71 3.97
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Figure 3.1 Energy and coolume parameters of the cubic term for compounds containing
hydroxylgroups and their tendencies.

As shown in figur&.1, both the cevolume and energy parameters of the cubic term present
dependencies on the van der Waals volume. It is also interesting to note that, in the case of
diols, this is also true for the alpharfction parameters, despite the intarorrelation between
these parameters. Nevertheless, an outlier is always observed, usualbuthdediol or 1,5

pentanediol. This is also patent in figlB2.
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Figure 3.2 Alpha functionparameters for the studied diols and their tendency with the van der
Waals volume.

The values of the association volume seem to decrease for the higher steric hindrances. Similar
dependencies to those previously observed for primarylabts [69] are obtained when

analysing the volume shift. For diols a similar minima, to that found between methanol-and 1
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propanol, is observed at }dutanediol. Bycerol presents a higher value for the volume shift,
which might have to do with the higher uncertainties for its critical data. These results are

reported in figure3.3.
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Figure 3.3 Volume shift parameterwith relation to the van der Waals volume.

With this approach, liquid density, heat of vaporization and vapour pressure were all well
described for MEG. For the remaining diols and glycerol, despite higher deviations, which are
in part due to the higheuncertainties of the experimental data, the results are also accurate,
with average deviations for each property inferior to 1% in most cases. For the other alcohols
studied the results are similar. The estimation for ethylene glycol, proved to be able to
describe LLE equilibria with alkanes, as will be shown in the next section. Predictions of heat of

vaporization are reported in figures4 and3.5.
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Figure 3.4 Results for the heat of vaporization of sedary/branched alkanols.

The 1,4butanediol is the diol which presents largest deviations. This is in part due to a high
degree of uncertainty in its vapour pressure curve. This is very relevant when considering the
heat of vaporization, liqui€pand ako results for binary systems, and will be further discussed

below.

95

© propanediol A butanediol
920 | \ @ pentanediol B hexanediol
85 | glycerol

80 |

75 F

70

Hver- fk].mol?

60 F

55 F

50

280 330 380 430 480 530
T/K

Figure 3.5 Results for the heat of vaporization of the analysed alkanediols.

TheCpestimates show a large dependence on the ideal gad bapacity, as shown on Figure
3.6 using various approaches fGg?. Since the equation of state only provides the residual
contribution to the heat capacity, an accurate ideal gas heat capacity correlation is required.

Three sets of correlations fadeal gas heat capacities were analysed in the case of MEG. The
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first two are available from the data on the DIPPR datalpagpwhile the third is based on the

studies of Yeh et a]l172]on the conformation of ethylene glycol.
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Figure 3.6 Results for the heat capacity of ethylene glycol using different setkeaf gas heat
capacity correlations.

It is important to note that some of these sets are based on group contribution methods and

similar variations are obtained by using different methods of the same f1j78,174]

The results for the liquid phasgpof secondary/branched alcohols are presented in figdire
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Figure 3.7 Results for the heat capacity of secondary/branched alkanols.

The results present somewhat highgeviation forCpat lower temperatures, where the data

have more uncertainties and the EoS presents a lower accuracy due to the unconstrained
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alpha function, which having 5 available parameters is too flexible to fit to only a few

properties without anyconstraints.

Despite the problem with the ideal gas heat capacity and the inaccuracies at lower
temperatures, theCpresults for the remaining diols follow the expected tendencies, with an
exception for 1,4utanediol, for which the vapour pressure curgeems to present some
inaccuracies, as will be discussed below when modelling binary systems. In Ji§uttee
results forCpare compared with the experimental data from Goralski and TkadZAd, also

the results for 1,5pentanediol are compared with the predictions of Rowley efl7].

@ propanediol
A butanediol 360
360 ¢ pentanediol
B hexanediol
- 320
X 310 | ;
el <
<] ©
E‘ E 280
<260 | =]
oQ
S )
210 240
160 L L L 200 ) 1
280 330 380 430 480 290 390 490 590
T/K T/K

Figure 3.8 Results for the heat capacity of diols (left) and comparison with the predictions of
DIPPR for the heat capacity of h&ntanediol (right).

For glycerol the average deviationsGpare higher than 10%.

In the presented results it is of note thatdalincrease in the number of parameters and the
parameterization process have an important influence in the predictions. As presented above,
two of the parameters are obtained from the fitting of the pure compound critical
temperatures and pressures, enafii the correct description of these properties. The
association parameters used here are in most part constant, and thus when comparing this
version to sCPA, for most associating compounds, it has one more adjustable parameter
(fitting the 5 parameters ofs-CPA or fitting the 5 parameters of the modified Mathias
Copeman function plus the volume shift). It is important to note that some compounds
(methanol, ethanol, MEG) present accurate results without using the whole alpha function and

in future work theuse of different alpha functions with less parameters should be conducted.
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The accuracy of these results is in line with those obtained for the primary alkanols, thus it is
now important to look at the impact of the parameterization used in the modgldhbinary

systems.

3.3.2 Binary systems modelling

The binary VLE systems analysed for diols with other diols and alkanols present accurate
descriptions of the experimental data, which are in most cases predictive. The systems
analysed were MEG + ethanol and ®IE 2propanol, both of which are presented in figure

3.9.
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Figure 3.9 Predictions for the binary systems MEG + ethanol (J&#h] and MEG +-propanol
(right) at 1 atn176].

With 1,3propanediol two systems were analysed,-p/®panediol + MEG and @opanediol

+ 2propanol. In the secondase a binary interaction parameter with the value-0f0153 was

used, while for the first systems no interaction parameter was required. The results are

presented in figure3.10.
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Figure 3.10 Predictions d¢r the binary system MEG + ipBopanediol (leftf177]and results for
the system 1,%ropanediol + Zoropanol (right)178] at 1 atm with ak;=-0.015.

As hinted before, some deviations were observed in the vapour pressure curve -of 1,4
butanediol that have now an impact upon the description of the VLE data for binary systems.

In figure3.11 the predictions for the system MEG +-bidtanediol are reported.
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Figure 3.11 Predictions for the binary system MEG +-tianediol[179].

Differences higher than 2 K can be observed for the pure saturation temperature -of 1,4
butanediol showing a slight, but relevant overestimation of the pure component vapour
pressure. The deviatiortsetween CPA results for the pure dhdtanediol saturation pressure

and the data of Yang et 4lL79] are in average 7.9%, while the average for the applied vapour

pressure curve was 7.2%, which is already a high uncertainty. These deviations are not very
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high in terms of absolute values of temperature, but, as can be observed in fidilkeare
detrimental for the description of the binary systems, especially at higher pressures. Combined
with the higher uncertainty for the lower temperatures, it was thus expected that the
derivative properties calculated would present higher deviati@spbserved in the previous

subsection.

The description of the VLE for binary systems of diols was mostly accurate, with only one of
the systems requiring a binary interaction parameter. Results were also obtained for VLE
systems with terbutanol. In thiscase all systems required the use of a binary interaction
parameter. The experimental data for these systems were taken from the TRC dajabhse
Figure 3.12 presents the description of the system téutanol + ethanol using a binary

interaction parameter 0f0.024.
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Figure 3.12 Results for the binary syem tertbutanol + ethanol at 1 atm with lg;=0.024.

The results for this system are highly accurate despite the narrow temperature difference
between the boiling and dew temperatures. The results for-tertanol + butane were also

studied and are preented in figure3.13.
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Figure 3.13 Results for the binary system tdsutanol + butane at 2 temperatures with a
kij=0.0551.

To finish the analysis of the VLE description of binary systems containidmitariol, the

system with isobutylene was also studied, which is presented in figade
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Figure 3.14 Results for the binary system tdutanol + isobutylene at 3 temperatures with a
k;=0.0370.

Binary sgtems with monealcohols/1,3propanediol were studied to verify the quality of the
glycerol parameters. These systems are well described using small interaction parameters, in

most cases, as is presented in figu®$5 and3.16. The binary interaction pameters for

these systems are presented in tal3&.
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Figure 3.15 Results for the systems containing glycerol and an alcohol at J1&#j
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Figure 3.16 Results of the system,3propanediol (1) + glycerol (2), full linesBubble points,
dashed lines, dew poin{480].

Table 3.3 Binary interaction parameters for the systems contairgihgerol.

Second compound  k;
1,3-propanediol | 0.015
methanol 0.008
ethanol 0.054
1-propanol -0.009
2-propanol 0.000
1-butanol 0.018
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In the last chapter, it was shown thatespite the higher values of the emlume (when
compared to the original A model), it was possible to successfully describe vl the

present versionalbeit with slightly higher binary interaction parameters. Thus, the description

of LLE systems containing MEG was analysed, as well as the accuracy of the model to describe
the solubility of gases in MEG. Comparing the results for MEG + alkanes with the data from
Derawi et al[139] and Riaz et a[181], presented in figure8.17 and3.18, it is shown that the
proposed parameters are able to describe these systems and despite somewhat higher
deviations in the system with hexane, and the need of higkevalues, the results are

comparable to those of-€PA140].
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Figure 3.17 Mutual solubility results for the binary systems MEGHRerane (left) and MEG + n
heptane (right).
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Figure 3.18 Mutual solubility results for the binary systems MEG + nonane (left) and MEG +
methyl cyclohexane (right).

With these results, along with the results for the systems MEG + light alkanes, ifdr thie
modelling of the gas solubility is studied below, it is possible to correlate the binary interaction
parameter values with the chailength of the alkane. The average absolute deviations for

these systems are presented in thenexes

To evaluate lte ability of the model to describe the results for gas solubility in MES, (EQ

COS, Nand methane) and MEG solubility in gas (methane ang),@delling results were
compared with those from the works by Jou et [4i82,183] Zheng et al[184], Folas et al.
[141] and Afzal et al[185]. Larger binary interaction parameters were needed for all systems
in study. Despite this fact, the descriptions are rather accurate and in the case of the binary
systems of MEG with methane, £®bS and COS they compare well with the results frem s

CPA8,141,185] The C@ N, HS and COS were considered to be inert in this study.

Figures3.19 t03.22 present the results for the 5 systemséstigated.
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Figure 3.19 Solubility of C@in MEG (left) and MEG in €@ght), kj=0.147.
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Figure 3.20 Solubility of Nin MEG at 3 different temperatussk=0.590.

Despite being considered as ransociative compounds, the descriptions for the systems with
CQ and N present accurate results with CPA, fig#:&9, being equivalent to those reported

by Jou et aJ183]with PengRobinsor{11].
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Figure 3.21 Solubility of methane in MEG (left) and solubility of MEG in methane (right)
kij=0.343.

With methane, deviations are higher, as shown in fig8r2l, nevertheless the results are
similar to those by Folas et §141] with sCPA, and for the very low concentrations in study,

are satisfactorily accurate.
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Figure 3.22 Reslis for the solubility of biS (left) and COS (right) in MEG, with binary interaction
parameters of 0.039 and 0.160 respectively.

Similarly to C®and N the systems with k8 and COS are accurately described despite no

association sites being consideredHss or COS.
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To complete the study on the systems of MEG-alkanes (for which results with methane,

hexane, heptane and nonane were already analysed) the solubility of ethane and propane in
MEG are presented in figu23.
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Figure 3.23 Results for the solubility of ethane in ME®G6] (left) and propane in MEHE87]
(right), the binary interaction parameters are 0.237 and 0.191 respectively.

As discussed before, a dependency is observed for the binary interaction parametees®
systems with the alkane carbon number, as shown in fig2d. The use of the correlation
enables the description of the systems in study. The %AAD for each system with the ogiginal k
and the correlated value are presented in thanexes To futher test the quality of these
parameters, an analysis was carried fioe systems studied by Kontogeorgis andveorkers,
[181,18&191] using this binary interaction parameter colagon. The results for two other

systems of the same ty[&92] are presented in the annexes.
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Figure 3.24 Binary interaction parameters correlati for the studied systems of MEG with
alkanes and their dependency with the alkane carbon number.

Thek; values for linear and branched hydrocarbons were considered to be identical.

For most analysed systems this approach is able to describe withnaalgoaccuracy the
fraction of MEG in the hydrocarbon rich phase, or at least a correct temperature dependency
is obtained. It is of note that despite the pure property description of ethylene glycol taking
priority in this parameterization, with two crial properties fitted, a reasonabl&p
temperature dependency and very satisfactory deviations for &thand ", the essential
description of these systems is still captured, with light oil 1 being a particular case where the
range of temperature fowhich the fraction of MEG in light oil is superior to that of light oil in
MEG is closer to experimental data. The results for these systems as well as the comparison
with the results of Kontogeorgis and-emrkers[181,188;191]are presented in figure3.25 to

3.27. The deviations obtained for these systems are presented iarthexes
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Figure 3.25Results for the LLE descriptianfSMEG with Light oil 1 (left) and MEG with Light oil
2 (right), experimental data is from Kontogeorgis anevavkers[190]
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Figure 3.26 Results for the LLE descriptions of MEG with €bldft) and MEG with Corgl
(right), experimental data is from Kontogeorgis andamrkers.[188,191]

This approach tends to overestimate tkg@ &

FT2NJ 6KS

| ghtertmixfEns; 1€ading2 v &

to an under prediction of the fraction of hydrocarbons in MEG phase for some of these

systems. However, this also enables improvements on heavier mixtures, as is the case of light

oil 1, or in some instances improving the descriptad the hydrocarbon rich phase.
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Figure 3.27 Results for the LLE descriptions of MEG with &yrekperimental data is from
Kontogeorgis and coorkers.[188]

3.4 Conclusions

The purposed version of CPA was extentiediols and some secondary/branched alcohols.
The value of the associative energy was considered constant, while the associative vasime w
adjusted to take into account different environments (including steric hindrance). The energy,
covolume and volumeshift parameters show tendencies with the van der Waals volume. In
the case of diols the alpha function results also show tendenciedsf@arameters, showing

promising results for the predictive capacities of this version.

Modelling results within the experimental uncertainty were obtained for most pure properties.
TheCppresents higher deviations, however a part of these might be duiae uncertainties
coming from the use of the ideal gas heat capacity correlations. However, the tendency for the
property is in most cases correct, even when not using this property in the optimization, which
usually is not observed with other versionktbe equation. It is also of note that this version

of CPA forces the correct description of both the critical pressure and critical temperature,
providing a more reliable description of these properties but also of properties which depend
on them, as ishe case of heat of vaporization, for which, with this version, the results at the
critical temperature will be 0, instead of presenting an overestimated value, while presenting

mostly accurate results at normal application temperatures.
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These improvementsn the pure component description lead, in most cases, to the need for
slightly higher binary interaction parameters. Despite this, the correlation results are of similar
accuracy as those ofGPA for most systems. Gas solubility in ethylene glycolelisagisome

cases of solubility of MEG in gases were also analysed with promising results. A final test was
conducted to verify the quality of multicomponent description with this new version of CPA.
The results show a very reasonable description of tyssesns using a single correlation based

on the studied systems of MEG with hydrocarbons.

To summarize, this modified version of CPA improves on the description of pure component
properties, with the description of the pure component critical pressure t@ngperature and

an increase in accuracy for the predictions of heat of vaporization and @uidihese results
were obtained using a constant and transferable value for the association energy parameter
for the hydroxyl group and a very simple approachtfte association volume, improving on

the predictive capacity of the model. The results obtained during the binary and
multicomponent system calculations are accurate and in most cases present similar quality to

those from sCPA, despite the high&Q a @©
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4 Water and agueous
mixtures
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4.1 Abstract

One of the major challenges of an equation of state lies in the description of water and
agqueous systems. Its abundance and unique properties turn water into one of the most
important molecules in the iustry. However, due to these peculiar characteristics its
modeling is far more complex than for any other common solvent.

In thischapter, the modified CPA mode$ expanded to water and its systems. A brief analysis
of the predicted water pure propertgeis conducted, comparing those to a previous version of
the model. Results for a group of binary systems, including Higudtd equilibria with alkanes

and alcohols, highlighting their minima in aqueous solubility, and gas solubility in water/water
solubility in gas are also presented. Finally, ternary and multicomponent systems of water +

hydrocarbons and water + polar compound + hydrocarbons are also modelled and discussed.

4.2 Introduction

The importance of water both in the industry and in the dailgdiwf the world population is
undeniable, and its unique properties are an asset used in diverse ways in almost every
process.

The correct description of pure water and its mixtures using an equation of state is both a
necessity and a challenge. During tlast decades, the development of association models
brought a significant improvement to the accuracy of these systems. Some of the most well
known association models are based on perturbation theory, in most cases on Wertheim's first
order thermodynamicperturbation theory (TPT1) for associating flujfls.CPA5] is one of

such models and combines the simplicity of a cubic equation of state with the theoretical
background and accuracy expected from an association model.

The modified CP#vas appliedhere to the description of binary and multicomponengstems
containing water, while still preserving the accuracy of the pure water properties. For the
latter, this study analyses the description of not only vapor pressure and liquid density, the
most used properties in the parameterization of CPA, but @teoestimation of derivative
properties such as liqui€pand heat of vaporization. A diverse group of mixtures is then
analysed with a focus on the description of water + alkanes and water + alcohols/hydrate
inhibitors (MEG and methanol), while also stimdy petroleum related fluids and their

equilibria with water and these polar compounds.
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As will be demonstrated, this new version of the model can reasonably describe, for the first
time for CPA, the minimum in the water solubility of hydrocarbons whie ahatching the
pure components critical temperature and pressure and better representing second derivative

properties such as liquid heat capacity and enthalpy of vaporization.

4.3 Results and discussion

4.3.1 Pure water results

Our experience with the version tfie CPA mod@9] described above has shown that the
selection of the associative parameters needs to be carried with care, especially for smaller
and stronger assmative compounds such as water and methanol. For methanol we found that
higher values for the associative parameters could be employed, improving the description of
saturated pressures, but decreasing the quality of LLE and derivative properties. The same
holds true for water. Thus, the set presented here takes into account not only the description
of pure water properties but also the need to correctly describe mixtures.

It is important to note thatfor non-associative compounds, the model is simply SRK the

fitting of vapour pressure to a different alpha function and a constant volume shift fitted to a
single density point. For associative compounds, frometkgerience of the previous chapters

the fitting of associative parameters should be addessdy looking (or including in the
parameterization) some derivative properties or binary data. For the set presented in this
thesisthe association parameters were fitted @. Even then, more than one set was able to
describe the pure properties accuedy. Thus, as between VLE and LLE, the latter is harder to
model, the set of parameters presenting the best description of the LLEHexane + water
were selected.

The description of the remaining water properties is rather accurate. A comparison &etwe
the results for this set and those usingC®A with the set from Kontogeorgis et[#3] is
presented in Tabld.1 and Figured.1 and4.2. A summary of the calculated and experimental
critical properties is reported in Tabfe2. Water critical constantsl{, R, ) and temperature
dependent correlations for vapor pressurguid density,G and ideal gas heat capacities were

obtained from the Infodata database in the commercial software Multiffg€h.The vapor

—7.798(1-T,)+1.540(1-T,)? 2~ 2.896(1-T,)?~ 1.038(1—T,)"

pressure curve applied waln P = LnP, + -
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Table 4.1 Water CPA parameters and comparison between the set obtained imwtrisand
the one from Kontogeorgis et dl3] Trange [260- 450 K].

Set Parameter value Parameter value | Property | %AAD
ac (Pa.m.mol?) | 0.123 c4 0 psat 1.17
b.10° (m®.mol?) | 1.452 c5 0 "lig 1.10
Kontogeorgis
cl 0.674 8 (J.mot) 16655| Cpyq 7.43
et al.[73]
c2 0 b.1¢? 6.92 Hvap 1.45
c3 0 vshift (m3.kmof?) 0
ac (Pa.m.mol?) | 0.425 c4 1.464 peat 0.05
b.10° (m®.mol?) | 2.388 c5 8.628 "lig 2.28
This work cl 0.557 8 (J.mot) 22013| Cpiyg 0.84
c2 -2.540 b.1¢? 0.483 Hvap 0.42
c3 -2.012| vshift(m®.kmol') | 0.012

As can be observed in Takld, the water association energy) (Used in the new set is higher,

than that used for the €CPA. This will have a very relevant impact in the description ofragste
containing water as discussed below. The remaining pure associative compound parameters
applied in thischapter are presented in chapters 2 and The parameters for the nen

associting compounds are presented in the annexes
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Figure 4.1 Results for the description of water saturated liquid density and heat of vaporization
using the two sets of parameters and different temperatures to fit the volume shift.
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Figure 4.2 Results for the description of water heat capacity using the two parameter sets. C
data values are from Abdulagatov et §.93]while the values for Gvere taken from the
Infodata database in MULTIFLASHI.

Table 4.2 Experimental critical data and results with the two parameter sets.

Data Thiswork sCPA73]

Te(K) 647.3 647.3 656.6
Pc(MPa) |22.12 2212 23.73
Vc(m®.kmol?) | 0.056  0.069 0.035

In Figure4.1, it can be seen that changing the usual reference reduced temperature for the
volume shift has a significant impact on the density results, particularly at lower temperatures.
This change leads to a correct description of the heat of vapizatose to the critical point

and an overall better trend with temperature for this property.

As discussed in the previous chaptetse use of an unconstrained, highly flexible alpha
function, can introduce some inconsistencies. However, for some fgp@cmpounds, like
water, where the simple nature of CPA, and similar EoS, are unable to capture the trends of
many of its unique properties, the introduction of constrictions might lead to an even worse
thermophysical description. In Figuke3 the alphafunction used in thighesisfor water is
plotted between reduced temperatures of 0.4 and 1 and is compared to the water set of s
CPA73]
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Figure 4.3 Alpha functions analyzed in this work betweg®.4 and 1.

As can be seen, this alpha function does not decrease in the whole @ngmperatures,
continuously increasing in the fitted temperature range. It is important to note thaGpwas
used in the parameterization of this set and th@t presents a seemingly correct physical
behavior for the range of temperatures in anag/sas observed in Figude2.

One important topic to address at this point is that from the experimental data available for
liquid G and G, the value of these properties seems to almost cross each other between
273.15 K and 300 K, as can be observedénttork of Cheri194]
Knowing that:

(),

For G to have the exact same value Gf above O K either the first derivative of pressure in

C,—Cy=-T 4.1)

p v

relation to volume at constant temperature is infinite, or else, the first derivative of pressure
with relation to temperature at constant volume is zero. The second hypothesis is the one of

interest. It is thus important to know how this happens with CPA:

(ap)cuhic_ R 1 da
AT/ V-b  V(V+h) 8T

(4.2)

In this term (cubic contribution to the derivative) the first term is always positivigile the
second is positive only if the alpha function monotonically decreases with temperature.

The contribution for pressure from the association term is:

Passociation = RTth (43)
where:
1 ding
h = ZES m (1 - X;) (45)
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with m; being the mole number of sites of type i.

The derivative for this term is then:

Apy Association 3 A
(ﬁp)v = Rth— RrT Y {lls*es % (4.6)

h is always positive, as well g&!'sites mi%. Thelng decreases with increasing volume, in this
way its derivative is negativabove 278 K, when considering saturation or atmospheric
conditions. Taking this into account, the first term of the derivative (concerning association) is
negative while the second term is positive above this temperature, the opposite being true
below. Inthe case of the Soave alpha function, one association term needs to compensate
both the remaining association term and the cubic terms, for the total derivative to be zero.
With the alpha function, and water parameter set proposed in thissis between273 and

300 K the second term of the cubic contribution is negative and liquid densities are not used

directly in the parameterization. Thus allowi@i—’) to be close to zero, while retaining a

correct description of vapor pressures and its detiixes.
Considering(?ﬁp) able to be zero, or close, leads to an over relianC(Eggfr)for the description

of saturation pressures, and thus, despite presenting a better physical behavior, the values of
the volume are far from correct wheusing a volume shift anchored to a temperature far from
this region. Through this compensation of errors it is possible to increase the accuracy of
predictions for pure properties of water and some LLE, while keeping a correct description of
VLE.

It will also be important to analyze the Pitfalls of Soave type alpha functions presented by
Segura et al195] and the guidelines by Deitef$96], when looking at properties and phase

equilibria where the associative compounds are near or at the critical point.

4.3.2 Modeling mixtues containing water

Binary mixtures with alkanes ¢@o Gyo)
As was referred before, the value of the association energy is higher with the proposed set of

parameters, which in turn introduces a heavier weight into the temperature dependence of
the assoditive contribution. This change, as well as the alpha function and the volume shift,
depending on the kind of system and conditions, introduce important improvements on the
results, leading however to less accuracy for a few other systems. A notoriouplexaihis

is the description of water fm-alkane and water f-alkanol systems where the increase in the
association energy of water enables a better estimation of the minima in the solubility of

alkanes in water and a better description of the solipitrend for the alkanols. The better
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trend for these systems is associated, in some cases, with higher deviations at low
temperatures. Figured.4 and4.5 present the results for water + alkane betweena@d Go.
Experimental data for these systems wiken from Tsonopoulos et dlLl97] Marche et
al.[]198] Heidman et al[199] Jou et al[200] Pereda et al[37] Economou et al[201]
Schatzberd202] Noda et al203], Géral and cavorkers [204] and calculated with the

expressions from Tsonopoul{205]
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Figure 4.4 Description of the results for water +aitkane (€to G, except @) with both sets.
Full lines areesults from this work (ak;=0.180; b kj=0.150; ¢ kj=0.120; d k;=0.065),
dashed lines are results usinE®A125,136](a- kj=0.044; d k;=0.069).

Aswas observed beforethe binary interactbn parameters are larger than those oCRA.
Figures4.5 and4.6 present the results for the remaining systems used in this analysis. It is
important to note that the improvements in the description of the aqueous phase, also
introduce a change in the tral for the solubility in the hydrocarbon phase. Thus, if only the

hydrocarbon phase was optimized, in some particular cases (mixture with decane), higher
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deviations would be observed for the aqueous phase tharGRPA. However, it is important to
note tha a relevant variability in the experimental data is verified (noticeable when looking at
the mixtures with hexane and octane). Two figures are presentdbddrannexesconcerning

this behavior, including the worst case, the mixture with decane.

1.E+00 1.E+00 -
© n-butane in aqueous phase
@ C5 in aqueous phase .
1Eo01 A water in hydrocarbon phase
' A water in HC phase A 1E-01 rm@waterin gas phase
g lE-02 B g
2 21E02
(=] L=]
g 1E03 | £
< g
[=] 01.E-03
€ 104 | £
1Eos | 1E-04 | _
-~ - -
” |, -~
-~
1.E-06 L L L L 1.E-05 L L
250 300 350 400 450 500 300 350 400
T/K T/K

Figure 4.5 Description of the results for water +atkane (¢and G) with both sets. Full lines
are results from this work (leftk;=0.240; right k;=0.210), dashed lines are results using s
CPA125,131,136]left - k;=0.085; right k;=0.065).

Before addressing a different class of compounds, it is important to evaluate if there is any
trend for the binary interaction parameters of watemralkanes, as previously observed with
s-CPA by Oliveira et f125] Using the results for the studied systems, it is palesio observe
a good correlation for the binary interaction parameters, as can be observed from Bigure
Later in this paper, the results for some multicomponent systems will be analysed, using
water, methanol/MEG and petroleum fractions. Thus, ibfsimportance to know how the
binary interaction parameters of these two other compounds (MEG and methanol) behave for
systems with alkaneg he results for methanol are presentedtite annexeswhile those for
MEG are fronthapter 3.A trend is also obtaed for these systems.
Equations 4.7 to 9.present the correlations used between the associative compounds (water,
ME@d68] and methanol) and the hydrocarbon molecular weight. Figdt&@ shows the
RSAONALIIAZY 2F GKS FAGGAYy3a 2F GKS {AeQa GNRIAK

Kinge = —0.133In(MW) + 0.701 4.7)
kip,0 = —0.195In(MW) + 1.042 (4.8)
Kimethanol = —2.89 X 10™*MW + 6.10 x 1072 (4.9)
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Figure 4.6 kj correlations applied in this work, for the systems of polar compounds +
petroleum fluids

Binary mixtures with aromatic hydrocarbons
Using the approach of Folas et[&B6] for the description of aromatics{= BT; Bl = fitted)

it is possible to describe also the solubility of aromatics with this verefoCPA. Figuré.7
presents the results for water + benzene, water + toluene, water + ethylbenzene and water +
o/m/p-xylene. Experimental results for these systems were taken from Géral[@0a].Miller

and Hawthorng207] Jou and Mathef208] Shen et a[209] and Pryor and Jentof210]

As in the case of alkanes, thrersion of CPA applied in thisesispresents a more accurate
trend for the solubility of aromatics in the water phase. The results for this group of

compounds are in general accurate.
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Figure 4.7 Resultdor water (1) + aromatic hydrocarbon (benzene (2), toluene (3),
ethylbenzene (4), axylene (5), exylene (6) pkylene (7)). Full lines are the results from this
work (ki2=0.170/ 1>=0.0095 k;3=0.145] $3=0.0090 k14=0.120, *=0.0060 k;15=0.102,
i 15=0.0050 k16=0.119] 6=0.0080 k17=0.111; ’=0.0070), dashed lines are those obtained
using sCPA125]

Binary mixtures with alkanols
The improvement on the description of the solubility minima might beant due to this

version of CPA containing more accurate pure component information (more acoOmmte
correctedTc and Py), however, the higher value for the association energy, and different alpha
function, should be the main reason for this enhancethdgour. A similar effect is observed

in systems containing water angalkanols. However, in this case, the improvement on the
gualitative description of the systems does not assure an increase in their overall accuracy, as
the influence on the agueous pke is less accurate in this case. FiguBepresents the results

for the systems water +-fiutanol and water + -bctanol. Experimental data are from Goéral et

al[86], Lohmann et al[211]Hessel et a[212]and Dalls and LisZR13]
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Figure 4.8 Water + tbutanol, multiphasic results at 1 atm (a) and LLE for a larger range of
temperatures (P with the modified CPA«(=0.032) and <PAK;=-0.065) and LLE for water +
1-octanol (c and d). Using the @Rombining rules.

For heavier alcohols, where the association contribution becomes smaller this is less notorious.
Also, the current versionf the model is using the same association parameters for every OH
group in whatever alcohol§8,69] which might affect more the LLE results of smaller chain
alcohols

The VLE of water with 4 light chain alcohols (methanol, ethanpipfanol and Zoropanol)
were also analysed. For the mixtures with methanol and ethanol temperature independent
binary interaction parameters{=-0.045 andk; = -0.004 respectively) were applied, while for
the mixtures with propanol and 2propanol there was a need tapply a temperature
dependency in these parameters (water #prbpanol kj = -2.93x10'T +0.125], water + 2
propanol kj = -4.05x10'T +0.122]). A Table presenting the deviations for these systems is
presented asannex Figure4.9 presents these binargystems, using data from Voutsas et

al.[214] Vercher efal. [215] Soujanya et gl216]and Bermejo et dl217]
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Figure 4.9 Results for water + ethanol at three different pressures (a), wateprofianol at 10
bar (b), water + methanol at four different pressures (c) and watepropanol at 1 atm (d).

These results are very accurate and able to describe the VLE of these compounds in a wide
range of conditions.

Figure 4.10 presents the results for water + ethylene glycol (using a 2 x 2B association
scheme|68] at 2 different temperaturesk(; = -0.025), as well as the predictiok; & 0) of the

VLE for water + 1;Bropanediol and the correlatiork(=0.030) for the VLE of water + glycerol.
Experimental data are from Kamihama et[all8] Sanz et aJ219], Oliveira et a[127] and
Soujanya et gl216]

The ternary system containirthese compounds was also studied yielding 1.20% of absolute
average deviation on the bubble temperatures and 4.15% on the dew temperatures, when
compared to the results of Sanz et[21.9]. A Table with thse results is also presed in the

annexes
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Solubility of water in gas/gas in water
Description of the solubility for binary systems containing lighter alkanes and water, despite

being possible with a temperature independent binary interaction parameter, usually requires
a temperature dependency for an acete description of both phases. Figu441 and4.12
present the results for gas solubility of the three lighter alkanes with water. Experimental data
values are from Kiepe et #20], Rigby and Prausnif221] Lekvam et al[222] Mohammadi et
al.[223] Coan and Kirjg24], Chapoy et g225]and Kobayashi et §226]
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Figure 4.11 Mutual solubility for methane + water (a, k;= 1.48x16T-0.093) and for ethane +
water (c, dk; = 9.95x1dT).

The results for the system wer+ methane shows the model to be able to accurately describe

the solubility of water in the gaseous phase while presenting good results in the liquid phase.

For higher temperatures the pressure dependencies start to present deviations. Similar results

are obtained for the systems containing ethane and propane.
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Figure 4.12 Mutual solubility for propane + water with; k 8.90x16T-0.01.

Aqueous mixtures containing nitrogen and carbon dioxide weresilstied, while considering
these compounds as nemssociative. For the former, the results are accurate in both phases,
using a temperature depender; (kj = 3.30x16T -0.6), while for the latter the solubility in
water is well describedk{ = 7.20x16T -0.07). These results are presented in FigdrE3.
Experimental data was obtained from Rigby and Pray@ai1i, King et a[227] and Hou et
al[228].
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Figure 4.13 Results for the solubility of Nh water (a), water in N(b) and C@in water (c).

Multicomponent mixtures
Having established the ability of our neversion of CPAo describewith accuracy binary

systems with water and a range of different compounds, we turned our attention to the

evaluation of its ability to describe more complex mixtures. For a start, two ternary systems
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were studied: MEG + water+eathane and MEG + water + ethanol. The results for the VLLE of
the first system are presented in Figu4el4, while for the second the %AAD of the bubble
temperature is 0.19 and for the dew temperatures is 0.71. The results for this second system
when compaed to the data of Kamihama et E29] are presented in the annexedore

results at different conditions, for the mixture presented in Figdiet arein the annexes

0014 }
@ 50%wt MEG
c 0012 |
2 A 90%wt MEG =7
@ 001 | =
£ e
-
S 0.008 | et
5 T s
g 0006 r o~ A °
% 0004 | -~ 4
[+1] J 7 A
E > 0
0002 | - - % (e}
y @
O . 1 1
0 5 10 15

P/MPa

Figure 4.14 Results for the solubility of methane in water + MEG at 298.15 K (right). FUll lines
modified CPA results. Dashed limesCPA results. Data from Folas eflall] and Burgass et
al.[230]

As discussed ishapter 3,this version of CPA is able to describe multicomponent systems
containing ethylene glycol. These mixtures have been analysed by Kontogeorgis -and co
workers[181,188,19Q192,231,232using sCPA, with good results. Two of these systems have
not been previously studied using this version of the model and the results of these fluids
when mixed wih MEG are presged in the annexes

It is important to note that the parameters used for the interactions between water/methanol
and methane/ethane/propane are thespreviously fitted in this thesid~or many of these
systems a temperature dependency was needed on khé& correctly describe the phase
equilibria. The binary interaction parameters between associative compounds are those
obtained for their binary VLE description.

Figures4.15 and 4.16 present the results for some of the systems of water + MEGbasitl

fluid studied by Kontogeorgis and-emrkerqd181,188,19Q192,231,232Jusing the version of

CPA proposed here. In tlanexesa Table is presented comparing the average deviatwns

the two CPA versions for these systems. The condensate description, considered the real
components up to five carbons. From six carbons up to nine carbons, four molecular lumps

were considered (C6, C7, C8, C9), where all compounds in the mixturahattltarbon
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number were considered. Heavier molecules with ten or more carbons were considered in a

single lump (C10+) with averaged properties.
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Figure 4.15 Results for the system corld+ water + MEG at 3X (a), con® + water + MEG at
303 K (b), con@® + water + MEG at 323 K (c) and for the systemoigtit+ water + MEG at
303 K (d). Data from Riaz e{488,191,231nd Fost et al[190]

Accurate results are also obtained for the polar compoundblénhydrocarbon phase in most
systems, but a higher decrease on the accuracy is verified for the heaviest system (light oil),

than with sCPA.
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Figure 4.16 Results for the system Lightl 2 + water + ME@Gt 323 K (left) and Fluitl + water +
MEG at 323 K (right). Data from Riaz dR8ll]and Frost et aJ192]

Applying the same approach, the description of the gas condensate studied by Pedersen et al.
[233]was also tested. These results are presented in Figlig as well as, those from Yan et

al. using <CPA[234]. The results obtained for these system are, in general, comparable to
those of sCPA.

Concerning results with water + methanol + HC, the mixture 2 presenteBelgrsen et
al[235] and a synthetic mixture from Rossif&86] are analysed. These results are compared
to those of Yaret al[234] on Tablesn annex It is notorious that the results obtained with the
two CPA versions diverge on the accuracy for the methanol fraction in the hydrocphase.

The sCPA presents significant deviations for this fraction in the synthetic mixture, while the
version applied in thighesis provides a good description of the experimental data. The
opposite is verified with the data from Pedersen ef285], while the main component in the
condensate being the same as in the quaternary mixture (methased in similar
proportions). This should in part be due to the use of diferrent combining rules, as the ratio
water : methanol is rather different in these systems, and the use of different approaches for

the binary interaction parameters calculation baten the two versions.

118



6.0
50 @ waterin hydrocarbon phase I (l)
. o
this work 55 F
40 s-CPA
50 F
_g 30 = o
"Q E 4 5 B
° B3
20 | °
40 |
10 F @ water in gas phase
° ) 35 this work b)
a
00 © L L L io Is—CPA .
305 355 405 455 70 80 90 100
T/K P/MPa
0.9 0.8
08 | .
© methane in aqueous phase ° o
07 F
this work 07 r
06 F
-CPA
505 | > =
= € 06
w04 F Q * (o]
(o}
03 F
02 F 05 | © methane in liquid phase
o1 this work
' c) s-CPA d)
0.0 . . . 04 : ;
300 350 400 450 70 80 1) 100
T/K P/MPa

Figure 4.17 Results for the water solubility in the hydrocarbon phase at 100 MPa (a) and 473.15
K (b) and for the methane solubility in the aqueous phase at 100 MPa (c) and 478)15 K (
(left).

4.4 Conclusions

A new version of CPA is evaluated here for the description of water containing mixtures. While
its description of density for small, highly associative compounds, with a volume shift applied
at 0.7 T, presents somewhat higher deions, the trend with temperature is more accurate
than that obtained with <CPA. Moreover if a lower; is used to fit the volume shift, it is
possible to obtain reasonable results for density between 0.45 and T).8Ehe modifications
applied in this ersion also lead to a better description of liqgland correct values fof. and

P.. This also enables the correct trend for the description of the heat of vaporization, as well

as, a better trend with temperature fdz.. It is also important to note #i for the compounds
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with hydroxyl groups studied in thtkesisit was possible to consider the association energy as
constant.

The parameters for water on this version also lead to a higher temperature dependency on the
association term, this in tur, leads to a different behavip than previous versions, on the
solubility of alkanes/alkanols in water. The solubility of the second compound, in many of
these systems, now presents a trend closer to what is experimentally observed.

Accurate results are obiaed for the description of the vapor liquid equilibria with alkanols
and the solubility of gases in water/water in gases. It is important to remember that a single
combining rule for the association parameters was applied, while some of the results from s
CPA have used different combining rules.

In the case of multicomponent systems, seven petroleum fluids were studied, using
correlations for the interaction parameters between water/MEG and the petroleum
compounds/fractions. These results are in most cas=sirate with a decrease in accuracy for
heavier fluids, which is to be expected due to the large extrapolations used in these cases. The
results for multicomponent systems are comparable to those -@fP#\, while in general
improving the results of binaryLE equilibria and pure properties.

This version of CPA is thus able to describe a relevant group of properties for a complex
molecule like water, while presenting very promising results for VLE and LLE and an accurate

representation of multicomponent stems.
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5 Thiols and amines
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5.1 Abstract

The predictive capacities of a modified GRddelhave been analyzed in the previous chapters
for compounds containing hydroxyl grougllowing that worktiis now important to verify if
the appraches proposetiefore are adequate for the description of other association grqups
such as thiols and aminedhis section addresses short chain thiglsoth primary and
secondary, as well as three secondary amines. The anapysiformedhere has a fags on the
pure component properties as well as the VLE of these compounds with alkanes, aromatics

ketones, wateior alkanols.

5.2 Introduction

Thiols are used or formed in a large range of industries. Some examples are the production of
insecticides, petrieum refining, kraft pulpingo produce papelnd sewage treatment plants.
These compounds are also commonly found in industrial waste streams, and, despite their
concentrations in these streams being usually far below toxic levels, the strong odorssef the
compounds are notorious even when in small concentratiomsat often requires specific
treatments. [237]

Some examples of applications of secondary amines include the use of dimethylamine and
dipropylamine for the production of herbicides, fungicides and disinfectants for agriculture and
the use of diethylamine in the production of Ndiethylaminoethanol[238]

The use of ££PA for the deagiption of thiols has beeneported for both pure properties and
mixtures with alkane$239,240] Kaarsholm et al241] used sCPA to study #arge group of
amines and their phase equilibria with alkanes and alkarmissenting accurate results for
these mixtures and showing relevant advantages over SRK.

Other associating models have also been applied to study aminéarge group of amines,
including secndary amines, was studied by Rozmus ef242] with GCPPGESAFTpresenting

a good description of phase equilibria and some mixture propertibg/erse other studies
exist concerning amines with SAFT variafi$$,53,90,243,244}those are however more
focused on tertiary and/or primary aminesd when mixture results are presented, those are
accurately described

In this chapter, results are presentdist for the description of pure propertiegvapour
pressure, saturated liquid densities, heat of vaporization &y for both groups of

compounds. Thenodellingof the phase behavior of secondary amines with alkanes and other
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hydrocarbons ighen analyzed, consideringh most cases a predictive approach where no
binary interaction parameterare applied. Results for the description of thiols + hydrocarbons
and amines + other associative compounds are also reported and, when available, the results

are compared to thosefas-CPA.

5.3 Results

5.3.1 Pure component results

Similarly to the procedure previouslglescribed forthe hydroxyl group, for thiols and
secondary amines, the energy of association was kept constant between the same group of
compounds, while the association volumasvadjusted for the two lighter compounds of each
family and kept constant for the remaining compound® be notedthese values differ for
primary and secondary thiol§Table 5.1) The association scheme applied for both group of
compounds was 2B2rimary amines were not studied at this time. In the future we intend to
analyze which is the more adequate association scheme for primary amines with this version
of CPA (either 2B or 3B). However, at the moment the code is only able to cope with groups
with the same number of acceptor and donor sites. Thus, before these modifications, it is not
possible to analyze the 3B scheme.

The experimental data used for the pure compounds parameterization was taken from the
DIPPR79] and TR(80] databases, as well as from the correlations present in Multiflas8h

The parameters obtained for each pure compound are presented ind&bleand 5.2except

for the energy of associatiorf)( which is 13915 J.mbK? for thiols and 13456 J.méakK? for
amines Deviations on the property description are presented in the annexes, Wifife liquid
densitiesand G, are plotted in figures 5.1 to 5.4he trend of the parametersac andb, is also
presented infigure 5.5 As in the previous chapters the cubic term parameters were fitted to
saturation pressure dataHeat of vaporization data was applied in the fitting of the association
parameters. These data values were taken from the D[P#IRind TR(80] databasesTables

5.3and 5.4present theT; and P. datausedfor the compounds studied in this chapter.
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Table 5.1 Modified CPA parameters fittefdr thiols using a 2B association scherfbe energy
of association i€3915 J.mot.K?

Compound ac (Pa.nf.mol?)  b. 1 (m3.mol?) [} o) C3 G Cs b.1®?  vshift (m3.kmol?)
methanethiol 0.87 4.83 1.01 -593 277 -714 717 0.0 0.007

ethanethiol 1.32 6.70 0.78 -083 -02 0.1 0.0 0.38 0.009
1-propanethiol 1.83 8.39 094 -196 99 -244 185 0.09 0.011
1-butanethiol 241 10.39 1.06 -230 10.1 -21.0 134 0.09 0.016
2-propanethiol 1.66 7.89 097 -244 111 -247 16.9 0.08 0.003
2-butanethiol 2.23 9.87 1.01 -208 95 -209 136 0.08 0.009

Table 5.2 Modified CPA parameters fittefdr secondary amines ugj a 2B association scheme
The energy of association is 134hénof'.K*

Compound ac (Pa.nf.mol?) b. 16 (m3.mol?) [} () Cs [ Cs b.10%>  vshift (m3.kmol?)

dimethylamine 1.03 6.11 1.06 -3.49 119 -20.3 134 043 0.010
diethylamine 1.95 9.74 075 125 52 34 0 0.23 0.016
dipropylamine 2.84 12.69 144 -332 132 -298 23 0.11 0.009
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Figure 5.1 Description of the heat of vaporization for thiols (left) and amines (right)

The approach used is shown to be able to describe most of the anatmedcomponent
properties. For the isobaric heat capacityG), the results are in some case
under/overestimated, which might be influenced by the uncertainties of the ideal gas heat
capacity data(which contributes, in most cases, with more than 50% of the tGfalalue)

Also, for the first compound of each series the tendency observed witlpérature is not
obeyed This potentially has to do with the lack ofonstraints in the fittingof the alpha

function parametersand/or uncertainties in the vapor pressure curiéery small changes in
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the temperature range of the fitting, lead to relevadhanges in the behavior of the curve.

Nevertheless, this might not be the only issue present here.
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Figure 5.2 Description of liquid density for thiols (left) and amines (right)

For the remaining propemis, the results are very good, with liquid densities presenting lower
accuracy for the smaller associative compoyraswas the case for the alkanols in chapter 2

In figure 5.8he trends of the cevolume and energy parameter of the cubic term are anadyz
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Figure 5.3 Description of liquid, for primary thiols (left) and amines (right)
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Figure 5.4 Description of liquidz, for sescondary thiols.
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Figure 5.5 Cubic term parameters (right) andb (left), obtained for the compounds studied in
this chapterand those of dalkanols up to dheptanol, obtained in chapter @able 2.6)

The trends of the coolume are very similar for the diverse compound groups studied. This is
also verified with £CPA, where Awan et dR45] have shown a similar trend for thiols with

other compounds previously studied.
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Table 5.3 Tcand P: data applied for thiols. The values are from DE°PR79] and TR(80]

databases
compound | T/K P/MPa
methanethiol | 469.95 7.26
ethanethiol | 498.76 5.49
1-propanethiol | 536.8  4.63
1-butanethiol | 570.10 3.97
2-propanethiol | 517.3  4.75
2-butanethiol | 55400 4.06

Table 5.4 T and P: data applied fommines The values are from tHeIPPR79] and TR(380]

compound T/K  P/MPa
dimethylamine | 437.20 5.34

diethylamein | 499.60 3.75
dipropylamine | 550.00 3.14

5.3.2 Modelling of phase diagrams of binary systems containing secondary amines

Talde 5.5 presents the binary interaction parameters for the binary mixtures comagini
secondary amines.

Table 5.5 Binary interaction parameters applied for the mixtures containing amines.

comp. 1 comp. 2 Ki sCPAk  figure
n-hexane | dimethylamine 0.000 - 5.6
n-hexane | diethylamine 0.000 0.000 57
n-hexane | dipropylamine 0.000 - 5.8
n-heptane | diethylamine 0.000 0.000 5.7
benzene | diethylamine 0.000 0.000 5.8
benzene | diethylamine -0.028 -0.019 5.8
acetone | diethylamine 0.020 0.011 5.9
water dipropylamine -0.516 + 1.11x18r - 5.10 514
water dipropylamine -0.258 + 6.59x16r - 5.14
methanol | diethylamine -0.150 -0.154 5.11
ethanol diethylamine -0.110 -0.113 5.12
methanol | dipropylamine -0.095 - 5.13
ethanol | dipropylamine -0.040 - 5.13
1-propanol | dipropylamine -0.068 - 5.13
2-propanol | dipropylamine -0.010 - 5.13

The ability to describe binary mixtures of amines with alkanes and other hydrocarbons was
then investigated. Starting the analysis from the smaller amine insthdy, dimethylamine,

figure 5.6presents theVLE predictins(kj= 0.0) for mixtures of this compound with hexane
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Figure 5.6 VLE of rhexane + dimethylamine at eight different temperatures. Data from Wolff
and WuertZ246].

The predictive approach provided an accurate description of the system in the range of
temperatures studied. This approach (kf) also provides good results for the diethylamine +
hexane and diethylamine + heptasgstems presented in figures.Besdes the modified CPA

the sCPA model was also used and shown to be able to provide an accurate descriptions of

the systens studied
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Figure 5.7 VLE of rhexane + diethylamine at 333.15 K (left) andaptane + diethylamine at
two different temperatures (right). Full linesModified CPA, Dashed lines-CPA The s=CPA
reaults on the leftwere previously obtained bi¢aarsholm et a[241] Dataare from Humphrey

and van Winkl¢247]and Letcher et al[248]

To complete the study of the ability of thmodified model to describen-alkanes +secondary
amines, in figure 5.&e predictions of the VLE phase diagram for dipropylamine + hexane and

diethylamine + benzene are presented.
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Figure 5.8 VLE predictiof n-hexane + dipropylamine at 333.15 K (left) and
prediction/correlationresults for benzene + diethylamine at 308.14 K (right). Data were taken

from the TRC databa0] and Humphrey and van Winkj247]
Very good results were obtained for the systems presented above, usihg binary

interaction parameters for the system containing benzefiéis demonstrates that the
modified CPA model proposed in this thesis is able to deal with mixtures containing associating

compounds other than alcohols and water.
Mixtures containing ékanols, acetone and wat were also studied. Figuses.9 and 5.10

presents the results for the binariediethylamine + acetone and dipropylamine + water.
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Figure 5.9 VLE results for acetone (inert) + digkhimine at three temperatured-ull lines are

calculation with the Modified CPA, dashed lines are calculations with-@fess Data are from
Srivastava and Smitf249]

Reasonable results aiin the case of diethylamine + acetoné. similar behavior is observed
for methanol + diethylamineas presented irfigure 5.11for the case of diethylamine +
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methanol with GEPPCSAFT. ¢t the system with acetone,-GPA presents a slightly better
temperature trend for the overall diagram, while the modified CPA presents a better
description of thedt LINB R az€oirdp&cbmposition for # same mixtureas seen at 398.1 K
Table 5.6 presents the deviations obtainedngsboth versions of CPA for this mixture.

Table 5.6 Deviations obtained for the mixture acetone + diethylamine.

%AAD
K modified CPA ssCPA
297.97 2.07 1.19
348.09 1.17 1.48
398.10 1.25 1.23

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
x/y dipropylamine x/y dipropylamine

Figure 5.10VLE results for water + dypropylamiat four temperaturesData are from
Davidsor{250].

For dipropylamine + water the results present accurate trends. Nevertheless for lower
temperatures the pure dipropylamine saturation pressure is not accurate, which leads to some
deviations inthe VLE. These are in large part due to the high variability on the saturation
pressure data available for dipropylamine at low temperatufge]

Figure 5.11presents resultanethanol + diethylaminewhile figure 5.12presentsresults for
ethanol + diethylamine allowingn the former case comparison of the performance of CPA
and GEPPGSAFT. The binainteraction parameters for both modified CPA anr@RA for the
systems with methanol were obtained in this work, be#dgl50 and-0.154 respectively. For

the ethanol containing system the kijs wef110 for the modified CPA anr@.113 for the s

CPA his last value was taken frokmaarsholm et a[241]
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Figure 5.11VLE description of diethylamine + rhanol at three temperatures (left) and two
pressures (right) full lines are results with CPA, dashed lines are results@#hA and dots are
results with GEPPESAFT242]. Data values are from Srivastava &mdith[249]and Yang et

al.[251].
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Figure 5.12VLE ethanol (bottom) at three temperatures (left) and two pressures (right) full
lines are results with CPA, dashed liaes results with SCPAData values are from Yang et al.
[252]and Held253].

For these two mixtures botPA and GBPCSAFT were unable to describe the whole range
of temperatures in analysis with no¥ a constant;. The results with GBPCSAFT for lower
temperatures are very sitiair to those of CPAResuls between-€PA and the modified CPA for
these mixtures present also similar descriptions.

FHgure 5.13presents results for the VLE phase diagrams of dipropylamine with four alkanols

(methanol, ethanol, ropanol and isopropanil
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Figure 5.13VLE description of dipropylamine + alkanol at 98.7 kPa (leftjardipropylamine
+ l-propanol at threedifferent temperatures (right). Data are from Villa et[@54] and Kato
and Tanak§255].

Accurate results were obtained for most of th@xturesanalyzed above. Uncertaiss in the
vapa pressue data affect the low temperature results for dipropylamine andhigtures As
was referred after figure 5.1Meviations for the mixture of dipropylamine +pfiopanol at six
temperatures are presented on table 5.7.

Table 5.7 Average absolute deviatiombtainedfor the mixture Xpropanol + dipropylamine.
Deviations on the pure compound pressures presented by Villa 5] are also presented.

TIK | %AADPPY® %AADYbieropyLAMING Y0DEVPPATDIPROPY LAMIN
293.15 5.26 29.58 2.98
298.15 3.36 26.41 191
303.15 1.59 23.67 0.70
308.15 0.59 21.29 0.58
313.15 1.43 1.62 0.92
318.15 1.50 18.50 1.60

In general the modified CPANnodel was able to describéhe VLEof mixtures containing
symmetric secondaryamines with comparable results to -GPA (for systems with
diethylamine), while also introducing a corredéscription ofthe pure componentcritical
pressure andriticaltemperature and keepig accurate results for vappressure, density and

heat of vaporization.

To finish this section, the LLE for the system water + dipropylamine was analyzed, both using
the binary interaction parameter from the VLE and one fitted to the dat& (k;=-0.258 +
6.59x10'T). These resuts are presented in figure 5.14
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Figure 5.14 LLE for the system water + dipropylamine. Data are from Stephd@56hand
Davison[250]

Using the VLE mhary interaction parameter, the lower critical temperature of the LLE is
overestimated the amine phase is accuratetgpresented above such temperature, but the
water phase is poorly represented. On the other hamthen using a LLE fitted binary
interaction parameter, the aqueous phase presents a correct trend, leading, however, to the
lower critical temperature being underestimatexhd to some higher deviations in the amine
phase It was not possible to accurately describe both phases simultaneousligriino other

LLE systems of water with associating compounds (as shown in chapter 4).

5.3.3 Modelling of phase diagrams of binary systems containing thiols

For systems containing thiols, the results are compared titise from sCPA it is however
important to note that the approach used with that versioof CPAdoes not consider
association in the sulfhydryl groupvhile the current set of parameters with the modified
version applies a 2B association scheagpresented in tablg. 1

Table 5.8 presents thiginary interaction parameters applied in this section.

Results for the system methanethiol + lage are presented in figure B1

Table 5.8 Binary interaction parameters applied for the mixtures containinglgi

comp. 1 comp. 2 Ki sCPAk; figure
n-hexane methanethiol -0.018 0.000 5.15
n-butane ethanethiol 0.012 0.041 5.16
n-butane l-propanethiol 0.012 0.025 5.16
n-hexane l-propanethiol 0.014 0.025 5.17
methylcyclopentane| 1-propanethiol 0.019 - 5.17
cyclopentane 1-propanethiol 0.015 - 5.17
2-methylpentane | 2-propanethiol 0.012 - 5.18
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Figure 5.15VLE descriptionfanethanethiol + hexane at four different temperatures (Full lines
are results with thenodified CPA, dashed lines are results using {6€8[245]). Data from
Wolff et al.[257]

Very reasonable results are obtained using a small binary interaction paraikgte.018)

for the systempresented in figure 58 With sCPA with was possible to describe the same
mixture with no birary interaction parameter.

Decreasing themethanethiol volume of association parametéb) leads to smaller binary
interaction parameters being possible to describe the system with no binary interaction
parameter. However, the pure compoun@ desciption would be worse at the higher
temperatures and the volume of association would be lowdhan that of ethanethiol.
However, as methanethiol fitting presented some issues it is important to take into account
that the correct volume of association might be smaller and might be smdilbar that of
ethanethiol. Table ® presents deviations fothe two sets of parameters for methanethiol +
hexane at eight different temperatures.

Table 5.9 Average absolute deviations obtained for the mixture methanethiol + hexane.

T/IK %AADPP

modified CPA ssCPA
293.15 1.30 1.39
283.15 1.56 1.84
273.15 2.01 2.43
263.15 2.69 3.23
253.15 3.71 4.33
243.15 4.63 5.20
233.15 6.60 7.06
223.15 8.32 8.24
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The modelling of the systems ethanethiol + butane anmprdpanethiol + butane was also

performed and results arepresented in Figure 5.1&here the modified CPA and-GPA are

compared.

16 2

©0323K @373K

0343K €383K

P/MPa

0 1 1 1
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

x/y ethanethiol x/y 1-propanethiol

Figure 5.16 VLE description of ethanethiol + butane (left) angrépanethiol + butane (rigf).
Full line; Modified CPAdashed lies¢ ssCPA?245]. Data are from Giles and Wils{2b8] and
Giles et al[259]

Both approaches present accurate results for the systems in analysis, with the modified CPA
requiring smaller interaction parametemnost likelydue to the insertion of association on the

sulfhydryl group.
The mixtures of Jropanethiol with nhexane, methylcyclopentane and 2 methyéntane,
and the mixture are presented in Figure 5.1Figure 5.18presents the results forz-

propanethiol + cyclopeitne. These mixtures are walepresented with the azeotropes being

correctly described.
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methylcyclopentane and-propanethiol + 2methylpentane(right). Allmixturesat 1 atm full
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Figure 5.18 VLE description of-@ropanethiol + 2methylpentane at 1 atm. Data are from
Denyer et al[260].

As for the mixtures with amines, this version of CPA presents accurate results for mixtures
containing thiols. The approh applied with SCPA, was not followedvith the modified
version as the use of the association term improved the derivative property description. The
introduction of this term lead, also, to a decrease in the values for the binary interaction
parameters.The results for mixtures are similar to those obtained wHBRA, while improving

the pure component properties, mainly derivative properties (for the heavier thiols) and

critical point descriptionas seen in section 5.3.1
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5.4 Conclusions

The description Dfive thiols and three secondary amines has been studied with the modified
CPAmodel proposed in this thesis, extending the range of associative compounds for which
this model has been applied\ similar transferability approach, as that of chapters 2 and
was employed, leading to constaassociationparameters for the heavier thiols. For amines
only threeweretested, thus it was not analyzed if tiiensferabilityapproach is successful for
this family of compoundsas all the compounds used differarglues of association volume

The parameterization of pure compousidias very successful, with saturation pressure, liquid
density and heat of vaporization presentirdeviations within the uncertainties of the
experimental data. Liquid heat capacity peess higher deviationsas found before for other
families Diverse factors may influence this, including the alpha function applied, the
uncertainties of the ideal gas heat capacity or even the simplicity of the model.

The description of binary systemsntaining these mixtures is also very accurate in most
cases, with some deviationsbserved atthe lowest temperatures with amines, due to the
uncertainties on thepure componentsaturation pressures. The single LLE analyzed presented
reasonable results bbtwhen using the VLE binary interaction parameters and LLE kjfted
However, it was not possible to simultaneously describe both phases and the lower critical
temperature observed was not correct, as observed previously for the LLE of water + alkanols

in chapter 4
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6 Mixture critical points



6.1 Abstract

In a phase envelope it is important to have an adequate prediction of the critical point. This
point identifies the conditions where the bubble curve becomes the dew curve, and tieenat

of the single phase region outside the phase envelbpg o6 SAy 3 a3IFa fA1S¢€z &
supercritical.

Hydrate formation and the condensation of gases are some of the risks that wede
understood and addresseith the oil and gas industry. Theportance of applications in the
near/supercritical region havelso been increasing such astfie case of producing G@ch
reservoirs or using gas injection processes. In all of these cases the previous knowledge of the
mixture critical point is releant to avoid production problems and to optimize processes

The vesion of CPA applied in this thesis shown to accurately describe the critical
temperatures and pressures of pure compouridsapters 2 through 5)The next natural step

is to verify if hisimproved performance also extentts mixtures.

Binary and ternary systems containing alkanes, alkanols, amiegsr, ketones, aromatics,
ethers or THRre studied and compared to existing experimental data. The binary interaction
parameters here agjed were regressedrom VLEand/or LLE systems at low&emperatures.

A comparison with recent literature results using the simplified CPA an8AFT is also

presented.

6.2 Introduction

The use of supercriticlompounds has long been an interestiogtion for diverse industrial
processes. The use of supercriticab @D the extraction of caffeinedgcaffeination of coffep

is among theoldest and better known process anda large range of applications has since
been found for supercritical fluidf261]

For these applications, it is important to have a correct knowledge of the critical properties of
a mixture, for better designing and optimizing the process and avoid opeadtissues such as
flow problems.The unique properties of supercritical fluids, being neither completely liquid
like nor gas like, presenting properties pertaining usually to each of these type of fluids, are the
main reason for their usefulness and vatikty.

Equations of state ar@mportant tools in processsimulation software, due to their ease of
implementation and versatility. Cubic EdB8e most successful of these model® however,

unable to completely describe théull critical data of a compand or mixture [262,263]
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without the use of spéfic treatments as is the case of cremger methods[14,264,265]This

is even moreevident for the case of moleculespable of hydrogen bonding.

Even though the full description of the component critical data is not currently achievable
with classical approaches in cubic equations of state, these models are built such that the pure
component critical temperature and critical pressures are usually well described, as both of
these are ften used in the parametrization process. So, as far as the pure component critical
temperatures and pressures are well described, it is reasonable to assume that mixture critical
points can also be well estimated.

Apart fromequations of state there aretber methods to predict critical properties of binary
mixtures.In the case of ternary miures, methoddike those by Hicks and YoufRH6] or by
Cibulka[267] can beapplied. Howeverthese are far more complex than equations of state
and/or overly rely on the correlation of the experimental data, having little or no predictive
capacity.For multicomponent mixtures the most widely used methods are those of Heidmann
andKhalil[268], Michelser[269] and Hoteit et al[270]

Recently, equations of state including an association ter@R8{73] and PGSAFT26]), have

been applied for the descriptiorof critical properties of binary mixturesncluding an
association compound + hydrocarbons or.156,271] with very good results for both the
critical temperature and critical pressure. However, the correct description of critical point,
even for pure compounds, using this type of EoS involves the need of specialized
parameterizationmethods.[156] Since its creation, the vsion of CPA applied in this thesis
has been parameterized with thpurpose in mind, using an approach where the energy and
covolume parameters of the physical term are obtained directly from the pure compound
critical data, similarly to what is done a cubic EoS, but with given association parameters.

In this work, adrge range of binary mixtures is studied using this approach. These include
alkanols + water, alkanols + alkanols and alkanols + alkanes. Some other specific systems are
analysedsuch as thehase equilibria of water +-hexane, where the capacities/linaitions of

the model aremore evid The bmary interaction parameterappliedhere were notspecifically

fitted to the critical data, but instead to the VLE/LLE at low temperatures or gas solubility data.
To describe solvating compoundke approach proposd by Folas et a[]136]is applied. This
approach was previoushested, with this version of CPA in chaptett@ldescribe the LLE of
water ard aromatics with promising resulté. comparison of the results obtained by Vinhal et
al.[156] and Gil et al[271]is presented for the systentf methanol with alkanes and alkanols
with n-hexane respectively Beside the description of binary data, some tagnsystems of

alkanols with alkanes and alkanols with MTBE are presented.
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6.3 Results and Discussion

A large setof the binary interaction parameterased for the systemgresentedhere have
been obtained in previous chapters. Fiie other cases, thé/LE reslts are presented in
annex.

At the beginning of each subsection, a table is presented with the binary interaction
parameters used for the presented mixturestarting with table 6.1Each table redirects the
reader to the figures where each binarytéraction parameter is appliedThe table does not
include the figures for ternary mixtures. However for those cases, the binary interaction
parameter used is always the one obtained from the fitting of VLE and the less complex (if a
constant and a temperaturdependentk; are available the one used is the constant one)

When only data for the critical temperature is available, the predictions of critical pressure are
presented in the annexed.he pure component parameters for each associative molecule are
presented in the previous chapters on tables 2.6, 3.1, 3.2, 4.1 andFbrlnonassociating

compounds a table is presented in the annexes.

6.3.1 Critical points for binary mixtures of alkanols

Table 6.1 Binary interation parameters for mixtures of alkanols

comp.1l comp.2 fitted to Ki figures notes
methanol 1-propanol no k; 6.1,6.2 -
methanol 1-butanol no k; 6.1,6.2 -

ethanol 2-propanol VLE (2 temp. -0.009 6.3 VLE inanne:

The systms methanol + -hlkanol are shown next The descriptions of binary equilibria
containing these compounds, due to their similarities, are usually predictive, and thus, no
binary interaction parameter wamtroduced Figures 6.1 and 6.2 present the results for the

systems methanot I-propanol and methanol +-tutanol.
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Figure 6.1 Predictions of J(left) and R(right) for the whole range of compositions afi
methanol + ipropanol and methanol +-butanol. Experimental data from Menutdinov et al.
[272]and Wang et al[273].
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Figure 6.2 Curve of the predicte®. in relation to predicted Jfor methanol + ipropanol and
methanol + tbutanol mixture, compared teexperimental data for both properties
Experimental data from Nazmutdinov et 4272]and Wang et a[273].

For these systems an accurate description of the critical temperatures were obtained. Critical
pressures present higher deviatioaad this is partly due to the alja function applied in this
modified versbn, but also, due to the smaller weight of the critical term in this version .The
volumes of association for the sets with this version are lower than those with/A Even if

the energies of association are higher, close to the critical point the asisoctarm will be

less relevant than inr€PA, and lead to results Bfcloser to SRK.

Continuing the analysis of systems containing two alkanols figure 6.3 presents the results for

the critical temperature of ethanol +-@ropanol mixtures For this biary mixture a binary
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interaction parameterwas fitted to the results at the temperatures of 303.15 and 313.15 K

from Zielkiewiczt al.[274]
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Figure 6.3 Results for the Jof ethanol + 2propanolmixturesas function of the ethanol
composition Experimental data from Nazmutdinov et @72].

The results for this system present higher deviations, likely to be due to the approach used for
the association volumefalkan2-ols, where this parameter is considered constdariie use of

a group contribution method is tested in chapter 7 (figure 7.10), where the results are
seemingly improved, by the use of a higlwetume of associatiarNevertheless it iselevant

to note that the uncertainties of the critical data for this mixtuagpear to be high

6.3.2 Critical points for binary mixtures of alkanol + water

The binary interaction parameters for this section are presented in table 2.

Table 6.2 Binary interaction parameters for mixtures alkanol + water

comp. 1| comp.2 fitted to Ki figures notes
water | methanol -0.045 6.4, 6.5

water ethanol | VLE (6+ temp. -0.004 6.4, 6.5 VLE chapter 4
water | 1-propanol 0.1252.93x10°T | 6.4, 6.5

Changing one of the alkanols to water, results in the description presented in figures 6.4 and
6.5. It is important to note that the binary interaction parameters for these compounds have

been obtained for a largeange of temperatures.
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methanol, water + ethanol and water +atopanolmixtures Experimental data from Hicks
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Figure 6.5 Results folP: as function ofl. for water + methanol, water + ethanol and water -+ 1
propanolmixtures. Experimental data from Hicks and Yol[@igh] and Bazaev et g277].

The experimental data from Marshall and Jones used in figure 6.4, presented results for
only. Thus, these are not used on figure 6.5.
Using binary interaction parameters, previously correlated to VLE for these systems, it is

possible to achieve a wegood description of the critical locus for the studied mixtures.

6.3.3 Critical points for binary and ternary mixtures of alkanols + alkanes

The binary interaction parameters for this section are divided between tables 6.3 and 6.4. With
the first presenting esults for mixtures containing primary alcohols and the secrmslilts

with secondary alcohols. No binary interaction parameter was applied between two alkanes.
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Table 6.3 Binary interaction parameters for siures ofl-alkanol + &kane

comp. 1 comp. 2 fitted to Kij figures notes
methanol hexane VLE (1 bar) 0.052 6.7
methanol hexane LLE 0.036 6.6
methanol hexane VLE (Gemp.) -0.069+4.00x16T 6.7
methanol heptane LLE 0.033 6.6
methanol octane LLE 0.028 6.6 VLE and LL{
ethanol hexane VLE (1 bar) 0.056 6.7,6.9| resultsin
ethanol hexane VLE (4emp.) -0.068+3.74x16T 6.7 ;:j F:r?;e?x
1-propanol hexane VLE (1 bar) 0.041 6.7,6.10
1-propanol | hexane | VLE (2temp. & 1bal 0.1432.81x10°T 6.7
1-butanol hexane VLE (1 bar) 0.027 6.7
1-pentanol hexane VLE (0.93 bar) 0.031 6.7
ethanol butane VLE (293 K) 0.047 6.9
ethanol pentane VLE (3 temp.) 0.097 6.9
ethanol heptane VLE (1 bar) 0.046 6.9
ethanol octane VLE (1 bar) 0.046 6.9
ethanol | cyclohexane  VLE (4 press.) 0.071 6.9 | VLEinanne;
1-propanol | heptane VLE (1 bar) 0.050 6.10
1-propanol octane VLE (1 bar) 0.040 6.10
1-propanol decane VLE (363 K) 0.015 6.10
1-propanol | cyclohexane VLE (1 bar) 0.072 6.10

Having looked at systemghere both compounds present association it is now important to
verify if this version of the model is able provide accurate results for systems where only
one compound is associativiinhal et al[156] have recently studied the description of these
properties for methanol +-alkanes using-€PA with reparametrized setboth the pure
compounds and binary feraction parameters Thus, it is of interest to compare the results
using both methodologies.

The same authors have also studied how the new sets described LLE. Despite the decrease in

accuracy, their results are still able to describe the LLE fomthiure. Asfirst test, with the

modified version it is interesting to verify if the opposite is verifiedhel sets of binary

interaction parameters obtained for theLE of methanol #-alkanes wereapplied and the

results can be observed in figure 6.6.
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Table 6.4 Binary interaction parameters for mixtures flkanol + alkane

comp. 1 comp. 2 fitted to Ki figures notes
2-propanol hexane VLE (1 bar) | 0.073 6.8
2-butanol hexane VLE (1 bar) | 0.039| 6.8,6.12| VLE in annex
2-pentanol hexane VLE (1 bar) | 0.030 6.8
2-propanol octane VLE (1 bar) | 0.055| 6.11
2-propanol decane VLE (363K | 0.021| 6.11 _
VLE in annex
2-butanol heptane | VLE (0.9bar) | 0.045| 6.12
2-butanol octane VLE (1 bar) | 0.043| 6.12
2-butanol nonane correlation | 0.041| 6.12 | Corr. Inthe anne)
2-butanol decane correlation | 0.039| 6.12 | Corr. In the anne)
2-butanol | cyclohexane VLE (1 bar) | 0.070| 6.12 VLE in annex
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Figure 6.6 Results foic and P. asfunction of the critical composition for methanol + hexane,

T./K

600

methanol + heptane and methanol + octane. Experimental data from de LooqEiG]l.

The higher deviations of. for the first two alkanes in analysis, are mainly due to the use of

the LLE; instead of ftting these parametersrbm equilibria closer to the critical point. In the

case of the criticgbressure deviations, this is expected, as the use of a complex alpha function

introduces poblems near the critical point, as discussed above after figure B2 current

description of the model near the critical point is presented in chapter 2 at the er? F

Y2RATASR

Ge¢eKS

[t ! . IvtBiRngabhnér, dasPi enfoktiyig the correct description of the

critical pressure of the pure compounds, for compounds of different families it is expected that

the critical pressures of mixtures will have a behaviceser to that of SRK, espdtyaif the

critical pressure®f the two pure compounds are not similain these cases both the alpha
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function and the association volume are unable to describe accurately the vapour pressure
when not at high concentrationsf the associative compound.

Further description of different alkanols with -nexane was conducted considering a
temperature dependenk;. However, as observed with SARZI71], for methanol and ethanol,
those k;j underestimateT. for the smaller alkanolsin the case of -propanol, this is not the
case and there is a large overestimationTefor some compositionéfigure 6.7 c) The use of a
group ontribution for the volume of association is able to improve the results slightly for
alkanols froml-propanolonwards mostly for tpropanol for which the adjusted value for this
parameter should be closer to that of ethar{chapter 7, figure 7.9)For tbutanol + hexane a
constantk; was able tocorrectly describehe VLE of the system in a range of temperature
between 283 and 393 K and thus no temperature dependency was appledresults for
these mixtures are presentdd figures 6.7 and 6.8. A flifent approach, also used here, is to
consider thekiQad O £ Odzf F 1 SR F2NJ aeé ad Sayaelljh figdre 627NBory S | NE&
1-butanol, as well as,-fientanol there is no comparison as only constant binary interaction
parameters were applie@Due to lack of data in the case ofpéntanol, while for ibutanol,

this constantk; was able to describe VLE in a large range of temperatursjomparison is

also presented between the results of this work and those of Gil &l]using PESAFT. The
experimental data used for these compounds is from Gil d2@ll]and LagalLazai@78].

There seems to be a need to use a quadratic temperature dependenty k), if a correct
description of VLE, for a large range of temperatures, and critical data are to be achieved. This
is particularly the case for the systems with smaller alcohols and both for the results of this
work and those with SAHZ71]. The physical term for the heavier alkanols gains weight and
thus these compoundsend to behave closer to alkanes. Thus the behaviour of these
compounds willbe more similar and easier to predidt is also interesting to look at the
predictions usingiQ a OF f Odz latiyBigal nieasrement dordditions. These results are
very good anaho temperature dependency seems to be needed

The Tresults for hexane + secondary alkanalsingk;Q gegressedat 1 atm are presented in

figure 6.8
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Figure 6.8 Description oh-hexane + saandaryalkanols Data values are from Morton et al.
[279]and Hcks and Youn[275].
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The results for these systems are remarkable for an approach using a constant association
volume. The use of a group contributi@pproachfor this paraméer should contribute to a
slightly better description for the systems related withpropanol and 2propanol (as with
previous mixtures containing these compounds)s also important to look at the description

of ethanol and Jpropanol with different alkanes or cycloalkanes. The results for ethanol +

alkanes are presented in figure 6.9.
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Figure 6.9 Results for systems containing ethanol + alkdbatafrom He et al[280] and Soo et
al.[281].

For mixtures of Jpropanol + diffeent alkanes the results are presented in figér&O0.
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Figure 6.10 Results for systems containingpiopanol + alkane. Data from Xin et[282].

The results are quite good, considering the simplified approach used. For the systems of 2

propanol + octane and-gropanol + decane the results are presentadigure 6.11.
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Figure 6.11 Results for systems containingpPopanol + alkanenixtures Datafrom He et al.
[280] Morton et al.[279] and Nazmudtinov et aJ272].

The results for 2ropanol with alkanes are in genemalbre accurate For 2butanol + alkanes

the results are also analysed in figugé2.
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Figure 6.12 Results fomixturescontaining 2butanol + alkaneData values for these systems
arefrom He et al[283]and Morton et al[279]

After analysing these binary systems, it is important to look at the description of ternary

systems containing alkanols and hydrocarbons. Figures 6.13 and 6.14 presgntjagrams

of the deviations for the systems ethanol + pentane + hexane and methangirepanol +

heptane respectively The binary interaction parameters are those used before based on the

VLE (except for for methanol + heptane the onewdaled from LLE is considered).
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Figure 6.13 Parity diagrams for the results of the system ethanol + pentane + hexane. Dashed
lines are for0.3 MPaand +2 K rggectively. Experimental dafaom Soo et al[281].
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Figure 6.14 Parity diagrams for the results of the system methanolprdpanol +heptane.
Dashed lines are fef.5 MPaand +3 K rgzectively. Experimental dataom Wang et al[273].

Deviatimns for these systems are presented on table. && the mixturecontaining ethanol +
pentane +hexane a comparison is made between the resaf this modified version, PEAFT
and the sCPA, the parameters used foiC®A are from Oliveira et 4l[0] for PGSAFT the
parameters available on Multiflasfr8] were used, and are presented in anndhe binary
interaction parameters were calculated in the same way as those for the modifiédand are
respectively 0.056 and 0.036 for ethanol + hexane f&P# and SAFT, while for the mixture
with pentane the values are 0.048 and 0.03& expected, without refitting the parameter
sets, both SAFT andXPA present far higher deviations thdre tmodified CPA, which fits the

pure component critical point.
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Three other ternary systems containing alkanols and alkanes are analygedpdnol/2-
propanol + octane + decane andpfiopanol + heptane + cyclohexane. These results are

presented in figure$.15to0 6.17.
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Figure 6.15 Parity diagrams for the results of the systempr@panol + octane tlecane. Dashed
lines are for0.3 MPaand +10 K reggtively. Experimental dataom He et al[280].
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Figure 6.16 Parity diagrams for the results of the systemrbpanol + octane + decane. Dashed
lines are for0.3 MPaand +10 K rgsectively. Expémentalfrom Xin et al[282].
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Two more ternary systems reported by He et §283] are presented in annef2-butanol +
hexane + heptaneral 2butanol + octane + decane)

Table 6.5 Average absolute deviations fog&hd T of ternary systems containing alkanesdan

alkanols.

Comp.1 Comp.2 Comp.3 %AADPc %AADTc

ethanol pentane hexane 4.17 0.28
methanol | 1-propanol  heptane 7.58 0.38
2-propanol| octane decane 5.57 1.98
l-propanol| octane decane 6.55 1.05
l-propanol| heptane cyclohexane 3.14 0.11
2-butanol hexane heptane 3.04 0.47
2-butanol octane decane 3.46 0.70

The deviations for ternary systems present deviations similar to those of the binary systems,
thus it can be considered that the predictions of the ternary systems are very succéssiiul.

the case ofthe binaries, the critical temperatures are well described and most mixtures
present %AAD below 1%.is apparent both in the binary and ternary mixturethat in most
cases the modified CPA, with the approaches proposed, tends to overestimate critical

temperatures and underestimate critical pressures
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6.3.4 Critical points fomixtures of alkang amines

Table 6.6 Binary interaction parameters for mixtures alkane + amine

comp. 1 | comp. 2 fittedto k; figures notes
diethylamine | hexane no k; 6.18 VLE chaptert
dipropylamine| hexane no k; 6.19

Two systems wereanalysedfor amines mixed with alkanes, diethylamine + hexane and
dipropylamine + hexane.h€ results for these systems are presented in figud8and 6.19

The results for the first system are predictive, this approach was applied for VLE systems
between 293.15 and 353.15 with accurate results, showing a slight deviation on the pure

aminevapourpressure for some temperatures.
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x diethylamine x diethylamine

Figure 6.18 Tc and P. resultsfor diethylamine + hexan&xperimental datérom Mandlekar et
al.[284]and Kreglewski et gl285]and the TR@atabasg80].

A very reasonable description of critical pressures is obtained for the system dogtain
diethylamine, this is in part due to the small gap between the critical temperatures, there is
however a notorious difference in the description of critical temperatures for the mixture with
the minima close to 90% amine not being verifietbwever itis important to note that a large
range of critical temperatures is available for diethylamiAs is presented in the figure some

of this pureT. data values are close to the temperature of this minjmeesenting a relevant

uncertainty in terms of thiséhaviour
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Figure 6.19 Results foil. of dipropylamine + hexan Experimental daticom Toczylkin and
Young[286].

For dipropylamine, some discrepancies are also verified for the data, with both pure critical
points seemingly out of the curve of the mixtutata

6.3.5 Critical point of methanol + methane and water + hexane (mixtures with some

compositions where no critical point is observed)

Table 6.7 Binary interaction parameters for mixtures methanol + methane and water +

hexane
comp.1 | comp. 2 fitted to Ki figures notes
methanol | methane Gas solubility 0.074+2.18x10T 6.20 Fitted in chapter 4
methanol | methane Critical data 0.069 6.20
water hexane LLE 0.180 6.21 LLE Chapter 4
water hexane Critical data 0.075 6.21

Two systems wre studiedin this section Methanol + methane and water + hexane. It is
important to note that in these systems there are compositions for which there are no critical
point. For the first system, the;lobtained previouslyrbm the respective gas sdhility data

was applied. The results are presented in figbl.zo.
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Figure 6.20 Results foilc and P. of methand + methane. Experimental dateom Brunner et al.
[287]and Francesconi et dR88].

Using the approach described above, the results obtained overestimate thee rahg
composition for which it is not possible to obtain critical data, this is in part due tojthedd.

The Tc is largely overestimated for higher methane concentrations wifllés reasonably
described for a large range of composition (%AAD i8 Beédween 0.334 and 0.915.>of
methanol). Fitting ak; so that the whole experimental composition range presents critical
points, but for a composition of methanol 5% below the last experimental point, no critical
point is observed, results in the second .sBbth sets present a reasonable estimation of
critical pressures, within experimental uncertainties. While this second set improves slightly
the description of critical temperatures.

Results for water + hexane are presented in figure 6. B%0 sets of biary interaction
parameter were used. The first was obtained from the LLE analysed in chapter 4, while the
second was fitted to the critical temperatures for fractions of water between 0.95 and 1.
Figure 6.21 presents these resultdsing the LLE fitted bamy interaction parameter, the
model predicts critical points for most of the composition range. However, their values present
high deviations. Fitting the critical data, while improving the accuracy for the higher water
compositions, leads to the model lgnpredicting critical points up to a water mole fraction of

approximately 0.93.
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Figure 6.21 Detail of the result$or T. andP; of water + hexandor high water compositions
Experimental data are froms®nopoulos and Wilsofi97].

6.3.6 Crifical poins of solvatingmixtures

On chapter 4, it was shown that the method proposed by Folas efla6] to describe
solvation also works with the modified CPoposed in this thesisThisapproachis expanded

here to the study of mixture critical points containing at least one solvating component and
one associative aopound. Most of the binary interdion parameters were obtaineddm the

VLE of the systems at near atmospheric conditions (whenever this is not the case it is noted in
the text). The binary interaction parameters are presented in table 6.8.

As a first stp and having previously studied the LLE of water + aromatics, it is of interest to
evaluate if the obtained binary interaction parameters are able to describe mixture critical

points. Figure 6.22 presents the results for water + benzene.
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Table 6.8 Binary interaction parameters f@olvating mixtures

comp. 1 comp. 2 fitted to Kij bij figures notes
water benzene LLE 0.170 | 0.010| 6.22 LLE chapter 4
methanol benzene VLE (1 bar) | 0.034 | nob; 6.23
ethanol benzene VLE (1 bar) | 0.042 | nob; 6.23
1-propanol benzene VLE (1 bar) 0.039 | no bj 6.23 VLE in annex
2-propanol benzene VLE (31%) 0.043 | nob; 6.23
1-butanol benzene VLE (1 bar) | 0.032 | nob; 6.23
diethylamine | benzene VLE (1 bar) | -0.028| no by 6.24 VLE chapter 5
water acetone VLE (473K |-0.100| 0.020| 6.25
ethanol acetone VLE (1 bar) | 0.041|0.018| 6.25
ethanol 2-butanone VLE (1 bar) | 0.028 | 0.014| 6.26
2-propanol | 2-butanone VLE (1 bar) | 0.022 | 0.005| 6.26
water THF VLE (1 bar) |-0.003| 0.029| 6.27 VLE in annex
1-butanol | diethyl ether| VLE (four Temp, nokj | nob; 6.27
methanol MTBE VLE (1 bar) | 0.013 | 0.018| 6.28
ethanol MTBE VLE (1 bar) | 0.005| 0.008| 6.28
1-propanol MTBE VLE (1 bar) | 0.014 | 0.008| 6.28
VLE in annex
heptane MTBE VLE (1 bar) | 0.020 | nob i| annexes| used in ternary
fig. 6.29
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Figure 6.22 Results for the mixture crital points of water + benzene. Data from Hicks and
Yound275].

The results show that thesolvation approach used was able to accurately capture the

dependence on composition of the critical temperature, for this system. A good description of
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the relation between thecritical pressure and critical temperature is also observed, which is
similar, if not better, tharfor previously studied systems.

Following the study of water + benzene we looked at the description of aromatics + alkanols
systems. However, for these sysis, as with <CPA,tiis possible to describe VLE accurately
without the use of &by;. This is also true for critical pointBhus only kj was applied for these

mixtures. Figure 6.23 presents the results for binary systems of benzene with five different

alkanols.
570 |_J:| 9 © methanol
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Figure 6.23 Results for the mixture critical points of alkanols + benzene. Data from Hicks and
Young275].

Without a b; value it is still possible to obtain a reasonable description for the critical
temperatures. However, for the critical pressures, the deviations are significant for the
systems with smaller alkanols. Such a behavior wasiquely observed for the mixtures of
alkanols +alkaneslin the right figure Zoropanol is not presented, due to lack experimental

P. data. The predictions for this property are, however, presented in the annexes.

The description of diethylamine + benzene is presented in figure 6.24.
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Figure 6.24 Critical temperature ofliethylamine + berenemixtures Data from Miltiflash[78]
(pure compound) andoczylkin and Yourig86].

As can be seen in the figure the pure critical temperature data employed in CPA is slightly

higher than that obtained by Toczylkin and YoUg§6]. Despite this fact the composition

dependency is similar to what was preusly observed for other systems.

The description of ketones is not straightforward using CPA. While for some applications they

may be consideredhon-associativesolvating compounds, for others an associative scheme

(usually 2B) is applied. In this wotkge first of these approaches is considered. Figure 6.25

presents the results for thmixture acetone + wateand acetone + ethanol
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Figure 6.25 Critical temperature results for water + acetone and ethanaketone, binary
interaction parameters obtained at 473.15 K for the firékture andat 1 atm for the second
(Hgure on the right is a closgp of the one on the left)Experimental data from Marshall et al.

[276].
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The pure critical temperaturessed in this work, taken from Wtiflash[78] are slightlylower
than those from Marshall et a]276]. This can be observed on the right of figure 6.25, which is
a close up of the plot on the left.

The analysis of critical data from the DIHP® and TRC databas@®0] corroborates theuse

of the critical data from Mltiflash [78]. Nevertheless, the obtained trendgrees withthe
experimental data, Wich are probably overestimatk when compared to more recent values
for the pure component critical data, as those available in the TRC datfi¥se

For 2butanone twomixtures wereanalyzed, with ethanol and with-@opanol, showing very

good results, as presented in figure 6.26.
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Figure 6.26 Critical temperature results for ethah+ 2butanone (left) and Zropanol + 2
butanone (rightimixtures Experimental data from Nazmutdinov et [@72].

For themixturescontaining ketones the critical temperature trends are well described. Thus, it
seems reasonable to consider ketones as solvating compoundssfiarating critical points

The predictions of the critical pressure for these mixtures are presented in annex.

Critical data concerning the mixtures diethyl ether -butanol and THF + water are also
available. Thesolvatingapproach is also able to describiee critical properties accurately for

these compounds as presented in Figure 6.27.

162



660

640
620
600

b4

<5 580

b=
560

540

520 |

X water T./K

570

550
530

"

= 510

[

490

470

450 L L L L 3“5 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X butanol X butanol

Figure 6.27 Critical temperatue description for water + THF (top leétnd Critical results for-1

butanol + diehyl ether. Experimental datérom Kay and Donhaif289]and Marshall et al.

[276].

Accurate descriptions of the experimental data are obtained for theuthnol + diethyl, while
for water + THF some deviations are obserfedthe critical temperatureat intermediate
compositions No data was availdd for the critical presures of this mixtureHowever, from
the study of the systems where botlt and P: data were availale, the introduction of
solvationseeminglyimproves the description of the critical pressures. This is notorious in the
next mixtures were critical tempeature also preserst relevant deviations, while critical
pressure is well describedHowever, this was only verified for these next mixtures and for
water + benzene and thus should be investigated further.
For methyl tertbutyl ether (MTBE) Han et dR90] and Wang et al[273] have studied the
critical points of three binary and two ternary systems, containing at least one associative

compound. The results for the binary systems are presented in figure 6.28.
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Figure 6.28 Critical results for MTBE +alkanol. Experimental data is from Han et[a@0].

As previously discussed, these results present higher deviations in the criticpértatures

than for the case of alkanes + alkanols. However, the deviations for the critical pressure are
smaller. Thismay bedue to the introduction of abj. Every system in analysis where this
parameter was used and compared agaiRstdata presents éetter description of theP:
dependency with composition than for most of the non solvating systéwesertheless, the
number of systems analyzed where this was verified is not enough to extrapolate this
afirmation to other solvating mixtures.

As mentioné before, data is available for two ternary systems, MTBE + methanptepanol

and MTBE + heptane + ethanol. The average absolute deviations obtained for the first of these
mixturesare of 0.8%6and 3.126for T andP; respectively. For the secomdixture these are of

0.71%and 3.9%4 The parity diagrams are presented in figure 6.29.

164



530

/
/
525 |
8/
520 | ,’
x ,cg
= 515 F s 0 7
o /
@ 7/
L
= 4
(=)
2 505 ,0‘6 /
500 |, @ 7’
L 7
495 | /
7’
490 y 1 1 1
490 500 510 520 530
Experimental T_/K
525 >
/
/
520 | ,0 0
, -
¥ 515 | ,/ 7
b—:‘
- Z 0 o 4
2510 | s 9 ’
e /
F 7 0 P
S 7
8505 |, 960 ’
P /
/
500 | P
7/
495 7. s
495 505 515 525

Experimental T_/K

Calculated P.,/MPa

Calculated P.,/MPa

b
o

v
NS

b
o

he
S

w
o

5.2

&
~l

hat
[}

w
~

w
[}

2.7

3.9

4.4 4.9 5.4

5.9

Experimental P,/MPa

6.4

2.7

3.2 3.7

4.2

47

Experimental P,/MPa

5.2

Figure 6.29 Parity diagrams forcBnd Rof MTBE + ethanol + heptane (bottom) and for MTBE +
methanol + ipropanol(Top). The dashed lines correspond to £ 7 K and + 0.3 MPa.
Experimental datare from Wang et al[273].

These results present deviations similar to those @& Hinary systems and are ieasonable

agreement with the experimental data.

6.4 Conclusins

This chapter presented an evaluation of the modified CPA model presented earlier in this

thesis to estimate critical properties of binary and ternary mixtures containing associating

components.

The modified version of CPA was tested for the descrptibcritical data of mixtures. The

obtained results are accurate when both mixture compounds are associating compounds, as is

the case of mixtures containing two primary alkanols or water + primary alkanol.
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In the case of systems containing methanol amdalkanel. results are very goodven when
using an LLE fittekl;. The prediction of: is however slightly inferiotto that of SCPAdue to

the heavier weight of the cubic term in the present versidime association term of this
version, near theritical temperature, tends to present values closer to 0 tha®PA. Thus, the
behaviour of a mixture of an associating compound +-associating compound is closer to
that of SRK, while inGPA the association contribution is still able to improve tascdption

of R.

In most other systems of alkane + alkanol using a linearly temperature depekgdesults in

an under prediction oflc. In most cases it seems better to use a binary interaction parameter
at near atmospheric conditions/ room temperat conditions. While doing this, in some
cases, does not enable a good description of VLE in the whole range of temperatures, it is
seemingly an accurate enough approach to describe critical temperatures.

Good descriptions are also obtained for the temp systems containing one alkanol and two
hydrocarbons. The case of thernary containing 2propanol is a particular case where the
description presents higher inaccuracies. However, there are already relevant uncertainties in
the data for theconstituert binary systems, as well as, the value of the association volume
beingpotentiallytoo small.The results for the mixture containing ethanol + pentane + hexane
were compared to those of similar equations of state, where the critical point of the pure
compound is not fitted. As was expected these equations present systematically higher
deviations on these properties if their parameters are not readjusted taking into account
critical data.

The description ofhe mixtures methanol + methane and water + hexampeasonableup to
certain compositionsThese mixtures are more complex, as there are certain compositions
where no critical point is verified. Using the previously applied binary interaction parameters
for these mixtures, the range of compositions wleritical points were observed was smaller
than that of the experimental data. This was improved by changing the binary interaction
parameter in the mixture of methanol + methane. For the mixture water + hexane, this would
lead to high deviations on therpperties and thus, it was interesting to, instead, fit the critical
data close to pure water, enabling a reasonable descriptiof ahd P for fraction of water
from0.93to 1.

The resultsfor systems containing solvating compounds presansimilar acuracy in the
description of the experimental data to the previous systehigwever, it is notorious that for

the systems wherd>. data was avalible, anfl; was appliedthe description of the critical
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pressurewas improved. However this also lead, in sooases, to @ecrease on the accuracy

of the criticaltemperatures

In most of the systems analyzed the binary interaction parameters were either fitted to LLE
data or to VLE at atmospheronditions, vhich provides aonsiderable predictive character

to these modelling results.
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/ A tentative group
contribution method
for multifunctional
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7.1 Abstract

To reduce the need to parameterize the association term of every new compound, a group
contribution method is proposed and test in this chapter. This method is based on the
results previously reported with the transferability approach from the previous chapters and

ideas from other group contribution methods from the literature.

To evaluate the performance of the new method.etlmesults are compared with those
presented before using the transferability approach. In addition to the compounds studied in
previous chapters, the new modified CPA is also applied to heaatkamols, cycloalkanols
and three secondary amines not preusly studied. VLE, LLE, SLE and critical mixture data for

mixtures containing these compounds are also analysed.

7.2 Introduction

As presented in the introduction, the use of group contribution methods to parameterize
equations of state improves the prediatiVeatures of the models.

The present CPA model uses a cubic term that is based oocotih@onentscritical pressure

and temperature (which in themselves can be obtained by group contribution methods) and
on a single saturation property. However, associatiparameters hae to be adjusted
beforehand,or the transferability approach proposed beforeeds to beused. Despite the
good results with the transferability approach, this methodolaggems topresent some
problems for lighter compounds (the case ofetlsmall association volume forfopanol,
mentioned in chapter 6, is an example) atldis requires different (specific)values for the
smaller compounds of each family. Thadlied to the expectation that such a simplistic
approach would perform poorly en confronted with different associative groups in the
same moleculglead to the development of a group contribution approach.

This chapter focus on alkanols, diols and amiiesstudies were conducted for thiols, ast
enough reliable data were fountb perform such analysidn addition tothe compounds
previously studied, the group contribution methodailsoapplied to heavier ‘alkanols with an
even number of carbons {dodecanol to ieicosanol), two cyclic alkanols (cyclopentanol and
cyclohexanol)and three more secondary amines (dibutylamine, diisopropylamine and
ethylmethylamine).

Important applications for these compounds include the use of cyclohexanol as an

intermediary in the production of nylof291], and applications of cyclopentanol for cosmetics
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and pharmaceuticalf292). Various high chain alkanols have agplications in the cosmetc
industry, including dodecanol, which has an important roletime formulation of detergents,
lubricating oils and pharmaceuticd92]. Applicatiors of diisopropylamine include uses in the

rubber industry, production of polyester fibers and herbici{233].

7.3 Group contribution method

The methodproposedhere is br the associatin term only.lIt retains the use of a constant
energy of association for groups of the same type (ex: two secondary amine groups will always
have the same energy of association, which is nevertheless different from that of primary
amines). The method is gerally based on the onproposed byijande and cavorkers[36]

with modifications to cope with branching and having multiple associative groups in the

molecule. Equation 7.1 presents the main equationtfos methodology:

B = By + X2t (7.1)

B (rydg)

where f;; is the volume of association of grolpof type i, B; is the standard volume of
association for groups of type Ag;; is the contribution to the association volume from the
interaction of groupd andj. The distance between the groups is accounted asdihertest
number ofchemical bondbetween each group if;; (ex: number obondsbetween CHand
OH in methanol is one, while ing@opanol is two). To account ftaranching and the existence
of multiple association groups, a shielding faci®y) (s introduced:

L= (1 + Nramificationsi-j — §j]iif(ﬂmmfﬁcan'ans o Gz‘j) <0-T;=05 (7.2)
WIth, 7,0 miricarions i—; @S the number of ramifications found between grougndj, g; is a binary
variable which returns one if groujds associative and zero if this is not verified.
The firstset ofgroup parameters where obtained considering some objectives and constraints.
The differences to the association volumes of methanol, ethanol and the threequsly
tested amines should be minimal, while the branched compounds, of the same family, with the
same molecular weltt, were considered as having a smaller volupfi@ssociation than their
linear counterpart. The volume of association showtso be alays positive Some
modifications to ensure this last constraint may be needed when more groups are added for
secondary amines. In a first approximation it was considered that for linear alkanols the
standard value was that of the transferability approach.
The parameters for both the standaabsociation volumés;), considering the above mentioned
restrictions,as well as the contributions fromgroup-group interactiors (D ) are presented in

Table 7.1.

171



Table 7.1 Parameters tested for the group contribution method

Associative group OH NH
Iix 10 6.472 2.547
I ionx 10 0.000 0.000
Iichax 10 22.900 40.706
I icnx 10 -3.064 -1.260
jicx 10 -3.47178| yet to be studied
i .onx 10 45.000 | yet to be studied

7.4 Results and discussion

7.4.1 Pure compound properties

Using the group contribution method proposedbove, the pure properties for primary

alkanols (from Jpropanol to thexanol) were recalculated, as well as those for secondary

alkanols. As th standard value for th® of alkanols was considered to be the same as that

obtained in the transferability approach for linear alkanols, testing the results uphexanol

shouldprovide enough informationo comparethe two approaches. With the increase in the

chain length fo alkanols, the slume of associatiombtained through the group contribution

method will tend to that of the transferability approackigure 7.1 presents a comparison on

the results forG,.
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Figure 7.1 Liquid Cpresults for primary (left) and secondary alkanols (right). Full lines are
results applying the group contribution methoghile dashed lines are witthe transferability

approach.
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The differences on thésobaric liquidheat capacity of primary adols between the two
methods are rather small and negligible, for secondary alkanols these differences are more
relevant, but, with the exception of-gentanol, these are not too detrimental. Fofp2ntanol

the incorrect effect produced by the alpha fuiwt at low temperatures is increased with the
new set of parametersG is the pure property most affected by these modifications. Figure 7.2

presents differences for two of the other properties in stuel?? and " iiq., for diols.
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Figure 7.2 Heat of vaporization (left) and liquid density (right) results for primary diols. Full
lines are results applying the group contribution method, while dashed lines are apthiging
transferability approach.

Looking at the present results, in terms of pure compounds properties, there is not a large
difference between the parameters obtained by the two methodsGgrH?° and " jiq. In terms

of the saturation pressure, the groupontribution method tends to present slightly lower
deviations, however both sets of results are well within the experimental uncertainty. For the
three amines previously analysed the volume of association with the group contribution
method are very similkato those proposed in chapter 5 and thus are not compared.

A few more compounds were studiedith the group contribution method, including cyclic
alkanols and three more secondary aminédiisopropylamine, ethylmethylamine and
dibutylamine) The resultsdr primary alkanols were also expanded to five more compounds
(1-dodecanol, itetradecanol, thexadecanol, -bctadecanol and -kicosanol) however the
volume of association for these compounds are very close to what would be obtained with the
transferabilty approach, ando, such analysiserves mainly the purpose of verifying if both
methods work reasonablyvell for larger chains. The vapour pressure valused for the
parameterization of these compounds were taken from the DIFP®R] and TRC[80]

databases. Figure 7.3 presents results for liquid density and Iutiheavy alkanols.
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Figure 7.3 Liquid density (left) and liquid, (right) results for heavy alkarlData was
obtained fromthe DIPPR correlationg94]

Good results are obtained for the density of these commsinAs expected, there is an

600

increase in deviations for lighter alkanols. However, thdsdationsare still reasonablewithin

the temperature rangein analysis. For the isobaric heat capacity the results are not well

described at low temperatures. Thewer vapour pressures and higher uncertainties for that

property in these compounds, as well as thenitations of using arunconstrained alpha

function are some of th@ossiblereasons for this behaviour. Still, for higher temperatures the

values and tempeature dependences obtained are very reasonable. Results for the heat of

vaporization are presented in figure 7.4.
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Figure 7.4 Heat of vaporization results for heavy alkandata was obtained frorthe DIPIR

correlations [294]
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As in the case dhe liquidheat capacitythe results forthe heat of vaporization presersome
deviations for lower temperatures. However, the temperature dependeraty higher
temperatures is very reasonable and captifee data very well

The next set of results are relatdd the description of pure compound properties of cyclic
alkanols ad secondary amines. Figure 7.5 presents ribgults forliquid density and heat of

vaporizationof these compounds.
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Figure 7.5 Liquid density (left) and heat of vaporizationgfnt) results for cycloalkanols and
secondary amines. Dafeom the DIPPR94]and TR(80] databases.

Two cycloalkanols and three secondary amines are analysed. However, die lack of
experimental data for mangf the properties not all results are presented. Liquid density is
well described for the two amines in analysis, while for cyclohexanol it tends to be slightly
overestimated. For cyclopentanol some liquid density data is available in the literature,
however only for a small temperature range, which is also far away from thé&,deading to

a large extrapolation for thealculation of thevolume shift. For the temperature range in

analysisthe heat of vaporization is accurately described. Figure ie6ents the results fog,.
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Figure 7.6 Heat capacity results for cycloalkanols and secondary amines. Data from the DIPPR
[294] and TR(80] databases.
For these compounds the heat capacity presents a correct trend, except for diisopropylamine,

with slight underestimations for dibutylamine and cyclohexanol. The higher uncertainties for
the vapour pressure of diisopropylamine, areore likely atthe basis of the incorrect
description ofits heat capacity.

The pure compound properties are well described for the compounds studied. It becomes then
important to analyse how the group contribution method deals with mixtutess important

to note tha no data was available for the pure critical properties of ethylmethylamine. The
most common group contribution method®r critical properties[173] presented different
results for the same properties on the previously studied secondary aminethasdere not
considered. In approximationhese values were interpolated from the critical data on linear
secondary amines from dimethylamine to dibutylamine, considering logarithmic trends for
both properties. The critical data for the compounds studied in thiapterare presented in

annex(Table A 18)as well as their origin.

7.4.2 Mixtures phase behaviour and properties

The results of this section are divided in two parts. The first will dealaéthmparison of VLE

and critical points of mixtures usinthe transferability approach and the new group
contribution method, while the second will analyse VLE, LLE, SLE and critical points of mixtures
for a fewnew compoundsot investigated before

The compounds for which the parameters were most modified were tié figmary alkanols,

(except methanol and ethanpllight diols(except MEQ and branched alkanols and diols.

176



Figure 7.7 presents VIt&sultscontaining some of these compounds, insthase 2propanol,
1,3-propanediol and terbutanol.

Table 7.2 Binary interaction parameters obtained with both methods for previously studied

mixtures.

comp. 1 comp. 2 ki transf. app. ki GC method | Figure Notes
1,3-propanediol | 2-propanol -0.015 0.000 7.7

ethanol tert-butanol -0.024 -0.024 7.7

water 1-propanol | -2.93x10'T +0.125 -2.70x10°T +0.119, 7.8

hexane 1-propanol 0.041 0.040 7.9 | VLE in anne;

hexane 1-butanol 0.027 0.025 7.9

hexane 1-pentanol 0.031 0.030 7.9

ethanol 2-propanol -0.009 -0.009 7.10

The compound$or which the parameters were most modified were the light primary alkanols,
except methanol and ethanol, light diols, except MEG, and branched alkanols and diols. Figure
7.7 presents VLE systems containing some of these compounds, in the-pesggagol, 1,3

propanediol and terdbutanol.
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Figure 7.7 Results for the VLE of 3Bopanediol + Zoropanoll atm(left) [178]and tert
butanol + ethanol at 1 atm (righf$0].

For these two systems the results are very similar with both approaches. In the case of 1,3
propanediol + Zoropanol, the group contrilition approach ispredictive presenting a slight
advantage over the transferability approach, however for the system withtietanol, both

need similar binary interaction parameters.

Other gstems of interest are the VIMAth water. The deviations fagauration pressures with

both methodologies for $ropanol or 2propanol with water are presented in table 7.2. The
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binary interaction parameters for these systems are: water-prdpanol kj = -2.70x10°T
+0.119 and water +-@ropanolk; =-2.08x10'T +0.064.

Table 7.3 Bubble and dew pressure deviatiofis)for water + tpropanol and water +-2
propanol
water + Xpropanol water + 2propanol

Transf. App.| GC method Transf. App.| GC method

TIK Pbub| Pdew| Pbub| Pdew TIK Pbub| Pdew| Pbub| Pdew
273[295] | 2.42 - 2.64 - 308[296] | 3.13 | 1.56 | 4.85 | 2.17
279[295] | 5.25| - 529 | - 318[296] | 1.9 | 1.08 | 3.99 | 1.93
313[297]| 1.4 | 1.06 | 1.95| 1.33 | 338[296] | 0.8 | 0.51 | 3.00 | 1.60
403[298] | 1.41| 0.76 | 1.24 | 0.90 | 348[296] | 0.92 | 0.53 | 2.69 | 1.50
413[298] | 1.59 | 1.27 | 0.97 | 1.15 | 423[299] | 3.76 | 3.07 | 2.74 | 2.75
423[298] | 2.3 | 0.97 | 1.63 | 0.45 | 473[299] | 2.03 | 1.61 | 2.14 | 1.12
523*[299] | 0.52 | 0.5 | 1.64 | 1.37
548[299] | 2.19 | 0.91 | 0.73] 1.10

For the two mixtures in analysis in table 7.2 the group contribution method seems to present
some advantages when dealing with highemperatures, while the transferability approach
presents better results at lower temperatures. The results are howgeed and reasonably
similarin both cases.

When thenew parametess for the mixture water + ipropanolare applied tocalculatemixture

critical pointsthe results for both methods are very similar, as can be observed in figure 7.8.
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Figure 7.8 Results foil (left) andP (right) in relation to the predicted critical compositions of
water for water + ipropanol. Egerimental datafrom Hicks and Your{@75], Marshall and
Bazaev et a[277].

Fa mixture critical points for alkanols + alkandéise group contribution method ab presents
similar results to those of the transferability approach, presenting slight improvements for
smaller alkanols as is the case gbrbpanol, The results forT. of mixtures ofn-hexane with
some primary alkanols are presented in figure 7.9. @halysis of thesame mixturesat
atmospheric conditionqusedto obtain the interaction parametergor these criticalpoint

calculations) ar@resented in the annexes chapter 7

Figure 7.9 Critical tempeatures for hexane + alkanolixturesusing kq ebtained fom
atmosphericvVLEdata. Full lines are results using the GC method, dashed lines are with the
transferability approach. Data from Gil et HI97] and LagalLazaif@04].

One of the mixture which presented sme higher deviationswvhile using the transferability

approachwas ethanol + ropanol This isnow improved when applying the GC method
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