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Abstract

The GC-PPC-SAFT model has been shown to be usefpirédicting the liquid-liquid equilibrium (LLE)
properties [Nguyen, T.-B.; De Hemptinne, J.-C.; tGne B.; Kontogeorgis, G.M. Ind. Eng. Chem. Res.,
2013 (in press)]. In view of improving the accuradythis model, a sensitivity analysis of the pagtens

for calculating a number of eight industrially ned@t properties (pure component, gas solubilities o
Henry constants and liquid-liquid phase split withter and n-octanol) is proposed on a large dagabas
containing 290 mono-functional compounds. It reseidle very large sensitivity of the model to the
numerical values of its parameters, in particutarthe calculation of LLE type properties (equilibm
with water). In view of these results, it is prepd to use a non-additive hard sphere theory, thus
introducing a binary interaction parameffgon combining rules for the segment diameter parame

The binary interaction parametgris fitted on infinite dilution activity coefficierin water. There are 134
molecules in the regression database. The regrégsedues and the average values per family, are
subsequently used for predicting water solubilitd a-octanol/water partition coefficient.

In general, the results obtained are very much awgxat with respect to the predictive approach disedis
previously [Nguyen, T.-B.; De Hemptinne, J.-C.; ©re B.; Kontogeorgis, G.M. Ind. Eng. Chem. Res.,
2013 (in press)]. The global deviation values fofinite dilution activity coefficient in water, wet
solubility and n-octanol/water partition coefficteare 0.09, 0.22, 0.30, respectively. However,ube of

the binary interaction parametgrdoes not allow representing correctly the soltbitiinimum.

Keywords : GC-PPC-SAFT, oxygenated compounds, VLE, LLE, biriatgraction parameter.

1. Introduction

A correct prediction of thermodynamic propertiegioa wide range of conditions is a starting pcénigl

of great importance, for the design and optimisatid chemical processes. This task becomes more
difficult when considering fluids originating frothe so-called second generation biomass which saver
large variety of oxygenated compounds (Hubert.eR8I06). Specific interactions (strong associatiod
hydrogen bonding) between molecules, particuladyan/oxygenated compounds mixtures, which results
in extremely non-ideal fluid behaviour, cause aanahallenge for conventional predictive approaches
In order to overcome this problem, it is necessdaryse equations of state (EoS) that account etplic
for associating and/or polar interactions betweerenules. Many thermodynamic models have been
proposed in the literature such as APACT (Ikono®&dDonohue, 1986), GCA (Gros et al., 1996), SAFT
(Chapman et al., 1989, 1990), CPA (Kontogeorged.etL996).

The Statistical Associating Fluid Theory (SAFT),iglhwas initially proposed by (Chapman et al., 1989
1990), is an advanced molecular thermodynamic mtidl takes into account explicitly each type of
interactions between molecules. Many SAFT-typeigesshave been proposed in literature. More details
can be found in the recent reviews (Kontogeorga.e2010; Muller & Gubbins, 2001; Economou, 2002;
Tan et al., 2008).
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In this work, the Group Contribution — Polar Pebtent Chain — SAFT (GC-PPC-SAFT) will be used for
predicting some properties of water/oxygenated aamps mixtures. This EoS, coupled with the Group
Contribution concept of (Tamouza et al. 2004), tis extension of the PC-SAFT model (Gross &
Sadowski, 2001) for polar molecules (Nguyen-Huyhlale 2008). The performance of this model for
predicting pure compounds properties (i.e. vapowgsgure and molar liquid volume) and mixture
properties (i.e. water solubility, infinite dilutioactivity coefficient in water, n-octanol/waterrfton
coefficient, Henry's law constants) was evaluatad presented in our previous work (Nguyen et al.,
2013). A sensitivity analysis of the PPC-SAFT paetars for predicting properties was also carried ou
in order to identify which parameters need to b&emgined with more accuracy. Based on the latter
study, it is observed that a very small modificatan the segment diameter could lead to very Sagnif
changes in solubility. In view of improving the dretive capability of this model for the solubility
properties, it is proposed to apply a binary intécen parameter, callelg, on the combining rules for the
segment diameter. The introduction of this paramistbased on the observation that the non-aduitivi
of hard sphere may have a large impact on liqujdidti phase split (Santos et al. 2005; Paricaud8200
which showed that the use of this character hadgeleffect on liquid-liquid phase split. This papd!
focus essentially on the results of the sensitigitalysis and the use of the new correction paemoest
the segment diameter.

First, the description of the GC-PPC-SAFT EoS drel determination of its parameters is introduced.
The results of the sensitivity analysis are presiim section 3. In section 4 the results of usirig the
prediction of the LLE-type properties are preserdad discussed. Our conclusions are presenteckat th
end.

2. GC-PPC-SAFT model

The Group Contribution — Polar Perturbed Chainati§ical Associating Fluid Theory (GC-PPC-SAFT)
is the combination of the PPC-SAFT model (Nguyenattuet al., 2008) with the GC concept (Tamouza
et al., 2004) in order to determine the three basitecular parameters, the dispersive eneggy the
segment diametew and the chain lengtim. This EoS is constructed using the thermodynamic
perturbation theory that allows writing the variom$ermolecular contributions to the Helmholtz free
energy at given temperature, volume and compositioa sum of contributions:

Ares: mA hs+A chair1_|_A disu,l_A aSSQFA multi-pol (1)
where A is the so-called reference term which is basetherhard sphere theory of Boublik, 1970 and
Mansoori et al., 1971. The segment diameteis the only parameter in for the hard sphererdaution.
This term is multiplied byn which represents the number of segments in thecutdr chain. The term
A" is used to describe the formation of the chainorlginates in the association term where the
association strength is considered infinite. InR@&SAFT Eo0S, the reference is in fact the sunhe$e
two terms. The third term is called "dispersive'itaakes into consideration the London-type attvac
interactions between segments. It is based on ¢eensl order perturbation theory of Barker and
Henderson, 1967. This term requires the well-depibrgy, often expressed &k (where k is the
Boltzman constant) with units of temperature. Isecaf associative and/or polar molecules, we need
additional parameters to describe these specifierdaotions. Therefore the contributior®™&° that
originates from the Wertheim theory is used to @msthe associative interactions, represented by
association energy parametei® and association volume paramett®. The last term Aol
describes polar characteristics of some segmentger8l theories exist. The one chosen here isathat
Jog and Chapman, 1999 which was selected by NgdHygmh et al., 2008. Its parameters are the polar
moment (dipole and quadrupol®), and the polar fraction for each type of polanity® andmx®.

The details of the group contribution approachgdarameterizing this equation of state are described
our previous work (Nguyen et al., 2013).

In order to apply this EoS to mixtures, combiniotes must be defined. Regarding the dispersiveggner
& and the segment diametey, the so-called Lorentz Berthelot combining rules ased, as shown in
Egs. (2) & (3):
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g, =(1-k )Jze @)

i =(1-1) |2 J ©)
wherek;; andl;; are binary interaction parameters. In this wotkbiaary interaction parametekg on the
dispersive energy are taken as zero, and we wallfon the use of the non-additivity of the hardesp
diameters. The; values will be regressed as explained in the segtion. The reason for taking zero
values fork; is that its effect has been found negligible, @sussed in (Nguyen et al., 2013). Here, we
therefore want to focus on thgparameter, which appears to have a much largectesh the final result.
Using both parameters simultaneously would havemath sense.

In the case of mixtures having two associating comepts, e.g. water and alcohols, a set of the cross
association parameterns s, Ugg may be used, as proposed by Nguyen-Huynh e2@il]. The detail of
these cross-parameters can be found in our prewotls (Nguyen et al., 2013).

3. Results and discussions

3.1. Experimental data
The collection and correlation results of experitabdata were described in our previous paper (Hguy

et al., 2013). There are 8 properties considerddisnwork: vapour pressure , molar liquid volumev*,
water solubility x™, infinite dilution activity coefficients in watery™”, n-octanol/water partition

coefficient K, Henry's law constant of hydroget,, , of methaneH,, and of nitrogenH, . Except

ow ! 4

for P° and v', the data points of the remaining properties aneetated as shown in the following
equation:

logX = A, +% +C, log(T) (4)

where X is the property to be correlated angd By, Cx are coefficients.
The database used contains 290 molecules belotgih§ chemical families. Note that all the chemical
families used in this work are mono-functional. Thenber of oxygenated components is 184.

3.2. Sensitivity analysis

The first objective of this work is to analyze tensitivity of the PPC-SAFT parameters on the dated
values. There are 9 parameters considered in thik: wispersive energgk, segment diametes; chain
length m, association energg"®, association volum&”®, dipole momenty, quadrupole momer®,
dipole fractionmx®, quadrupole fractiormx”. Their reference value was obtained from the group
contribution approach (Nguyen et al., 2013). Eaatameter is modified one at a time by +5%, and then
compared to its initial value. Every modificatiohtbe parameters is evaluated on 8 propert®s (v*,

X ¥, Kows Hy,s Hey, s Hy, ). The analysis is quantified by the average altealeviation (AAD),

as shown in Eq. (5). The AAD values are averagest tamperatures and components.

_— 1 Ncpds 1 N pts| X 5% __ X 0%
AADx =— - .
' ncpds = n pts ; [ XO% ) ( )
J

where X% X° indicate the values computed with the modified asrifinal parameter value,
respectively.n corresponds to the number of compounds (184 oxatgdnmolecules for table 1).

cpds
n,.indicates the number of data points investigatedefich property (11 for all properties except, K
where a single point was considered at 25°C).

Table 1: Sensitivity analysis (% AAD for a 5% charig each parameter) of PPC-SAFT
parameters for the oxygenated compounds.
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PPC-SAFT parameters

Properties

elk o m g8 KAB i Q mxPH mxP<
p 417 11.3 269 155 22 6.8 18 3.4 0.7
Va 3.0 165 41 0.6 0.1 0.4 0.2 0.2 0.1
X 36.4 72.1 47.2 14.9 2.0 9.4 5.6 46 2.9
|7 252 3144 95 14.9 2.3 85 55 43 2.9
Ko 238 3401  96.9 8.2 1.2 125 75 6.4 38
H.,, 9.7 25.1 2.7 12 0.2 2.7 - 13 -
He, 9.6 256 3.0 0.7 0.1 2.4 - 11 -
Hy, 19.9 328 2.0 13 0.2 34 - 1.6 -

* a phenyl-group bearing molecules, included in th@xygenated compounds.

Table 1 shows that the three parametefis, @ and m) have most influenced on the pure component
properties P° and v'). A 5% modification ire/k results in a 41.7% change Bf and a 3.0% change of
v . Therefore it is important to determine thesedtparameters accurately.

The prediction of the Henry's law constants appeabe much less sensitive to the parameters tiaset
for the other properties. The largest effect iseobsd forg and gk for which a 5% change leads to
respectively 33 and 20% modifications.

Regarding the so-called LLE-type properties®( y** and K, ), the calculated values are much more

sensitive to the parameters. The sensitivity tontiadecular size parameterg &ndm) is very important:
a 5% change ofrleads to almost 300% change . It will lead to about 340% change &f,,. The

dispersive energgk is also sensitive to these properties. Althoughefiect of the association and polar
parameters is less extreme, it is still importana&% change a&'® will lead to about 15% or so change
in x*. The trend forx™ is less extreme than for the infinite dilution pesties. These results are not

completely unexpected, as it is well-known that weter solubility decreases very fast with incregsi
hydrocarbon size.

3.3. Regression ofjl

Based on the results of the sensitivity analysisyiew of improving the water solubility predictignit
may be pertinent to use a correction on the seguiantetera. A new correction parameter, callbg
will be used to correct the combining rule of tegment diameter (see Eqg. (3)).

Thel; values are regressed for each chemical on itsitefdilution activity coefficients in watey™” by

minimizing the following objective function:

u 2
OF =3 (logy:. - logy:ey,) ()

i=1
where the experimental datagy/;: are obtained from Eq. (4and logyl,. are calculated from the
PPC-SAFT model. The database contains here 134cuolete because for a number of compounds
investigated earlier no such data was availablee Values are estimated within the given range of
temperature of experimental data.
In general, the; values estimated is found between -0.03 and G4 Table 2), which correspond to a
change of the segment diametefrom -1% to +3%. The uncertainty on theparameter was computed
to be 0.0008. For n-alkanes, methyl alkanes anltytdaenzenes, the regressed values were oftembelo
this limit, indicating that the use of this parasredloes not change the result. No trend was obdavith
molecular weight, but the values vary quite a bitoag chemical families. In order to check the
sensitivity of the results tg, an average value per family is also used. Thedges are presented in
Table 2
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Table 2:The average values gfder family. Notation: N is the number of moleculethiwi
each family (Total = 134).

Family N average min. value max. value
1-alkenes 4 -0.00237 -0.00306  -0.00158
acetates 13 -0.01577 -0.02276  -0.00518
aldehydes 7 -0.00635 -0.00942  -0.00405
aliphatic ethers 10 -0.02077 -0.02568  -0.01259
alkylcyclohexanes 2 0.00745 0.00606 0.00884
formates 7 -0.01356 -0.02033  -0.00913
ketones 18 -0.01497 -0.02116  -0.00541
methylalkanes 9 0.00031 -0.0039 0.00582
methylalkenes 2 0.00315 0.00113 0.00516
n-alcohols 14 -0.0023 -0.00611  0.00082
n-aliphatic acids 8 -0.01886 -0.02546  -0.01169
n-alkanes 12 -0.00042 -0.00412  0.00448
n-alkylbenzenes 3 0.00006 -0.00296 0.00291
other aliphatic alcohols 15 0.00047 -0.00705 0.01048
propionates/butyrates 10 -0.01736 -0.02106  -0.01441

3.4. Evaluation of the LLE-type properties
Using the obtained); values, the performance of the model for predicting LLE-type properties is
evaluated. The evaluation is quantified by usiagaard error SE which is defined as shown in Eg. (7

Zn: (log X**™ ~log Xf"")Z
SE=y= — 7)

where log X**" and log X™" correspond to the values predicted by the modelcatculated from the

correlations of the experimental data (Eq. (4)3pestively. Note that exactly the same expressarséd
for determining the standard error of the correfat{SE™ in the figures below). In that case, it is
compared with the true experimental values. Thentda (7) is expressed with the logarithmic values
because the orders of magnitude of data considereer a very large range (from®® 10%). It should
be noted that SE = 1 is equivalent to a factor @firl deviation between the experimental and model
calculated values. For small values, SE valuesbeacompared to the well-known relative deviatiogs b
multiplying with 2.3 (e.g. SE = 0.04 is equivalemth a relative deviation of 10%). In next sectidhe
results of this evaluation are presented, for wiiiche different approaches are compared:

= the so-called 'predictive’ approadh £ 0), which uses the group contribution pure congod
parameters. This approach was already presentée jorevious paper (Nguyen et al., 2013).

= the 'regressel}’ approach, where each individual binary systemendsferentl; value. These
values are regressed gff” and presented in the section 3.3.

= the 'averagé;' approach, where an averdgealue is taken for each chemical family.

a) Infinite dilution activity coefficient in water

As expected, the use of the regredgdmproved significantly the results as comparednes without, or
even with the predictek; that was discussed in our previous work (Nguyeal.e2013). The global SE
value equals 0.09 (an average of 20% deviationgs@&hresults confirm the observations made in our
sensitivity analysis that a small modification onresults in a very large change in property valaes
infinite dilution in water. The use of the averdgealues per family also gave very encouraging tesul
(global SE value = 0.22, or 50% of deviation). Feli provides a view of the improvements that have
been obtained per chemical family.
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Figure 1: Infinite dilution activity coefficient imater y** .

b) Solubility in water
The predictive capability of the GC-PPC-SAFT modelx™ is evaluated with the use of thevalues

obtained.
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Figure 2: Evaluation of water solubilitx™ .

In general, the predictive capability for® is better when the regressgdvalues are used. Some
significant improvements are observed, as comp@aréike predictive approach, for aliphatic acideges,
esters, formates and ketones. Figure 2 shows thi the SE value for the majority of moleculeseiss
than 0.4, it remains significant for n-butyl etleyher, n-dodecanoic acid and n-tetradodecanoic &biel
large deviations for these molecules may be dila@xperimental data.

Figure 3 presents some examples for the prediciior™ with the use of; values. As for most SAFT
models, the GC-PPC-SAFT model can not predict tinmum of the water solubility which is shown in
many cases at low temperatures. However, this migdable to capture the order of magnitude of the
data, which in itself is already a good result. Teason for this, and in particular for the revdrgend
observed for ethers may be related to the crossiad®n phenomenon that water exhibits with a nemb
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of components, and which could be improved by usingective parameters on these mixtures (as
discussed in (Nguyen et al., 2013), but is noteirinvestigated here.
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Figure 3: Water solubility for some examples. NatatiExperimental data (points), regressgdsolid line),
averaged] (dot-dash line) and predictive approach (dashee)i

¢) n-octanol/water partition coefficient
The third property considered in this work is nawml/water partition coefficienk, .
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Figure 4: Evaluation of n-octanol/water partition efficients K, . The experimental value
of SE is that found from the scatter among the mxegatal data (SE = 0.18)

The best results are obtained when the regreksedlues are used except for acetates, ethers and
formates, where the average value is best. Theabl8k value is 0.3 (using the regressgd in
comparison to 0.79 in the case of usingljporhe prediction is improved a lot (witf) for some polar
chemical families such as formates, acetates, pnapés/butyrates, aliphatic ethers, ketones, waieh
essentially the same as those that showed largouaments for infinite dilution activity coefficiémn
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water and water solubility. However, some largeiattons are observed for some heavy molecules,
particularly aliphatic acids, alcohols and alkanéth carbon atoms greater than 10.

5. Conclusion

The first objective of this work is to evaluate therformance and especially the predictive capgiili

the GC-PPC-SAFT model for a wide range of propsréaad mixtures. The analysis showed a large
sensitivity of the model calculations on the parenealues. This i$n sean significant conclusion in
that it illustrates the importance of the qualifytiee parameter values when using this equatiostate.
Further mathematical analysis concerning the catigls between parameters may be needed in order to
complete the picture.

The conclusion of this first part brought us togwse using a binary interaction paraméjewhich is a
correction on the combining rule for the segmeatrditerg. This is the first time that such a systematic
investigation has been carried out for a SAFT-tyymlel. The correlative and predictive capabilitythod
model is studied for three LLE-type properties, water solubility, infinite dilution activity coé€ient in
water and n-octanol/water partition coefficient.

The |;; values are obtained based on infinite dilutiorivétyt coefficients in water. Thus, the results for
water solubility and n-octanol/water partition dogénts should be considered to be predictions.

As expected, the results are better using the segd; values but acceptable results are obtained in
many cases also when using the average vjueisich are transferable within a chemical familyjiese
averagd;; values should, however, be used with caution.

In general, the performance of the GC-PPC-SAFT mdale water solubilities and n-octanol/water
partition coefficients is very encouraging considgrthe predictive nature of many calculations #mel
very extensive database used. The results witlsthd?PC-SAFT model are much improved witgis
used. Most authors consider that predictive mosledsild be able to give these values within an oofler
magnitude, which is clearly the case here.
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Sensibilité des parametres PPC-SAFT dans la prédion des
propriétés d'équilibre liquide-vapeur et liquide-liquide
NGUYEN T.-B¥, DE HEMPTINNE J.-C. CRETON B% KONTOGEORGIS G.M.

2 |FP Energies nouvelles, 1-4 avenue de Bois-P&2852 Rueil-Malmaison, France
® Center for Energy Resources Engineering (CEREpaRiment of Chemical and Biochemical
Engineering, Technical University of Denmark, DKe®8Lyngby, Denmark

Résumé:

Les travaux de Nguyen et al. [Nguyen, T.-B.; De lgdmme, J.-C.; Creton, B.; Kontogeorgis, GM Ind.
Chem. Res., 2013 (sous presse)] ont montré queati@n d'état GC-PPC-SAFT est capable de prédire
les propriétés de I'équilibre liquide-liquide (ELLENn vue d'améliorer la capacité prédictive du nmdé
une analyse de sensibilité des parametres a digéress-a-vis du calcul de huit propriétés indigdkes
importantes (tension de vapeur du corps pur, cotefade Henry d'un certain nombre de gaz et
démixtions en présence d'eau et de n-octanol),rér geune base de données contenant 290 composés
mono-fonctionnels. On y observe une sensibilité tréportante de certains parametres du modéle a la
démixtion liquide-liquide. Au vu de ces résultatsest proposé d'introduire un parametre d'intéoact
binairel; sur la regle de combinaison du diamétre de segroermui se fonde par la théorie non-additive
de la spheére dure.

Le paramétre d'interaction binailieest régressé sur le coefficient d'activité a dilutinfinie dans l'eau. Il

y a 134 molécules dans la base de données de siegrekes valeurs régressé et celles moyennes par
famille, sont ensuite utilisées pour prédire laubdité dans I'eau et le coefficient de partage/mau
octanol.

En général, les résultats obtenus sont trés engeanés par rapport a l'approche prédictive qui est
discutée dans les travaux antérieurs [Nguyen, TBB.Hemptinne, J.-C.; Creton, B.; Kontogeorgis, GM
Ind. Chem. Res., 2013 (sous presse)]. Les écartmlgls pour le coefficient d'activité a dilutiorfiime
dans l'eau, la solubilité dans l'eau et le coeffitide partage eau/n-octanol sont de 0,09, 0,39, 0,
respectivement. Cependant, |'utilisation du paregndinteraction binairg ne permet pas de représenter
correctement le minimum de solubilité.

Mot-clés : GC-PPC-SAFT, composés oxygénés, ELV, ELL, paranineeraction binaire.
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