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Abstract

The design of extraction, fractionation and purification processes of natural products requires the
existence of thermodynamic models that are able to accurately represent the phase equilibria
behaviour of the highly complex mixtures involved in these unit operations. The complexity of these
multi-component mixtures results from several reasons, e.g., the significant differences in size
between the recovered natural products and the corresponding solvents and the existence of specific
interactions, like hydrogen-bonding.

The main purpose of this work is the development of thermodynamic models that take into account
explicitly the self-association and/or solvation effects between molecules and its subsequent
application to natural products mixtures. A compilation on the association theories, its analogies and
limitations is presented. The application to multi-component mixtures, for which the available
experimental information is scarce, suggests the use of group-contribution methods. Therefore, in this
study, an association contribution based on the first order perturbation theory was developed following
a group-contribution approach.

The phase equilibria predictions for these multi-components systems usually are made using an
equation of state or an activity coefficient model. Two new models were developed, one for the
calculation of activity coefficients (A-UNIFAC) and one equation of state for the calculation of fugacity
coefficients (GCA-Eo0S).

The A-UNIFAC model results from the addition of one association term to the combinatorial and
residual contributions from the original UNIFAC model. First, the interaction parameters of the model
were obtained by correlating vapour-liquid equilibria (VLE), liquid-liquid equilibria (LLE) and infinite
dilution activity coefficients of binary mixtures containing water, alcohols, acids, esters, aromatic
compounds, alkyl chlorides and/or alkanes. Significant improvements were obtained relatively to the
original UNIFAC model for the prediction of VLE and, specially, for the prediction of infinite dilution
activity coefficients of associating components in inerts. After this, the model was used to predict the
solid-liquid equilibria (SLE) and VLE of mono and disaccharides in polar solvents (water and alcohols).
For that, new UNIFAC groups were defined to represent sugar molecules. The interaction parameters
for these new groups were obtained using VLE and SLE of sugar-solvent binary mixtures. Finally, the
model was applied to multi-component mixtures of industrial interest, for example, for the prediction of
the water activity (in honey or fruit juices) or for the prediction of SLE of sugars in mixed solvents. This
model is quite satisfactory in describing the non-idealities in the liquid phase in a wide range of
compositions.

The equation for the fugacity coefficients calculation (the group-contribution with association equation
of state, GCA-EoS) combines three terms: a repulsive term based on the hard-spheres theory, a
NRTL group version for the attractive term and, finally, the group-contribution association term based
on the first order perturbation theory. The association term has been revised to allow the extension of
the model to several associating components, namely, carboxylic acids, esters, ketones in mixtures
with water, alcohols and any number of inerts. The results obtained with the GCA-EoS are very
satisfactory. These results compare favourably with the predictions of another group-contribution
model that does not take into account explicitly association effects (MHV2 model), specially for
mixtures of associating components with inerts.

The fugacity coefficients calculation for the liquid and vapour phases using an equation of state allows
its application up to the critical region. The GCA-EoS was used to describe phase equilibria of
mixtures containing fatty oils (triglycerides) and their derivatives (fatty acids, fatty acids esters, mono
and diglycerides) with supercritical fluids (propane or carbon dioxide). The critical parameters of high
molecular weight components are derived from infinite dilution activity coefficient data. New interaction
parameters were calculated between the acid and the triglyceride group. As a complement to the
available experimental information, infinite dilution activity coefficients for several solutes in mixtures of
a triglyceride and a fatty acid were measured by inverse gas chromatography.

The GCA equation of state has shown a great flexibility to represent this type of mixtures containing
polar mixtures with asymmetric components which supports its application in the design and
optimization of separation processes of fatty oils mixtures with supercritical fluids.



Resumo

O projecto de processos de extracgdo, fraccionamento e purificagdo de produtos naturais requer a
existéncia de modelos termodindmicos capazes de representarem, com rigor adequado, o equilibrio
de fases das misturas altamente complexas, envolvidas nestas operagbes unitarias. A complexidade
destas misturas multi-componentes encontra-se agravada por diversas razoes, de que se podem
destacar: as diferencas significativas de tamanho entre os produtos naturais recuperados e os
respectivos solventes utilizados, e a existéncia de interacgées especificas, tipo pontes de hidrogénio.
O objectivo principal deste trabalho consiste no desenvolvimento de modelos termodinamicos que
tenham em conta, de forma explicita, os efeitos de auto-associagdo e/ou solvatagédo entre moléculas
e a sua posterior aplicagdo a misturas de produtos naturais. Neste trabalho apresenta-se uma
compilagdo exaustiva sobre as teorias modernas de associagdo, as suas analogias e limitagdes. A
sua aplicagdo a misturas multi-componentes, para as quais a informagao experimental é escassa,
sugere a utilizagdo de métodos de contribuigdo de grupos. Assim, neste estudo, desenvolveu-se uma
termo associativo a contribuigdo grupal, baseada na teoria da perturbagédo de primeira ordem.

Para a previsdo do equilibrio de fases destes sistemas multi-componentes utilizam-se, em geral,
equacdes de estado e/ou modelos para coeficientes de actividade.

Foram desenvolvidos dois novos modelos, um para o calculo de coeficientes de actividade (A-
UNIFAC) e uma equagao de estado para o calculo de coeficientes de fugacidade (GCA-EoS).

O modelo A-UNIFAC resulta da adigdo de um termo associativo as contribuigbes combinatorial e
residual do modelo UNIFAC original. Numa primeira fase, os parametros de interacgdo do modelo
foram obtidos correlacionando dados de equilibrio liquido — vapor (ELV), equilibrio liquido - liquido
(ELL) e coeficientes de actividade a diluigdo infinita de misturas binarias contendo agua, alcoois,
acidos, ésteres, compostos aromaticos, cloretos de alquilo e/ou alcanos. Obtiveram-se melhorias
significaticas relativamente ao modelo UNIFAC original na previsdo de ELV e, principalmente, na
previsdo de coeficientes de actividade a diluigao infinita de compostos associativos em inertes. Numa
fase posterior, este modelo foi aplicado a previsdo do equilibrio sélido-liquido (ESL) e ELV de mono e
dissacaridos em solventes polares (agua e alcoois). Para isso, foram definidos novos grupos UNIFAC
para representarem esses aglcares. Os parametros de interacgéo para estes novos grupos foram
obtidos utilizando dados ELV e ESL de misturas binarias de agucar-solvente. Por fim, o modelo foi
aplicado a misturas multi-componentes de interesse industrial como, por exemplo, na previsdo da
actividade da agua (no mel ou em sumos de fruta) ou na previsdo de ESL de agucares em solventes
mistos. Este modelo é bastante satisfatorio para a descrigdo das néao-idealidades em fase liquida
numa ampla gama de composigdes.

A equagéo para o calculo de coeficientes de fugacidade (the group-contribution with association
equation of state, GCA-EoS) combina trés termos: o termo repulsivo baseado na teoria de esferas
rigidas, uma versdo grupal do modelo NRTL para o termo atractivo e, finalmente, o termo associativo
grupal baseado na teoria da perturbag@o de primeira ordem. O termo associativo foi revisto o que
permitiu a sua extensdo a varios componentes associativos, nomeadamente, acidos carboxilicos,
ésteres, cetonas, em misturas com agua, alcoois e inertes. Os resultados alcangados com a GCA-
EoS sédo muito satisfatérios. Os resultados do modelo foram ainda comparados com as previsoes de
um modelo baseado em contribuigdo de grupos que ndo tem em conta os efeitos associativos de
forma explicita (equagdo MHV2) obtendo-se melhorias muito significativas especialmente para
misturas de componentes inertes com componentes associativos.

O célculo de coeficientes de fugacidade usando esta equagdo de estado para as fases liquida e de
vapor possibilita a aplicagdo deste modelo até a regido critica. Esta equagao foi usada na descrigao
do equilibrio de fases de misturas de azeites (triglicéridos) e seus derivados (&cidos gordos, ésteres
de acidos gordos, mono e di-glicéridos) com fluidos supercriticos (propano ou dioxido de carbono). Os
parametros criticos de compostos de elevado peso molecular sdo obtidos a partir de dados de
coeficientes de actividade a diluigdo infinita. Determinaram-se novos parametros de interacgdo entre
o grupo friglicérido e o grupo acido. Como complemento a informagdo experimental disponivel,
mediram-se coeficientes de actividade a diluigao infinita de varios solutos em misturas de um
triglicérido com um éacido gordo, por cromatografia gasosa inversa.

A equacdo de estado GCA-EoS demonstrou uma grande flexibilidade na representagéo deste tipo de
misturas polares com componentes assimétricos o que sugere a sua utilizagdo na optimizagao e
projecto de processos de separagdo de misturas de azeites com fluidos supercriticos.



Résume

La conception de procédés d'extraction, de distillation et de purification de produits naturels nécessite
l'existence de modeéles thermodynamiques capables de représenter avec précision les équilibres de
phases des mélanges hautement complexes rencontrés dans ces opérations unitaires. La complexité
de ces mélanges multi constituants provient de plusieurs facteurs comme par exemple l'existence
d'interactions spécifiques telles que des liaisons hydrogéne ou une importante différence de taille
entre les produits naturels a traiter et les solvants utilisés.

Le but principal de ce travail est d'une part le développement de modéles thermodynamiques qui
prennent en compte explicitement I'auto association et/ou les effets de solvatation entre les molécules
et d'autre part I'application de ces modéles a des mélanges de produits naturels. L'application a des
mélanges multi constituants pour lesquels peu de données expérimentales existent suggere
l'utilisation de méthodes de contributions de groupes. C'est la raison pour laquelle, dans cette étude,
un modele d'association basé sur la théorie de la perturbation du premier ordre a été développé en
suivant une approche par contributions de groupes. La prédiction des équilibres de phases pour ces
systémes multi constituants est généralement effectuée au moyen d'une équation d'etat ou d'un
modele de coefficient d'activité. Deux nouveaux modeéles ont été développés: il s'agit d'une part de A-
UNIFAC pour le calcul des coefficients d'activité et d'autre part de GCA-EoS qui est une equation
d'état pour le calcul des coefficients de fugacité.

Le modéle A-UNIFAC résulte de l'addition d'un terme d'association aux parties combinatoire et
résiduelle du modele UNIFAC original. Les paramétres d'interaction de ce nouveau modéle ont été
obtenus par ajustement sur des données d'équilibre liquide-vapeur (ELV), d'équilibre liquide-liquide
(ELL) ainsi que sur des données de coefficients d'activité a dilution infinie de systémes binaires
contenant de I'eau, des alcools, des acides, des esters, des composés aromatiques, des chlorures
d'alkyle et/ou des alcanes. De nettes améliorations ont été obtenues par comparaison au modeéle
UNIFAC original pour la prédiction des ELV et plus spécialement pour la prédiction des coefficients
d'activité a dilution infinie de composés associés dilués dans des solvants apolaires (inertes). Le
modéle a ensuite été appliqué a la prédiction des équilibres liquide-solide (ELS) et liquide vapeur de
mono et disaccharides dans des solvants polaires (eau et alcools). Pour cela de nouveaux groupes
UNIFAC ont été définis afin de représenter les molécules de sucres. Les parametres d'interaction pour
ces nouveaux groupes ont été obtenus par régression de données d'ELV et d'ELS de systémes
binaires sucre-solvant. Finalement, le modele a été appliqué a des mélanges multi constituants
d'intérét industriel comme par exemple pour la prédiction de I'activité de I'eau (dans du miel ou dans
des jus de fruits) ou pour la prédiction d'ELS de sucres dans des solvants mixtes. Le modéle décrit de
facon relativement satisfaisante la non idéalité de la phase liquide dans un large domaine de
composition.

L'équation d'état GCA (group-contribution with association) pour le calcul des coefficients de fugacité
combine trois termes: un terme répulsif basé sur la théorie des sphéres dures, une version par
contributions de groupes du modeéle NRTL pour la partie attractive et finalement le terme d'association
par contributions de groupes basé sur la théorie de la perturbation du premier ordre. Le terme
d'association a été mis a jour pour permettre I'extension du modeéle a divers composés associés a
savoir les acides carboxyliques, les esters et les cétones en mélange dans l'eau et dans des alcools
en présence d'un nombre quelconque d'inertes. Les résultats obtenus avec I'équation d'état GCA sont
trés satisfaisants. lls sont meilleurs que ceux obtenus avec le modéle MHV2 qui est une autre
méthode de contributions de groupes qui ne prend pas en compte explicitement les effets
d'association. L'ameélioration est particuliérement visible pour des mélanges renfermant des composés
associés et des composés apolaires (inertes).

Le calcul des coefficients de fugacité pour les composés liquide et vapeur au moyen d'une équation
d'état peut étre appliqué jusque dans la région critique. L'équation d'état GCA a été utilisée pour
décrire les équilibres de phases de mélanges contenant des triglycérides, des acides gras, des esters
d'acides gras, des mono et diglycérides avec des fluides supercritiques (propane ou dioxyde de
carbone). Les paramétres critiques des composés de haut poids moléculaire ont été détermines a
partir de données expérimentales de coefficients d'activité a dilution infinie. De nouveaux parameétres
d'interaction ont été déterminés entre le groupe acide et le groupe triglycéride. Afin de compléter des
données expérimentales existantes, les coefficients d'activité a dilution infinie de certains solutés dans
des mélanges renfermant un triglycéride et un acide gras ont été mesurés par chromatographie
inverse en phase gazeuse. L'équation GCA a montré une grande flexibilité pour représenter des
mélanges renfermant des composés polaires et des composés de taille différente ce qui soutient son
application dans la conception et l'optimisation de procédés de séparation d'huiles riches en
composeés gras au moyen de fluides supercritiques.



Resumen

Para el disefio de procesos de extraccién, fraccionamiento y purifiacion de productos naturales se
requiere disponer de modelos termodinamicos que representan con precision el equilibrio entre fases
de las complejas mezclas procesadas en estas operacion de separacion. La complejidad de estas
mezclas multicomponentes es el resultado de varios factores, p.ej., existen significativas diferencias
en el tamafio molecular de los productos naturales y solventes y tienen lugar interaccion especificas
del tipo de puente hidrogeno.

El principal propésito de este trabajo es el desarrollo de modelos termodindmicos que tengan en
cuenta en forma explicita los efectos de autoasociacion y/o solvatacion entre compuestos y su
consiguiente aplicacion a mezclas de origen natural. En el trabajo se presenta una resefia exhaustiva
sobre las teorias modernas de asociacion, sus analogias y limitaciones. El tratamiento de mezclas
multicomponentes, para las cuales la informacion experimental disponible es escasa, justifica el uso
de métodos a contribucién grupal. En consecuencia, en este trabajo, una componente de asociacion
basada en una teoria de perturbacién de primer orden fué desarrollada siguiendo un enfoque a
contribucion grupal.

El calculo del equilibrio entre fases para mezclas multicomponentes es llevado a cabo habitualmente
utilizando modelos basados en ecuaciones de estado o en coeficientes de actividad. En este trabajo
dos nuevos modelos fueron desarrollados: A-UNIFAC para el calculo de coeficientes de actividad y
GCA-EoS para el calculo de coeficientes de fugacidad.

El modelo A-UNIFAC es el resultado del agregado de un término de asociacion a las contribuciones
residuales y combinatorias originales. Primeramente, los parametros de interaccion del modelo fueron
obtenidos mediante la correlacion de datos de equilibrio vapor liquido (EVL), equilibrio liquido-liquido
(ELL) y coeficientes de actividad a dilucion infinita en mezclas binarias, conteniendo agua, alcoholes,
acidos, esteres, compuestos aromaticos, hidrocarburos clorados y alcanos. Mejoras significativas
fueron obtenidas relativas al modelo de UNIFAC original para la predicciéon de ELV y, especialmente,
para la prediccion de coeficientes de actividad de componentes que asocian en mezclas con
componentes inertes. Posteriormente, el modelo fué usado para predecir el equilibrio solido-liquido
(ESL) y EVL de mono y disacaridos en solventes polares (agua y alcoholes). Con tal fin, nuevos
grupos de UNIFAC fueron definidos para representar las moléculas de azucar. Los parametros de
interaccion para estos nuevos grupos fueron obtenidos a partir de EVL y ESL de mezclas binarias de
azucares con solventes. Finalmente, el modelo fué aplicado a sistemas multicomponentes de interés
industrial, por ejemplo, para la prediccion de la actividad del agua (en miel o jugos de frutas) o para la
prediccion de ESL en mezclas de solventes. El modelo se comporta muy satisfactoriamente en la
descripcion de las no idealidades en la fase liquida en un amplio rango de composiciones.

La ecuacién para el calculo de coeficientes de fugacidad (la ecuacion de estado a contribucion grupal
GCA-Eo0S) combina tres términos: un término repulsivo basado en la teoria de esferas rigidas, una
version tipo NRTL (dependiente de la densidad) para el término atractivo y finalmente un término a
contribucion grupal basado en una aproximacion de primer orden de una teoria de pertubacion. El
término de asociacién se ha revisado para permitir la extensién del modelo a varios tipos de
componentes asociativos, a saber: &cidos carboxilicos, esteres, cetonas en mezclas con algua,
alcoholes y componentes inertes.

Los resultados obtenidos con la GCA-EoS son satisfactorios. Los mismos se comparan muy
favorablemente con las prediciones de otra ecuacion de estado a contribucion grupal, (MHV2) que no
toma en forma explicita los efectos de asociacion, especialmente en el caso de mezclas de
componentes asociativos con inertes.

La GCA-EoS fué utilizada para describir el equilibrio entre fases de mezclas que contienen aceites
vegetales (trigliceridos) y sus derivados (acidos grasos, esteres de acidos grasos, mono y
digliceridos) con fluidos supercriticos (propano o dioxido de carbono). Los parametros criticos de los
componentes de alto peso molecular son deducidos a partir de coeficientes de actividad a dilucion
infinita. Nuevos parametros de interaccién han sido calculados entre el grupo acido y el grupo
triblicerido. Como un complemento a la informacién disponible, coeficientes de actividad de varios
solutos en mezclas con trigliceridos y acidos grasos fueron obtenidos a partir de experimentos de
cromatografia gaseosa inversa.

La ecuacion GCA-EoS ha mostrado una gran flexibilidad para representar mezclas con componentes
polares con no polares y asimétricas en tamafio molecular, lo que justifica su aplicacion en el disefio y
optimizacién de procesos de separacion de aceites grasos con fluidos supercriticos.



Contents

LIST OF FIGURES v
LIST OF TABLES............ X
NOMENCLATURE. ...ccccuurrerracnsrusasssarsasssssssssnssasesnsssensesssnsuantsssasanussssasssssssssnssssssansnsassisssnsasonss Xl
1. INTRODUCTION . L R 1
1.1 Importance and MOTIVATION ... 1
1.2 ODBJBCHVES .....vouverecieiisrisiisissasssrissasesves e ssesbassesensebaessssibasbantsnssbiabssbiabas o LS BIS RS EL SR ORISR O SR s e e e et e b e e b n et 2

2.. '‘ASSOCIATION THEORIES.....ccovirsasansasrasssasssssrsessossessssen 4
21 IETEPBEBBEROIT w5 s cavusns sovvsonasns ssmwees domadvi s dani i shissce Vo iovansmavansns s Dase NS EesSS S0a VAL NI A9A SATS UV SR SE SN RTSIT I ARs e tmmmRE ST s B
7207 I 1 11 1 o= 3T o TSI 4
221 BB T A S S O CTBIION s 503 7¢aar i wesa o3 T s oA AT A PP NT S0 AE ST S S Y RSO H T4 4428 VA sy 3Ry TNRH Ay SRRV PR 5
222 6 0 Cor e CLrot 311y oSN e S B Ja ety 1 v 131y 6

2.3 QUAST-ChEMICEI tNBOTY...i.ieiriisiiirionersessassusssesvisssssssrassnsssesssssessssssssaassaassssstossssnsssassnsssserassssnssssssnsssssssannnnss 7
2.4 PRYSICAETNBONY iiisucusvsinsiiosissenrsinisasssessmssihassoss insssssnssass ssassns sesessshansasnsfessstsiis a1 s soat hssevsassassapasassonsesonssasy 7
241 T B e e e T reperooeot o 11
242 O TOSS-AS SOCIAION cvuiusvisivssvrsssrssavsssvsssss Hisssmes FIF YIS R IRES S HR ST RS0 SRS ms R ERIEOR4SANRS A ST HESASNIE NS LR S Sme 8 be s e TR T S S 12
2.4.2.1 Cross-assoCiation PAramMELersS.........c..iuseussesssmmsmnsssssrssrsssestansansssiasssssssanssnsssasassssnssssssnssressonss 13

2.5 Equivalence between chemical and physical theories.......ccoov v 14
251 Id@al §as EXAMPIE .......cceviiisirrirnieriraimrririirsssonsrsssasamsses et shastsass st s s s b s e as e s e s R s s r s e m s s e s ar s 14
252 REaI GA5 BXAMPIE.....cciiiiuiiiasneirerssssrsrssissnesiessienessasssesssisassanmresmammsetesssossasttesssstsssssanssessnsasssssentssserss 15

26 Chemical and physical cross-association SOIUONS ..ot 16
2.7 071y (x1 (115172 11 O OO PP P S L T ot Dot P 19

3. PHASE EQUILIBRIA DESCRIBED BY G MODELS ....... 20
341 RO AUICHION L venemreis sassaemranssnas ssnsssmy usmsens wrss AT T3 SO E e Gm s av o B AR SVa B S PG AL 20
3141 The original UNIFAC MOGE! ......c.ccuueiriiiirciimisissieisaesses s stk s 20
3.1.2 Modlfied UNIFAC MOUBIS.......crsammestisisserisiisiaisimimaiossotes s b iuiissi st vivfesiasivamsim i b it adhisamsoiovis 22
313 GF models that include the physical thEOTY ..........cciiriciimiiiiiiiiiiis s 23

A2 AAINIFAC MOBE.....oecsnerenssiorsomsmerss ok sitoaonsssss s ssoyse o ns s o oo Foey oo S S s e sh s aae e s Ao 24
3.21 Description of the A-UNIFAC MOGEl........cciruiiirinisnisirssiiisssss st s ss s 24
3.2.2 SOl ASSOCIBON .. cveeneconsnsesiasisssssissivsisssomessssssiassioriesyosesadbsabsar ossoassssssvoonvondvissvisdatsevsssnivssvoravaidonnion 27
8224 -Assaclationatinlinite digtlon v mmmn i R e e
3.2.2.2 Composition dependence of the assOCIAlION t8IM..............ccciiiiiimiiiniiiiiiii 30

3.2.2.3 Temperature dependence of the association term at infinite dilution...............ccc.ccccovvvvicnnnnnn 30

323 THE VAPOUE PRESE ...veveeevieseeisisiesistsessssesssrsssassssae e sss s et s b e s s b st a s R SRS SRS St e s s s bbbt 31

3.3 RIGOTOUS MOAEI ...vuvevveriresiesantnrereraesas et ere st bbb bbb S TR E R SRS s e e e h bR b s bbb 31
3.3.1 MOAEl AEVEIOPIMENL .......coviriitiiririiiecrsretaiaisesn s s e s ar s s e s a bbbt e b s s s e s n b A e s b2 s st 31
3.3.2 ParameteriZAtION .. coveiicreerseerseerrseiraressenesssnsssnsssinssssansssbassasbnerosts snssnessasasessissnasssinatassssaistnssssaesianani 35
3.3.2:1  DALBBASE......cvoeseeecueninssnssssessrossasssmasansssessnesssssnssbeissstsbassasoatassaasessssrasers st as RIS RS S st e 35

3.3.3 RROGUIS .. oo vveesrvrssrrassessarsanseensrssssarsessssssnossasssaasssnsnssssprenss s has o7 Fan s s badbssbos douhusiunnssssvesvsatannsnonsiasdanibnssi 39
3.3.3.1  Vapour-liGuid @QUINIDITA. ........c...coocvemieerriiineiescssesesees st en s st sd s b s s s b 39

3.3.3.2 Mutual solubilities for aQUEOUS SYSEEIMS ...........cvuevueerieiiiserirereserie s e ssss bttt saes s 40

3.3.3.3 Infinite dilution activity COBITICIBNTS........cccecirvemrsressssnssssnessssmnsssnsssssssssasssssssssnssssassssansssssssassossasases 41




Contents

34 APPrOXIMALEA MOTEI .....eiviiiuiiriiiiuic bbb 45
341 One- and two-site association models eqUIVAIENCE. ...........ocrrrmiiirrirener i 46
342 Association at INfINIte QIULION ..ocvviiiciirieriosrsesmsrereesisesssssessssrmmesssinassessssnasssessnsssssssssssanbnsssssnsasssansns 47
3.4.3 P ATAMBYATIZATION 1 ciiiums sivasisnssinsvissassiassnsossssnnserassspssvn Aot 1ov spserssrsvaatasssus e RS pmes2pns s whd {6 LRIRESSETHANA RS 48

3.4.3.1  ASSOCIALION PAFAIMELEIS.........cceccueiiiuiiseiuremiserrass st erss s essesses et asns s s s s s st san s s 48
3.4.3.2 RESIOUAI PATAIMEIELS ..........ccvceviiueisieesiaesinsserarstasessesssessebsess st b as s s s e s s s e s e A e s s s s b s st 50
3.44 PROBTILER csiuseiss s uns s ovs ymed PO S STy S A A s RS TA R R e A PR E S m ey oA S AT e PR AWy VA A e 50
3.4.4.1  Vapour-lQUid @QUIIDITA.........c..cocivmeiiremrinnsesas sttt te s s s s s s 50
3.4.4.2 Temary liquid-liquid equilibria Prediction ... 51

35 Software developed in FORTRAN and VISUAL BASIC [anguages........cooverurienieininiinnin 52
3.6 O CICIBICIIG 5wt w5 503 NS S B AR AP TR T S8 A S S S A STV AP P TF FE VRS A FR AV ST ST 53
4. PHASE EQUILIBRIA IN SUGAR SOLUTIONS WITH THE A-UNIFAC MODEL .54
4.1 T3 T (oL 81 (o) 4 EPUO OO O U S OO PRSP  EE TP ISP 54
4.2 CHEIMICAI SEUCKUNE......ceeveeisiieieiiiirnsnieseessnrsssasssnrsrrassssssssassesssssssnsssasssasssssassessasessadssssssnissassssssinarasssasnssss 56
421 Y ST ToToT: 1o  F= L [0 L= < SO SO PRSP PRI PP PP REI PSPPSR LI 56
422 DISACCRATIAES ... eeereersersnsersivsessssorsassansusessassssssnrssassssssssassissisrssssssssbhesansasesssssasssssssssasaionsassanssiissins 58
423 MULArTOtAtioN EQUIDIA .......coveesereeeeerieree bt erssms e st s s a s st e AR bbb e s s s 59
4.2.3.7  INMIUBNCE OF SOIVENL .........eceeveeruresraraecsesessassessesusssseraansasrsssstrasasesaasssnsssnsutassissasssenssaessasnssssssssases 59
4.2.3.2  INflUENCE OF tEIMPEIALUIE ..........cvervieeirierieisraeeisueeseees e ss e bs s bbb a s s s b s s b es bbbt 60

4.3 Revision of available MOGEIS ........c..uuiiiiiirieiier e ceiee e s srrs s sa e ss s s s e s sra e g s s e g e st e b a s et e s e e basaes 61
4.4 The A-UNIFAC model for SUGar MIXIUINES .......cuviiererieeeis st 65
441 Calculation of thermodynamic PrOPerties ..........ccivuieiiiiiniii 65
4.4.1.1  Vapour-LiQUid @QUITIDITA. ..............coueveeueiremses ettt es bbb 65
4.4.1.2  SON-LIQUIT @QUIIDITA ........eeeeeneiieeci bttt bbb b 67
4.4.2 MOTEI PATAMELETS ....veeveeereeeeeeetesraitrs e sas e r s e s b d LA E RS 1E bR e A S s e s s s s 69
4.4.2.1  SUGArS PRYSICAI PIODOMMBS ............cooseserussusssssassssssssassassssssssssesnssssssssassssssssassssassasssssnsssssississans 09
4.4.2.2  RESIAUAI PATAMIEBIEIS .....oveeeeeeeeiveeesreirsaesssassbesissssnsaesasasssesssses s e s bbb s d s e s nna e s b e s s s e 71
4428  ASSOCIAHON PAIBIMOIIS .....coeaeswisstiirsisiisisssiiiivissaisip st st i avsanssassivssesvvsssisissnss 3
443 New parameters for SUGArSOIVENES ... .oviiriietriti bbb 74
4.4.3.1 Database and optimization SIrALEGY ............cccciiiiriiiiiiimiiiiiiiiai s 74
444 RESUILS AN DISCUSSION ..vvevveeersrrirssseersssisensssnsssnsssssasiassssresasssessassssnseassnaassasssninsssnsnsbnnsssssesssinsssions 77
A.4.4.7  COMEIALON ROSUIS......ceveeeeeiirienreesiesnessssssssisasasissiasssssssnssssssssorsessisssesissesstississatesanssnessnesssnesasisess 77

BB AD  PrOUICHONS caensoonesesessesasmsnsissisnrnsssivaiosssssssssiss vs b s s g bR s s s WP ode 44 o3 AT AW SFaa s AR s SRS g 81
4.4.4.3 Predictions for sugar indUSHrial SYSIBMS ...........cceuuvsiiessimsisissiessessssssssesssasesssissssssssssssssnssssasiss 8O

4.5 COMCIUSIONS ... e eeeeeeeecureraeerueesaessreessssssesssssssensessssbe s bseabssasesanasnssssssonssabs sabsssbdssbnsbab e s b s et e oa e e a s e st b e eb b e e s 88
5. EQUATIONS OF STATE FOR POLAR AND ASSOCIATING MIXTURES — A GENERAL OVERVIEW......90
5.1 IVEROAUCHON ... .o o sonsomsivsissisevvasssssssasisiioniasssis avanpuanae sHEEbbirss i i Eioe sEosvaovas oo M AN e DRSSP S TR R AR R BT 90
52 Mixing rules from activity coefficient MOdels ... 92
5.2.1 Huron and Vidal MethodolOgY ........c.coiiieiiiiiiiiiinnrirs e st ss s s b s eas s asas s 92
822 Density dependent mixing rules - The group-contribution equation of state............cococeiiiiin, 96
53 Equations of state that include assoCIatIoN ... 98
5.3.1 Equations of state that include the chemical theory ... 98
53,2 Equations of state that include a physical theory ... 102
5.3.2.1 The Statistical Associating Fluid Theory — SAFT @QUatioN..............cccccivinnmmmmmmnieisinnn, 102




Contents

5.3.2.2 Semiempirical cubic eqUAtONS Of SEALE ...............ccccviiiiiiiiiiiiiiinieissi e 104
5.3.3 Equations of state that include a quasi-chemical tREOTY........cooviiiiii s 105
5.4 (07011 1o (VLo 4 < TOTUUCUT U UV O PP P S BT R SR 105
6. MODELLING OF PHASE EQUILIBRIA FOR ASSOCIATING MIXTURES USING AN EQUATION OF
STATE. ...1086
6.1 The group-contribution with association equation of State. ... 106
6.2 Extension Of the MOMEL........cccciiuiiviieemmermmiiiiisssmsarssramss e ssasussssisesesmmassssssssssssssasnessanissssssssesass 107
6.2.1 ROVIBION .vevesiisissasivsvossa suiossabinsssisssisnsssssanivssssonnesesssesuassssisnssseneneserasssannessssasetiss spoenesesnsnsarenapissfasnes 107
6.2.2 MOAE! AEVEIOPIIBIL ..ot iuiiiessirs s s SES b r 108
6.3 P ATAMEEIIZAtON .oeveieveisieseeieeiistessesssesasanasbasrssasstessssaasssaa s aaandasnsasas sanssi s aE R T e s Rt T e R s e s n R e R s SRR SRR AR R R RS0 111
6.3.1 COMPULET PIOGIAIMITIE .. vueevuvreusassasessssssssssssssessaeses st ssidns 10 e n eSS SRS 111
6.3.2 EXPermental DAtADASE .........cccouuemeiarimimmmiiiimrsst s st s s e 112
6.3.3 AHRTACHVE PAFAMEBLETS -.....ocuuviiciiinssist ittt ss s e e e 113
6.3.4 ASSOCIAtION PATAMELEIS -...cveveveuierisiirtiisriseres s res e TS b 114
6.3.5 REPUISIVE PATAMBLETS ....ccuuvururierrussessesisnsssisas st s AS e s 116
6.3.6 RESUILS ANT ISCUSSION. 1. evvrisereeieesesesissiessaassssssaresiossssassssssnsssrassesssssessttairsssessssasssstsassssstnmmisnssess 116
6.3.6.1 Self-associating mixtures of acids and @lKANES ................oovrermiiiiiiiii i 116
6.3.6.2 Cross-associating mixtures with groups OH @and COOH............coomiiiiniiiimimimimmminnn: 120

6.3.6.3 Cross-associating mixtures with groups COOH and COOR.........cocormcmiriciiiissimimmiasiecesineinns 122
6.3.6.4 Cross-associating mixtures with groups OH and COOR ...........covmmmmmirmrmisisiiiissimmmmsninsnnes 124
6.3.6.5 Cross-associating mixtures with groups OH and RCOR ........cooiieciiiimiiinmimmnininnes 125
6.3.6.6 Interaction between groups COOH and COg......coccoviiivmimiminiismsssssssssssissss s 127

6.4 APProXiMAated APPIOACH ......ccuuiuiriminsitisisiisarses et e R S 127
6.4.1 P ATAIMIELEIIZAtION .. veeereseseismsearssisssesnasssrearassssossiasanssnsnsssrsstysbeeessbrsassanessassasssisaassssnnriossnssnsnassess 128
6.5 COTICIUSIONS . esvesesssssusaenssssissssssessnnsersassapesrassessesssssassntssssnesssssssssstsisatsssrnsssssnsssstnsssbussisantnsnesssrnsrasasssoss 129
7. APPLICATION OF THE GCA-EOS MODEL TO THE SUPERCRITICAL PROCESSING OF FATTY OIL
DERIVATIVES 130
71 IEITOTUCHION wvvseessesseeseasesssessessonsssssassasessaenessasbeassihesbaaRssase s s aas s Ea RN Eam e s b o N e EA S SRR e A S A TR RIS S oS s S A SRSt n T 000 130
714 ChemiCal COMPOSIION ......ieieereiiiitiis i s eSS T 132
71.2 PRASE DERAVIOUT ..o teeeriisiiesiessiasesseermssssess s e ssssds et s sas e s s e sns s s s s e e R RS S S AR e e AL S e S e e s a e s iR s S RE s n 133
7.2 Previous WOrK WIth The GC-FOS ...c.iiiiiiiiiiiirsiirsirsseesssss s shasss s aesssas s s s a e s s st 136
7.3 Predictions using the GTA-EOS ......c..cuiiiiiiiiii i e 137
7.31 Binary systems of COz and fatty acids ..o 137
7.3.2 Binary systems of propane and fatty acids .........oimri 139
7.3.3 Infinite dilution activity COICIENES........ oo s 139
7.3.4 Ternary systems of propane + oleic acid + cOttonseed Oil..........ccooviviiciimiimn 140
7.3.5 Ternary system of CO2 + oleic acid + methyl 0leate ..o 141
7.3.6 Ternary system of COz+rOIIN+OIGIC ACIH .....v.cuiiiirriiimii s 142
7.4 CONCIUSIONS o 1vvevveeesssesses e sasssasaassasaessensensesseb s b ans s R aeassase b e aan e e b e e b4 aA s S e Ee RO R P TR E RS AR S e AT A SRR SR b s s e E SRt s a s a0 143
8. INFINITE DILUTION ACTIVITY COEFFICIENTS OF SOLVENTS IN FATTY OIL DERIVATIVES............. 144
8.1 IFOTUGHION 1visiiresseressesassessassarsssinsesesiossatessarassabasbasheraeseesestebssbesearearaabesrenteass s e et easa s AT A TR s R e e e e bt 144
8.2  Experimental LECANIGUE. ......cuuwiruierisressiuisriacississsissis st s 145
8.2.1 EGUIDIMBI .0vverrssvasesisssisnnssussnmssmssasessisiots508s8sssmsss00Ea8AsE SR TR0 SHAL R EASHES TR SRR SRS HA SRS SRS TR S S ORS00 145
8.2.2 Stationary and MObile PRaseS........c.ewuiuimmimiimisii s s st ness 146




Contents

8.23 CRIEITHCAIS «vvveirvreeesseeasssiesssassssssssnsansssssnssssnesssassonsssssnesssssassasrsdbessaassasnsssssnsassssssstesissbsssassesianinssssssse 146

8.3 EXPEMENTAl AAA ..ot e 146
8.4  PArAMELEIIZAtION 1. ..veeveeseivivesressesseseessssesssrssssesessssesbeessansa s aasrs e e r e e s e a SR e s s e d S LB eSS d S e a SR s e e 149
B.5  COMCIUSIONS . ...euvirsierisreesasrnenssssessesssssesssrssssesssssssssessasssssssansassasssssssssssassisieessstosennssassssassssstasissstsstasanssne 150
9. CONCLUSIONS AND FUTURE WORK 151
9.1 COMCIUSIONS 1o vveveveesseessesssssnsesssansnsasneesnessnssssssssssbssesssssnssass besiianshssstesnsnasasannaesnssssssiinsibissbnestesanisansannes 151
9.2 FULUTE WOTK 1vvevsvvvessessisseesessssssssnnsnsessnsssssassnsssnsssessbeteserasssssanssssss st ssssnsbssiesiossesemarnseseessasnstesssstsssasissiass 153
REFERENCGES i.cccnicnmivitinsasiimisiaamsusssisinssieminios 154
A. A-UNIFAC SOFTWARE DEVELOPED IN THIS WORK... 168
A1 IUEEOTUCHION . eeeiereeeesrrssseesnnssesees srnseesas srasasinasussibnasssbensbessasba e e b s e e aa e e b e e e s R s S e R AE S e b A e e s R b e e et a s e e a e s s 0 s 168
A2 IVPUL AL FIIBS 1...vevevevesesesereeeeeseoesisticsabsiaseasis bbb a8 b e h eSS 168
A.2.1 Create @ NEW INPUL fIIE.......ciereieiciiit i s st 168
A211 SeIeCHON OF COMPONENLS .......coooviiiiiiiriieceeiasiieisresese s s bsesbe e e s e s s bbb st b e s 168
A21.2 Parametors Inial VaIIeS ... iwiisissisisisumsssisssisiiaisomiiiswissmisssonsomsresssassrsassasasn 10D
A213 Thermodynamic data..................ccccoo. i S A TR S AP 170
A2.14 TN s v s Ta s A A A Vo e T S S i e v SR BT SRS S VOO TS SR AT SR NN P e S e 171
A2.1.5 OUIDUE FSUILS ...t s bbb e 172

A2.2 OPEN AN INPUL IR ....vvoeiiciieiiissisesissi s sas e s s bbb e A0 173
A221 OUIDUL FOSUILS ...t b0 173

A3 DALADESES .c..eereereereersesisvassiassesssrsasessasssassonasiasssas hyssusisssisassdeosnssbase bass sesssiinsisss asissaisssssavasansssusvesseseSat 173
A.3.1 PUrE COMPONENT PIOPEIHIES .....veuriiieiiisiiihiisttiiheas et b s e 173
A3.1.1 Add a new component o the database .............cccoeiiivmiiiiii s 174
A.3.1.2 DBIO10 TBCON ,.isiisviviaiiiins iisiansiiassimisavboiavis s sibivstiensinesstaassasssrnas s assussTasseN o sROS NN ERER R an s T 174
A.3.1.3 Add OF UPAALE PrOPEITIES .....c.c.cveiiiiicieiiirs it s bbb 174

A3.2 Residual QrouPS PATAMELEIS .......cciiriiuiirieriiseristii st e s s 176
A3.21 New interaction residual PArameters ............c.uciceiemiieeiiesieisiestsissss s sasasensensssnsans 177
A3.22 Add NEW reSIAUAl GrOUDS............ccccimmmrmrmerierieiiniassasss b an st s s e st 177
A.3.2.3 Dlete reSIAUAI GIOUDS ..........cccoviiciniinsesnissss s s sbe s s s s st 178

A3.3 ASSOCIAtIoN GroUP PATAMELEIS......coiuiuiiitiiereiiriiit st e 178
A33.1 UDABIE ABER...ciovisnesivasicssivisisissusssissisnininsisssarsssssismsmiorassssssassssassnssesmsssastessorsonsussoassmmissasoonss D 09
A3.32 Delete aSSOCIAtION GIOUP..........oowiiereremremserseriebisiatae e ass et e a b b s 179
A.3.33 Add NEW 8SSOCIALING GIOUP -....ccveruemriacreeeasisieiss s st et s s e 179

A3.4 SOIVAHON PATAMELEIS .....oiiiciiiiiiiiiiii bbb SRS 179

A4 View eqUIlIDA GaLA ......oiieicieeiiiiiciiiiissiie eSS S RS St SE E S s 180
AS  OPHONS....cucvieverissesersosssseisssssssnssassessesassessesstbsshessebinhsese o400 4R ST SE SR eSS SRR TR 181
B. STRUCTURES OF SOME SUGARS T o 182
B.1 D [ Lo T v S S U SO S AP SE R s 182
B2 D-KOUDBOE . ii.vivasissresivisisionisiiosaionsn s nsssss s suassdssssassus ihasiahs 4 sas naen sonansenitns sy sASEIIEE4 2120 HSPARETS Ix s Us e B RROLS SA POTO LY 183
B.3  DISACCNAINUES. ... ceeiveeierirsssresresesrssaesbaarasbesonssassssssbssssssssraseessseasbassanstsmsesssssasbtsesbhte s be e st teestaeirns s n s rns 184
C. INFINITE DILUTION ACTIVITY COEFFICIENTS DATA ...coiiiiiiiiiininsisssstssinss s ssnss s sasssssassssssasass 185
Col EXPEAMENIAl BBLA ....c.cuviiiiiciiiiiis ittt e S 185




Contents

List of Figures

Figure 2.1 Schematic representation of the hysterical effects not allowed by TPTT...coooiiiiiinn, 8
Figure 2.2 Schematic representation of the model of the square well potential. ..., 9

Figure 3.1 Infinite dilution activity coefficients of an alcohol (ethanol or methanol) in a series of n-alkane
solvents at 298.15K. Experimental values (Dohnal and Vrbka, 1997): O - methanol, A& -
ethanol: Residual and association contributions (calculated by subtracting the original UNIFAC
combinatorial term): ® - methanol, A - ethanol. ..o 28

Figure 3.2 Infinite dilution activity coefficients of n-alkanes in methanol at 298.15K. Experimental values
(Dohnal and Vrbka, 1997): O-1-propanol, A- 1-butanol; Residual and association
contributions (calculated by subtracting the original UNIFAC combinatorial term): ®- 1-
Propanol, A= T-DUANOL. ....c.cuiimreriuemieis st s 29

Figure 3.3 Partial derivative of the association activity coefficient of ethanol, with respect to ethanol mole
=T, (1o TOUURURRU OSSP P OO PO A P TS TP ST ST PRSI RS 30

Figure 3.4 Partial derivative of the association activity coefficient of hexane, with respect to ethanol mole
BECE 0N, vveeverererseensnsesssssenssasrannssssnnssmssnssesssatnsasssassssssnssssnsbnsosnsanasasinsnnanassssnisisssbnisasionasidbsvarassonsue 30

Figure 3.5 Monomer fractions: (a) liquid water; (b) liquid ethanol. Calculated: -— SAFT at saturated liquid
densities; — SAFT at constant saturated liquid density at 298.15K; — A-UNIFAC model. .......... 36

Figure 3.6 VLE of binary mixtures: (a) heptane + acetic acid at 313 K; (b) 1-butanol + acetic acid at 323 K.
Exp. Data (Gmehling et al., 1977); — A-UNIFAC; - Original UNIFAC. .......ooooiniiiiiii. 39

Figure 3.7 VLE of binary mixtures: (a) water + acetic acid at 353 K; (b) toluene + 1-butanol at 373 K. Exp.
Data (Gmehling et al., 1977); — A-UNIFAC; - Original UNIFAC. ... 40

Figure 3.8 Water — hydrocarbon mutual solubilities at 298K. Experimental data (Serensen and Art, 1979): ¢
water sol.; O hydrocarbons sol.; — A-UNIFAC; - VLE -UNIFAC (Gmehling et al., 1982); - -

LLE —UNIFAC (Magnussen et al.,, 1981). ...ccccovvvinrnvinnnisiiiniininn S R A e AT R 41
Figure 3.9 Water — alcohols mutual solubilities at 298K. Experimental data (Serensen and Arlt, 1979): e water
sol.; [ alcohols sol.; — A-UNIFAC correlation; — UNIFAC correlation...........ocon 41
Figure 3.10 Water — acids mutual solubilities at 298K. Experimental data (Serensen and Arlt, 1979): » water
sol.: O acids sol.: — A-UNIFAC prediction; -— UNIFAC prediction. ..., 41
Figure 3.11 Water — benzene mutual solubilities versus temperature. Experimental data (Serensen and Arlt,
1979): o water sol.; ® benzene sol.; — A-UNIFAC correlation; - UNIFAC foln]q 12111 [o] 1 IR 1

Figure 3.12 Infinite dilution activity coefficients of n-alkanes in ethanol versus temperature: ® A X
experimental data (Tiegs et al., 1986); — A-UNIFAC; -— HNIR A G ™ e i rcesrsonmibstohnyeesiyenepesiis 42

Figure 3.13 Infinite dilution activity coefficients of ethanol in n-alkanes, versus temperature: eo experimental
data (Tiegs et al., 1986) — A-UNIFAC correlation; —— UNIFAC-y™ correlation............ccccnene. 42

Figure 3.14 Infinite dilution activity coefficients of in binary mixtures of: (a) benzene and ethanol; (b) acetic
acid and ethyl acetate; (c) ethyl acetate in water; (d) water and acetic acid. Exp. Data (Tiegs
et al., 1986); — A-UNIFAC; -- Original UNIFAC. .........ooovimiimimii s 43

Figure 3.15 Infinite dilution activity coefficients of several solutes in water at 298K versus carbon number of
the solute. Exp. Data (Kojima et al., 1997, Serensen and Arlt, 1979; Hwang et al, 1992,
Pierotti et al., 1959; Bergmann and Eckert, 1991; Li et al., 1993; see Zhang et al., 1998); — A-
UNIFAC; - Original UNIFAC; — » —Modified UNIFAC (Dortmund). .......cccooiimmiimmmnes 44

Figure 3.16 Infinite dilution activity coefficients at 298K versus carbon number of alkanes. Exp. Data
(Serensen and Arlt, 1979): en-alkanes in water; o water in n-alkanes. Models: — A-UNIFAC; -

— Original UNIFAC; — » —Modified UNIFAC (Dortmund)........cccooiimiimmmmmis 44
Figure 3.17 Schematic representation of the three types of associating groups. ... 45
Figure 3.18 Monomer fractions predicted by SAFT equation for liquid ethanol (---) and acetic acid (—). (a) at

saturated liquid densities; (b) liquid densities at 298.15K. ... 49
Figure 3.19 Ethanol distribution coefficients between hexane and water at 298K: ¢ experimental data (Roddy

and Coleman, 1981); — A-UNIFAC; === UNIFAC. ...cooiiiieiiiiiiiiiiissness e st 51




Contents

Figure 3.20 Distribution coefficients of acetic acid between hexane and water at 298K: O experimental data

(Serensen and Arlt, 1979); — A-UNIFAC; == UNIFAC. ... 51
Figure 3.21 Distribution coefficients of butyric acid between 1-hexanol and water at 303K: m experimental

data (Serensen and Arit, 1979); — A-UNIFAC; ~—= UNIFAC. ......cooiimmimmis 52
Figure 3.22 The A-UNIFAC PrOGIAIML ........cueuuerseieuuemstssmsasissmssasssesssrsese s s ssses s s 53
Figure 4.1 Enantiomeric forms of glyceraldehyde. ..o 56
Figure 4.2 Ring formation: (a) furanose and (D) PYFAN0SE..........ccwimirmmmimmimms s 57
Figure 4.3 Diastereomers of D-gIUCOPYIANOSE. .......cu.vusruutritisrirssimsssssas st st gt 58

Figure 4.4 Tautomers equilibrium composition (mole %) of a sugar in water versus temperature: (a) D-glucose
(Maple and Allerhand, 1987); (b) D-fructose (Lichtenthaler and Rénninger, 1990). Exp. data: -

#— a-pyranose; -0 p-pyranose; —A— a-furanose; —* - BAUMBNOSE. waciviiisiarsairessesiassissminivinsaiisi 61
Figure 4.5 UNIFAC groups defined by Gabas and Laguérie (1990) and Abed et al. (1992) to represent sugar

R To L= ot |- TP PP PSP PSP TS T ST ER R R 62
Figure 4.6 UNIFAC groups proposed by Catté et al, (1995) to represent sugar molecules. ... 62
Figure 4.7 D-glucose and D-fructose groups proposed in the Bio-UNIFAC mMOodel........ccocoirmrerieerinenieiiniiiiinnin 63
Figure 4.8 Thermodynamic cycle for the fugacity ratio CalCulation. ... 67

Figure 4.9 Monosaccharides solubility in binary aqueous mixtures versus temperature. Experimental data: A
O (Jonsdéttir et al., 2002);0 (Vasatko and Smelik, 1967; Abed et al,, 1992; Young et al.,
1952):+ (Stephen and Stephen, 1963; Young, 1957); Sugars |deal solubility: —A—; -0O-; =
@ R R SR P P s e SRS SRR AR SR e A S 71

Figure 4.10 Disaccharides solubility in binary aqueous mixtures versus temperature. Experimental data: ®+
(Jonsdéttir et al., 2002); A(Mullin, 1972); ®(Mullin, 1972; Young and Jones, 1949); ¢ (Mullin,
1972: Jonsdottir et al., 2002; Stephen and Stephen, 1963); Sugars ideal solubility: —#—; —+—;
e N e ¥ el i G e GRS TR PSS S SO SRY SO PSS mss e n s v s TR A DAY RS e SR 71

Figure 4.11 Sugar solubility in binary aqueous mixtures versus temperature. Experimental data: O A
(Jonsdottir et al., 2002); # (Stephen and Stephen, 1963; Young, 1957, Abed et al., 1992), —
A-UNIFAC model correlation (D-glucose) and prediction (D-galactose and D-xylose). ................ 73

Figure 4.12 Osmotic coefficients prediction for binary aqueous sugar mixtures at 298 K. Experimental data: ¢
O x (Miyajima et al., 1983a);A (Uedaira and Uedaira, 1969);— A-UNIFAC model predictions.. 74

Figure 4.13 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data: ¢ O
X (Miyajima et al., 1983a); — A-UNIFAC COmmelation. .........oummmmmnmiiisns 78

Figure 4.14 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data: ¢ O
x (Miyajima et al., 1983a); P&M UNIFAC model: — D-glucose(correlation); — D-galactose
and D-mannoSe (PrEAICHON). .....c..ccririemiisiesriesss s s bbb 78

Figure 4.15 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data:A
(Scatchard et al. 1938); 4 Uedaira and Uedaira (1969), Miyajima et al. (1983b). Models: — A-

UNIFAC correlation; ——P&M UNIFAC prediction. ... 79
Figure 4.16 D-fructose solubility in alcohols versus temperature. Experimental data: A (Peres, 1998);%
(Coulon et al., 1997); — A-UNIFAC model correlation; — P&M UNIFAC prediction. ..........c.coive 79
Figure 4.17 Sucrose solubility in alcohols versus temperature. Experimental data: ® A (Peres, 1998); xO
(Moye, 1972); — A-UNIFAC model COMEIAtioN. .......ccocvirmmremssssimesimrssssas s 80
Figure 4.18 Sucrose solubility in 1-propanol and 1-butanol versus temperature. Experimental data: XA
(Moye, 1972); P&M UNIFAC prediction: - 1-propanol; —T1=bDUANOL. ....coreceonsarssisssonsizovssssassansosaas 80
Figure 4.19 Sugar solubility in water/methanol mixtures. Experimental data: ® A (Peres, 1998), — A-UNIFAC
correlation; — P&M UNIFAC prediction. .. ...ueeeisessesesessinininssinis s s 81
Figure 4.20 Solubility in water versus temperature. Experimental data: ® A (Jonsdoéttir et al., 2002); Model
predictions: == P&M UNIFAC; — A-UNIFAC. .....cooovmimmimmmmmiminismsnisss s 82

Figure 4.21 Disaccharides solubility in water versus temperature. Experimental data: A (Jonsdottir et al.,
2002); ¢ (Mullin, 1972); ®(Mullin, 1972; Young and Jones, 1949); m (Mullin, 1972; Jonsdottir

et al., 2002; Stephen and Stephen, 1963);—A-UNIFAC MOdel. ........cccovmiiiiiiiimn 83
Figure 4.22 Cellobiose solubility in water versus temperature. Experimental data: # (Jonsdottir et al., 2002);
— A-UNIFAC model prediction; - A-UNIFAC model Correlation. ... 83




Contents

Figure 4.23 Sucrose solubility in water/methanol and water/ethanol mixtures. Experimental data: A X

(Peres, 1998); — A-UNIFAC model; -— P&M UNIFAC model.........ccoccimi 84
Figure 4.24 Sugar solubility in ethanol/methanol mixtures. Experimental data: ®A X (Peres, 1998), — A-

UNIFAC model; -=- P&M UNIFAC MOTEL ..vvoveciiiiriiiiieiniiioiienins e sinsssss s ssissssssss s sasness 85
Figure 4.25 D-fructose solubility in water/ethanol and water/methanol mixtures. Experimental data: A X

(Peres, 1998); — A-UNIFAC model; —— P&M UNIFAC MOdel.......cooiininmimininniinsines 85
Figure 4.26 Sugar solubility in ethanol/water mixtures at 25°C. Experimental data: A (Gabas et al., 1988),

— A-UNIFAC model prediction; —P&M UNIFAC mModel........cccoviiiiimmrm i 86

Figure 4.27 Solid-liquid equilibria of D-xylose/D-mannose/water at 25°C and 35°C: # experimental data
(Gabas and Laguérie, 1990); — A-UNIFAC model; —P&M UNIFAC model.......cccceeerniriiiiscinenn.. 86

Figure 4.28 Solid liquid equilibria of (a) D-glucose/sucrose/water and (b) D-fructose/sucrose/water at 70°C: ¢
experimental (Abed et al., 1992); — A-UNIFAC model; — P&M UNIFAC model. .......cccocvnrannnans 87

Figure 4.29 Normal boiling point of quaternary aqueous solutions of D-glucose, D-fructose and sucrose:
Experimental data (Abderafi and Bounahmidi, 1994); — A-UNIFAC prediction — P&M
UNIFAC PrEdiCtiON. ... vvesiiiiieiisisinisiasserasssassesasassssesassstsmeb st sasne st snssseassssssssssasssstsssassusssisasasss 87

Figure 4.30 Water activity of solutions containing D-fructose or sucrose and for an apple juice at 25°C.
Experimental data: A -+(Correa et al., 1981); ® (Fontan et al., 1981); — A-UNIFAC model

PIEAICHON. 1.t evevesereseesseiescueseusacscsssa e sas s s bt s eSS 88
Figure 4.31 Water activity in synthetic honey at 25°C: Experimental data: # (Riiegg and Blanc, 1981); — A-
UNIFAC model prediction; — P&M UNIFAC model prediction. ... 88
Figure 5.1 Molecules model according to the SAFT equation: rigid spheres fluid — chain formation —
associated COMPIEXES FOMMEALION. .........cuiiiiriiis i s 102
Figure 6.1 Cyclic dimer repreSeNtatioN. .........owu.eciseuemimimissis st b 114
Figure 6.2 Fraction of non-bonded sites versus temperature: e © GCA-Eo0S; — SAFT (Huang and Radosz,
TGG0). 1rereererrersesessessestnsssessussessasnarasnssnsnssntonsssssasisnssussnans A B R S RN SR AR 114
Figure 6.3 Saturation compressibility factor versus temperature for acetic acid: A Miyamoto et al. (1999), —
GCA-E0S prediction; - = = MHV2 prediction....... ... 117
Figure 6.4 VLE of heptane and pentanoic acid: exp. (Gmehling et al., 1977); — GCA-EoS correlation; - - -
MHY2 PIEAICHON. ...vovvevrevirereircrsesearesresanses s ees e b s e R SR e b e bbb eSS 118
Figure 6.5 VLE of hexanoic acid and octanoic acid: exp. (Gmehling et al., 1977); — GCA-EoS correlation; - - -
MHV2 PREUICHION. ..ceeeereeeieiriescurnsasssnsrsssrss s es bbb A s s 118
Figure 6.6 VLE of acetic acid and octane at 343 K: exp. (Gmehling et al., 1977); — GCA-EoS correlation; - - -
IMHVZ PrETICHION. 1.veveeeeeeererininsarussesesensrs st s s R r A bS8 s RS Ssases 119
Figure 6.7 VLE of hexane and acetic acid at 313 K: exp. (Miyamoto et al., 2000); — GCA-EoS correlation;- - -
MHV2 PIEGICHON. ....vovvvareecsiissrerininsssssssssssss s e h s a4 bR e 119
Figure 6.8 VLE of methane and a fatty acid:  lauric acid; A palmitic acid; exp. data (Shy et al., 1993); —
GCA-E0S prediction; - = -MHV2 prediction.......... e 119
Figure 6.9 VLE of ethane and several solutes: exp. (Weng and Lee, 1992; Peter and Jakob, 1991; Rodrigues
et al., 1968); — GCA-EOS PrediClion. ........cvrieeseresesssrsis it s 120

Figure 6.10 VLE of binary mixtures of an alcohol and an acid at 1 bar: (a) 1-butanol and propanoic acid; (b) 1-
butanol and acetic acid. Exp. data (Gmehling et al., 1977), — GCA-EoS prediction; - - -
MHV2 PrEAICHION. ...cvvvcveissesseseesssseissssiisasesesssssss bbb b s s ae b s iR E S B0 E s SR 120

Figure 6.11 VLE of binary mixtures of an alcohol and an acid at 1 bar: (a) 2-butanol and acetic acid; (b)
methanol and propanoic acid. Exp. data (Gmehling et al., 1977); — GCA-EoS correlation; - - -

MHV2 PrEiCtON. .......ovovserararemsssisissesesiesississssr st sasssses st ea s s s b s s SESSR 00 121
Figure 6.12 VLE of water and propionic acid: exp. (Gmehling et al., 1977); — GCA-EoS correlation; - - -MHV2
PIEAICHION. . vveeeeeeeesesescscesan bbb e eSS 122
Figure 6.13 VLE of water and acetic acid. Exp. data: e (Ohtmer et al., 1952a), o X (Ermolaev et al., 1971);, —
GCA-Eo0S prediction; - = -MHV2 prediction............iiiiii i 122
Figure 6.14 VLE of ethyl acetate and acetic acid: exp. (Gmehling et al., 1977); — GCA-EoS correlation; - - -
IMHV2 PROTICHON. 1. .eeveeeetiresirerasisiisissna s snss s ssss st a e sh R H A 123

vii



Contents

Figure 6.15 VLE of an ester and an acid at 1 bar (temperature versus composition): (a) propyl acetate and
acetic acid; (b) acetic acid and butyl acetate. Exp. data (Gmehling et al., 1977), — GCA-EoS
correlation; - - -MHV2 prediction. ..o s sssssss s sssesssessas sessssasssssns 124

Figure 6.16 VLE of an alcohol and an ester: (a) 1-propanol and methyl propanoate; (b) 1-propanol and methyl
butanoate. Exp. data (Gmehling et al., 1977); — GCA-EoS correlation; - - -MHV2 prediction. .. 125

Figure 6.17 VLE of an ester and water (vapor phase mole fraction versus liquid phase mole fraction): (a) butyl
acetate (1) and water (2) at 317 K; (b) water (1) and propyl acetate (2) at 353 K. Exp. data

(Gmehling et al., 1977); — GCA-EoS prediction; - - -MHV2 prediction...........cccccovvvvieeiiiinriinnns 125
Figure 6.18 VLE of water and acetone: exp. data (Griswold and Wong, 1952); — GCA-EoS correlation; - - -

L AV o T Te Lot o TSP T 126
Figure 6.19 VLE of 2-butanone and water: exp. data (Othmer et al., 1952b); — GCA-Eo0S prediction; - - -

L A T =T [T T o USRS 126
Figure 6.20 VLE of carbon dioxide and a carboxylic acid: (a) CO; and acetic acid; (b) CO2 and butanoic acid.

Exp. Data (Byun et al., 2000); — GCA-E0S correlation.............ccoreiiiineninie e 127
Figure 6.21 Schematic representation of self- and cross-association in carboxylic acids. ..........c.ccovveiiciiiininnn 127
Figure 7.1 Mono-, di- and triglyceride schematic representation.........c..ccccoiiiiiii 132
Flgura 7.2 The triglycorde. (TG) GINDUP: . isimi muiiaisnsassiasiass i iaesess s s e e de s S S ea s RS RV A oo B i 132

Figure 7.3 Pressure-temperature diagrams for the six types of phase behaviour obtained for binary systems
(Van Konynenburg and Scott, 1980): g: vapour; I: liquid; U: upper critical end point; L: lower
critical end point; dashed lines correspond to the critical locus, i.e., curve that connects all the
critical points where two phases converge to one phase; Full lines correspond to the pure

components vapour pressure finishing at the pure component critical points Cq and Ca. ........... 133
Figure 7.4 Pressure versus composition projections at three temperatures obtained from Type V diagram....... 135
Figure 7.5 UCEP and LCEP for binary mixtures of propane with n-carboxylic acids, n-alkanols and n-alkanes
(Source: Peaters; TO94) it st s s r i e R R G 135
Figure 7.6 VLE of CO; and methylpalmitate: exp. (Inomata et al., 1989); — GC-EoS predictions. ............c..cue. 137
Figure 7.7 VLE and LLE predictions using the GC-EoS for propane + tripalmitin mixture. Exp. (Coorens et al.,
BOBB. oot i i i b e R e e S G s S S T A e st 137
Figure 7.8 Binary VLE of CO; and palmitic acid: Exp. data (Yau et al., 1992); — GCA-EoS predictions. .......... 138
Figure 7.9 Binary VLE of CO; and fatty acids. Exp. data: A e (Bharath et al., 1993); x (Byun et al., 2000).
Model: — GCA-EOS PrediCtion. ..........ccceiiiiiiioier et rensssisse s s ssisssessns s senasessasasssesanes 138
Figure 7.10 Binary VLE of CO; and oleic acid: exp. (Bharath et al., 1992); — GCA-EoS prediction..........c........ 138
Figure 7.11 Binary VLE of CO; and unsaturaded fatty acids at 313.15 K. Exp. data: e oleic acid (Bharath et
al., 1992); o linoleic acid (Chen et al., 2000). Model: — GCA-EoS predictions. ...........cccccceinn 138
Figure 7.12 Binary VLE and LLE for propane and oleic acid. Exp. data (see Hixson and Bockelmann, 1942);
— GOAEDS ProdiGlONS: s s nisssssivarions o sasisswssasisisae s v bbvisnsas i aismasvedsidsnssniorsimmasasvids 139
Figure 7.13 LLE of CaHg-oleic acid-cottonseed oil at T = 371.65 K and P = 44 bar (compositions in weight
fractions): —M— exp. (Hixson and Bockelmann, 1942); — GCA-E0S. .........coovviviniviinnniininniennns 141

Figure 7.14 Vapour-liquid equilibria for the system CO. + methyl oleate + oleic acid for several mixtures with
overall fixed mole fractions (R=oleic acid mole fraction on a CO; free basis). Exp. data: oxA
(Yu et al., 1993); — (Inomata et al., 1989); e (Bharath et al, 1992). Model: — GCA-EoS

DT OIS v ol o B i T S A S AT s 142
Figure 7.15 Ternary VLE of COg, oleic acid and triolein at P = 250 bar :—M— exp. (Bharath et al., 1992);, —
GCA-E0S Pradiction: ;i:miiinmmmmonmmisiinit i i s N e i 142

Figure 8.1 Representation of y* of isooctane versus the molar fraction of palmitic acid at 353.15K: ® O
expenimental data. ..........ouccoueerimnimersseernarssnassnssnssnansssannsrsassi sssrernrssrassansnssat esshss st ksS4 T REISA 4S 148

Figure 8.2 Temperature dependence of y* for heptane, ethanol and trichloroethylene in a mixture containing
50 % palmitic acid / 50 % trPalMItin. .......covviieeiiriiier s i e eessrsrsreeesnesesrse s sreesneesbesesnsseraeeas 148

Figure 8.3 Representation of y¥” of heptane versus the molar fraction of palmitic acid at 353.15K: m O
experimental data (Ferreira and Foco, 2003); — GCA-EoS correlation............ccoovevvviivccicncnen. 149

viii



Contents

Figure 8.4 »” of alcohols in triacetin versus temperature: ¢ o experimental data (Foco et al., 2000); —GCA-

= Tl oTe 1= 1= | (o] 2 VAR O DR PP PP P PO TT PRI 150
Figure A.1 Selecting components from the database.............coiiiiiiiiii 169
Figure A.2 Set initial parameters values for the rUN. ... 169
Figure A.3 Selection of experimental binary VLE SYStemMS. ... 170
Figure A.4 Set optimisation or simulation fRALUFES. ... 171
Figure A.5 View output results in a text file or excel file. ..o 172
Figure A.6 View Output Results in @ text file. ... 172
Figure A.7 NO OUPUL FESUILS......ouiiiiiiieiniireis it et s b e s s Ss s 172
Figure A.8 Select an existing iINPUE file. ..o 173
Figure A.9 Selecting components from the database..............coviimiiiim 174
Figure A.10 Adding a new component {0 the database...............cvimimimmiii 174
Figure A.11 Setting pure component ProPerties. ........ocvoeiiiiiiiiimiiii s s s 175
Figure A.12 Selecting file containing pure component properties. ... 176
Figure A.13 Set residual groups features in the database. ... 177
Figure A.14 Definition of a new group and corresponding SUDGrOUPS. .........ooiiiiiiiimii 178
Figure A.15 Set association groups features in the database. ... 178
Figure A.16 Definition of @ new association GroUP. ... 179
Figure A.17 Set solvation parameters values in the database. ... 180
Figure A.18 View the references files. ... 180
Figure A.19 OPtONS WINAOW. ...ocouireiriuesirmssmmreseisssssesssstiss s sss s s s 4s a8 s s b S 181
Figure B.1 The D-aldoses family tree (Fischer representation). ... 182
Figure B.2 The D-ketoses family tree (Fischer representation)..............coii 183

Figure B.3 Disaccharides chemical structure............ T e SR R RE T s L O




Contents

List of tables

Table 2.1 Self-association types for pure components: simplifications in A and x™ and resulting expressions

BOr WO v e e B T A A A RN T VISRV 3T RS R e s 11
Table 2.2 Cross-association models: approxXimations iN A ......coccvmeri e 12
Table 2.3 Parameters @QUIVAIEINCE. ..........ccuiirieisimemriearurisarssrsss et sttt st e s 00 a0 s 10 s T s sty se st 15
Table 2.4 Monomer fraction expressions obtained for mixtures of types I and Il ..o 16
Table 3.1 Differences between the UNIFAC model and the modified UNIFAC models. .......ccooviiiiiiiinnincn 23
Table 3.2 Self-association models defined in the GCA-E0S model. ..o 32
Table 3.3 Cross-association types defined in the A-UNIFAC model. ... 33
Table 3.4 VLE database used for A-UNIFAC parameters estimation ... 35
Table 3.5 Residual group interaction parameters amn (K) ..o 38
Table 3.6 A-UNIFAC self-and cross-association parameters. ... 38
Table 3.7 Average errors in pressure ([JP) and composition (Lly) for the UNIFAC and A-UNIFAC models. ......... 39
Table 3.8 Expressions obtained for X* , X™" and y**** using the one and two sites models. ............c.c...c.... 47
Table 3.9 Calculated number of asSOCIAtiNG GrOUPS ....cuuiiiiumiiiiiisiumssrmsamrarssns s ibas sttt ass s s s asssssnsass 50
Table 3.10 Residual group interaction parameters amn (K) ... 50

Table 3.11 Average errors in pressure ([1P) and composition ([ly) for the UNIFAC and A-UNIFAC models. ....... 51

Table 4.1 Annual production of simple sugars, sugar-derived alcohols, and acids compared to some

petrochemically derived basic chemicals and SOIVENLS. ... 55
Table 4.2 Composition (%) of the different monosaccharides conformers in equilibrium in aqueous solution
(Goldberg and Tewari, 1989). ........cuviirririi b 59
Table 4.3 Number of hydroxyl groups that are not in axial position for each conformer and calculated average
nNUMDbET iN AQUEOUS SOIUtIONS. ....ocviuicricieieriseie e s 60
Table 4.4 Melting temperature and enthalpy of fusion values available in the literature. ... 69
Table 4.5 Melting temperature T,,, enthalpy of fusion AH, and heat capacity difference ACp used in this work
to describe the solid-liquid equilibrium with the A-UNIFAC model. .........cccoviiiinn 70
Table 4.6 Structural volume (r, ) and area (Q, ) parameters for the new A-UNIFAC groups...........cccoviniins 72
Table 4.7 Molecules decomposition in the groups defined for the A-UNIFAC model..........coiinnn. 72
Table 4.8 Experimental database used in the optimization step: number of experimental points NP, range of
temperature T and range of cOmpOSItIoNS X. .........ociiiiiiiiiii 75
Table 4.9 Experimental database used in the optimization step (continuation): osmotic coefficients data of
several mono and diSACChAMMES. ....cccivrireieriirreiiis s st essrs s bssssadssanssssnssnnsas 75
Table 4.10 Experimental database used in the optimization step (conclusion): solubility data of sugars (D-
glucose, D-fructose and sucrose) in several solvents (water and alcohols).........ccveininciinns 75
Table 4.11 Group interaction Parameters (K).... ..ottt 76
Table 4.12 Calculated number of associating groups for ach SUGar. ... 77

Table 4.13 Correlation and prediction (*) results for D-glucose and sucrose binary aqueous mixtures: number
of experimental points NP, range of temperature T, range of compositions X and average
absolute deviations AAD for the A-UNIFAC models (in bold) and P&M UNIFAC. ... 1T

Table 4.14 Correlation and prediction (*) results for D-fructose binary aqueous mixtures: number of
experimental points NP, range of temperature T, range of compositions X and average
absolute deviations AAD for the A-UNIFAC models (in bold) and P&M UNIFAC. ........ccccoviinnee 81

Table 4.15 Prediction results for lactose and maltose binary aqueous mixtures: number of experimental points
NP, range of temperature T; range of compositions X and average absolute deviations AAD
for the P&M UNIFAC and A-UNIFAC models (in bold characters).........ccimiiinn, 82




Contents

Table 4.16 Correlation (*) and prediction results for D-glucose, D-fructose and sucrose in mixed solvents (NP:
number of experimental points; AAD: average absolute deviations for the P&M UNIFAC and

A-UNIFAC models (in bold Characters)). .......coccrmimniemimininiis i s 84
Table 5.1 Integer constants (u and w ) for cubic equations of state ... 91
Table 5.2 Comparison between the different G5 /E0S MiXing rUIES .........c.coocviiiiiimnmininnsinin s 94
Table 5.3 Association equations developed from the Heideman and Prausnitz approach. ..., 101
Table 6.1 Association group models for water and alcohols used in the GCA-E0S...........ocovviiniiiiii 108
Table 6.2 Self-association models defined in the GCA-EOS.........ciimiiiimnir s 109
Table 6.3 Cross-association models defined in the GCA-E0S model. ... 109
Table 6.4 Experimental VLE database used for correlation (NS: number of data sets)............coviiinninnn. 112
Table 6.5 PUIe groUP PAraMEIEIS .....c.coierrererinresssssassisssssisnmisisnsiarssssnserrassssrassssmassssntasssitssbanssssmississssiassbansssasssns 113
Table 6.6 Binary interaction Parameters .. ... 113
Table 6.7 GCA-EoS self and cross-association parameters. .......cocvirriiiieeiciiiiiiniii s 115
Table 6.8 Pure component vapour pressure Cormelation. ... i 116
TABID B 2 ™ PratICHON, 1osiisesrcissovsons sansicisssus sbae sossins s ST Lot de i v i o ma AR RSN T B v RS T 117
Table 6.10 Correlation results for VLE of acids and alkanes. .........cccovviieiinimiminiisiiiii s 118
Table 6.11 Correlation results using the GCA-EoS and MHV2 models (alcohols + acids). .........ccccoiciiiiniiiinns 121
Table 6.12 Correlation results using the GCA-EoS and MHV2 models (water + acids).........ccocooviiiininniinns 122
Table 6.13 Correlation results using the GCA-EoS and MHV2 models (esters + acids).........c.covvviniciiiiiinnis 123
Table 6.14 Correlation results using the GCA-EoS and MHV2 models (alcohols + esters).......c.ccoooiiiiiiininns 124
Table 6.15 Correlation results using the GCA-EoS and MHV2 models (water or alcohols + ketones). ............... 126
Table 6.16 PUrE-groUP PATGMEBLEIS ......cviiiivuerieieiaereisueisesssassasasanseassssseesseas s s asssss s b sassssssbaaie s s s e bbb ss s aeissasebes 128
Table 6.17 Binary interaction Parameters .........cccieiiriiiecruemsimeimisaisemsssassassnssmsssssssssssssssssisasnssissnns 128

Table 7.1 Infinite dilution activity coefficients of heptane and ethyl acetate in palmitic acid, mono-, di- and
tripalmitin, a comparison between experimental data and model predictions. .............ccc.evee... 140

Table 7.2 Glycerides composition (x; ) and correspondent aliphatic groups (ncuz and Ncx=cx) decomposition

FOT COMOTIBEBT B, 1s.ssovinussrnsomisnssssins ansesavsnstrernsssobus st BNt et avasatnss st res porsensnsss prossnas b4 mvss AEROOERIEFIA 140
Table 8.1 Binary interaction PAr@mMeELEIS ........ccuviriirieirirseit ettt b e s 149
Table C.1 Experimental y* in mixtures of triacetin and palmitic acid ...........cccveeriininiiniiii s 186
Table C.2 Experimental y* in mixtures of tripalmitin and palmitic acid ..o 186
Table C.3 Experimental y* in mixtures of tripalmitin and palmitic acid. ..........cccooiiinii i, 187
Table C.4 Experimental y* in mixtures of tripalmitin and palmitic acid. ............cccoiiiiiiie, 187

Xi



Nomenclature

> P >

(Y]

nm

i
9
9
gy
g(d)

~ U (=

first coefficient of the Antoine equation
total energy of Helmholtz
association parameter from the modified UNIFAC model (Fu and Sandler, 1995)

molar energy of Helmholtz
energy parameter from the cubic EoS
activity of component i

interaction parameter between component i and component j
interaction parameters between groups n and m from the UNIFAC method

second coefficient of the Antoine equation

association parameter from the modified UNIFAC model (Fu and Sandler, 1995)

co-volume parameter from the cubic EoS

interaction parameter between component i and component j

third coefficient of the Antoine equation

association parameter from the modified UNIFAC model (Fu and Sandler, 1995)
hard-sphere diameter
fugacity evaluated at a reference state for component i

total Gibbs energy
attractive energy parameter per segment

pure component i dispersive energy

attractive energy parameter between the segment groups j and K

pure-group j energy parameter
pure-group j energy parameter
pure-group j energy parameter

hard spheres radial distribution function

total enthalpy

molar enthalpy
equilibrium constant
Boltzmann constant

binary interaction parameter between i and j
binary interaction parameter between i and j

number of sites

molecular weight

molality

xii



Nomenclature

number of segments (SAFT equation)
Avogadro's number

number of components

number of associating groups

number of equatorial hydroxyl groups of the constituent monosaccharides minus the ones used in

the osidic bond

average number of equatorial OH groups

number of experimental points

total number of moles

number of water molecules in the hydrated form
total real number of moles (after association)
number of moles before association

pressure

group surface area

surface area

gas constant

group volume

well width

volume for component [

total entropy

temperature

packaging factor

integer constant dependent of the equation of state
volume

integer constant dependent of the equation of state

vapour phase composition

monomer fraction

fraction of non-bonded component i through site A

fraction of non-bonded group k through site m

fraction of non-bonded group k, through site A, in the solution

fraction of non-bonded group k, through site A, in component i

fraction of non-bonded group k in the solution
fraction of non-bonded group k in component i
liquid phase composition

compressibility factor

mole fraction

Xiii



Nomenclature

7 number of nearest neighbors to any segment (set equal to 10)
Greek letters
a8 association parameter between site A of group k and site B of group j (Fu and Sandler, 1995)
o asymmetrical non-random parameter between the segment groups j and k
' activity coefficient
average errors

A property difference
ARB association strength between sites A and B
APB] association strength between site A of molecule (or group) i and site B of molecule (or group)
ACp difference between the heat capacity of the pure liquid and solid
EA,-Bi energy of association between site A of molecule (or group) i and site B of molecule (or group)
n reduced density
@)jk group area fraction (Fu and Sandler, 1995)
0 surface area fraction
h8 volume of the well

ABj volume of association between site A of molecule (or group) i and site B of molecule (or group) j
A average length, surface or volume
vOH number of OH groups
N number of groups kK present in molecule i
P molar density
Pk density of group k density in the solution

(),

Ly

nm

b
9
b,

density of group k in pure component i
residual activity coefficient for group K in the solution
activity coefficient for group k in a reference solution containing type i molecules

Boltzmann factors between groups n and m

osmotic coefficient

fugacity coefficient in the vapour phase
volume fraction of component i

fugacity coefficient of component i

Xiv



Nomenclature

Superscripts

assoc association

att attractive

boil boiling

comb combinatorial

E excess property

I liquid

hs hard-sphere

m melting point

R residual

rep repulsive

res residual

sat saturation

seg segment

t triple point

v vapour

vap vapour

e standart state

w0 infinite dilution property
Subscripts

c critical

f fusion

w water

Abbreviations

AAD average absolute deviations

EoS equation of state

LCVM linear combination Vidal-Michelsen mixing rule
LLE liquid-liquid equilibria

MHV2 modified Huron-Vidal second order mixing rule
PACT perturberd anisotropic chain theory
SAFT statistical associating fluid theory
SLE solid-liquid equilibria

TAG triacylglycerides

TG triglyceride group

VLE vapour-liquid equilibria

XV



Chapter 1

Introduction



1. Introduction

1.1 Importance and Motivation

This thesis is the result of the cooperation between the Laboratory of Separation and Reaction
Engineering (LSRE), DEQ, Faculdade de Engenharia da Universidade do Porto and the Planta Piloto
de Ingenieria Quimica (PLAPIQUI), Universidad Nacional del Sur, CONICET, Bahia Blanca,
Argentina. Both institutions share a common interest in the application of process thermodynamics to
the design and simulation of extraction, fractionation and purification processes of natural products.

The main purpose of this work is to develop practical engineering tools that can be used to predict the
phase behaviour of highly complex mixtures. Three important characteristics of these highly complex

mixtures will be taken into account:

« limited experimental information available. This characteristic suggests the use of a group-
contribution approach because a large number of natural products can be described with a

small number of groups.
« size differences between solvents and solutes.
« association effects.

This last point is very important because the thermodynamic modelling for mixtures where hydrogen
bonding is present, in all range of compositions, is a difficult task for traditional activity coefficients
models like the UNIFAC method or for equations of state models. This is particularly true for mixtures

of associating components with inerts.
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The equations developed and extended in this work should be readily applied to model the phase

behaviour of two different natural products mixtures:

« The description of the low-pressure solid-liquid equilibria and vapor-liquid equilibria of
carbohydrates (mono and disaccharides) in polar solvents (water and alcohols) has been
studied at LSRE. These highly associated multi-component mixtures contain the sugar cyclic
structures with many hydrophobic and hydrophilic substituents, mixed with polar solvents. This

situation justifies the application of a group-contribution model with association.

« The study of fatty oils (triglycerides) and their derivatives (fatty acids, fatty acids esters, mono
and diglycerides) in mixtures with near critical or supercritical fluids as solvents (propane or
carbon dioxide), are being carried out at PLAPIQUI. These studies require a group-
contribution thermodynamic model that can account for association effects and size
differences. As a complement to the scarce experimental information for these systems,
infinite dilution activity coefficients were measured by inverse gas chromatography.

In the next chapters, the development of two engineering tools for the description of mixtures with
hydrogen bonding is presented: the A-UNIFAC model and the GCA equation of state. Moreover, the
applications of these tools to low pressure carbohydrate mixtures with polar solvents (A-UNIFAC) and
to high-pressure fatty oils and their derivatives with supercritical fluids (GCA-EoS) are shown.

1.2 Objectives

After presenting the main objectives and motivations for this work, a brief description of the remaining

eight chapters that compose this thesis is presented.

Chapter 2 presents the main thermodynamic theories that have been proposed in the literature to
describe association effects. A comparison between them is made, pointing out the main differences
and similarities and the different approaches to self and cross-association models.

In this work, two models based on the perturbation theory are developed and presented: the A-
UNIFAC model and the GCA equation of state. Each model development is followed by a case study.

The first model to be described is the A-UNIFAC method for the calculation of activity coefficients for
liquid solutions (chapter 3). First, a brief description of the UNIFAC method and its modifications is
given. Then, the analytical expressions for the association term from the A-UNIFAC model are
presented, resulting in two different approaches for the extension of the model to cross-associating
mixtures. The next steps are the parameterization and, finally, the presentation of the model
correlation results and predictions obtained for mixtures containing esters, alcohols, water, acids,
aromatics, alkyl chlorides and alkanes. The results are compared with those achieved for other

equations based on the UNIFAC method.
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Chapter 4 describes a low-pressure case study for the A-UNIFAC model: representation of the phase
equilibria behaviour (vapour-liquid and solid-liquid equilibria) for mixtures of carbohydrates (mono and

disaccharides) and solvents (water and/or alcohols).

The extension of the group-contribution association term to pressures up to the critical region

demands the use of an equation of state.

Chapter 5 gives a general overview of the equations of state that are available for associating
mixtures. Some of the modifications made for the description of these complex mixtures are
presented, such as the introduction of new mixing rules or the development of specific association

terms.

Then, the GCA-EoS model is presented in Chapter 6. The model is extended to several cross-
associating mixtures containing esters, alcohols, water, acids, aromatics, carbon dioxide and alkanes.
The parameterization strategy is described and followed by the presentation of correlation and
prediction results obtained with the GCA-EoS. A comparison with the MHV2 equation of state is made.

Chapter 7 outlines a case study for the GCA-EoS model: the supercritical processing of vegetal oil
derivatives. In this regard, the GCA-EoS is applied to mixtures of fatty oils and their derivatives (fatty
acids, fatty acids esters, mono and diglycerides) with supercritical solvents like propane or carbon

dioxide.

As a complement to the experimental information needed for the parameterization, experimental work
was carried out, as described in Chapter 8. Infinite dilution activity coefficients of several components
in mixtures of a triacylglyceride and a fatty acid were measured by inverse gas chromatography. The
experimental technique, equipment and chemicals used and, the experimental data and

corresponding parameterization are presented in this chapter.

Finally, the main conclusions are drawn on Chapter 9 together with some suggestions for future work.
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2. Association Theories

2.1 Introduction

There are essentially three different theories to describe association: the chemical theory, the quasi-
chemical theory and the perturbation theory. These theories have been incorporated into activity
coefficient models and into equations of state to model hydrogen bonding systems. The main

differences are in the type of theoretical interpretation of the association.

In the next sections each of these theories is briefly described for some exemplifying mixtures
containing self and cross-associating components with inerts. After this, a comparison between these
theories is presented. As will be shown, despite the different origins of these theories, under some
conditions, it is possible to find some similarities between them which can result in a numeric

equivalence of the corresponding parameters.

In the last section of this chapter, various analytical and approximate solutions for mixtures containing

cross-associating components are evaluated.

2.2 Chemical theory

This theory was initially developed by Dolezalek (1908). In this type of description, the hydrogen
bonds result in the formation of new molecular species (oligomers) that interact with physical forces of
the same type of the monomer. The oligomers distribution is defined by a chemical reactions

equilibrium scheme, characterized in terms of temperature, composition and equilibrium constant.
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2.2 Self-association

For example, consider a component M, with two association sites that can form linear chains. The
equilibrium can be described by the infinite equilibrium model (e.g. alcohols):

M, +M; & M, (2.1)
M, + M, & M, (2.2)
M, +M, < M, (2.3)

For a component N, with one association site, the following reaction is usually defined — the monomer-

dimer model (e.g. acids).

N, +N; < N, (2.4)

To describe the equilibrium it is necessary to define some variables: the number of moles n;, the mole

fraction z, and the correspondent activity &, for each oligomer of degree i in the mixture, the total true

number of moles (after association) n, and the total number of existent moles in the absence of

association n,, as follows:

n,=3n, (2.5)
i=1
n, = ;ini (2.6)
2 =2k 7)
i
L iizi (2.8)
Ny I=1

Each chemical reaction has an equilibrium constant K, 4, defined as:

A 0 0 0
K“1 ~ ?|:1 - exp = AHiM + Asid = expl — AGH“ {2'9)
aa, RT R RT

where AH°, AS® and AG® are the enthalpy, entropy and standard Gibbs energy of association,

respectively, that correspond to the i+1 reaction and 3 is the activity of species i in the solution.
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For systems where the non ideality can be assigned exclusively to association, the solution properties
can be obtained by solving the chemical equilibrium simultaneously with the material balances.
Usually, it is assumed that, for the model of infinite equilibrium, the equilibrium constant does not
depend on the chain size. In the case physical type interactions are not important, the oligomers

mixture can be treated as an ideal solution. Then, Equation 2.9 is simplified since a, = z,.
2.2.2 Cross-association

For mixtures containing more than one associating component, it is possible to define the following

reaction schemes:
(a) Monomers of different components (e.g. acetone and chloroform):
A+B < AB (2.10)

(b) Oligomer of a component (e.g.: alcohol) + monomer of another component (e.g. acetone or

chloroform);

A +B< AB (2.11)
(c) Oligomers of different chemical species (e.g. alcohol and water).
A +B; < AB, (2.12)

In some cases, it is possible to estimate the cross equilibrium constants from the self-association
equilibrium constants. Let us consider a mixture containing two components A and B that can self-
associate to form dimers as described by equations 2.14 and 2.15, respectively. Additionally, they can
cross-associate with each other forming the AB dimer (equation 2.13). In this case, the equilibrium
constant K, can be calculated, by considering the cross dimerization reaction as a result of the sum

of the following 3 reactions:

1 1
%(2A o A,) (2.14)
%(23 < B,) (2.15)
 A+BoAB 2.16)

Assuming for reaction 2.13 that AH® = 0 (valid for components of similar chemical nature) and that

AS° = RIn2 then,
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1
AG®As = AGS (3 + AGS 14 + AGS 15 =-RTIn(2) + 5(- RTINK,, -RTINKg, ) (2.17)

Finally, the cross dimerization equilibrium constant is given by:

KAB = 2‘1’K.A2KBZ (2.18)

This result constitutes a reasonable approach for the situation where both components are chemically
similar. It can be applied, for instance, to mixtures of two acids, using the monomer-dimer model.

2.3  Quasi-chemical theory

This approach is based on the theory of nets of liquids proposed by Guggenheim (1952). Molecules
are considered to be positioned in a lattice structure and to interact with z neighbours.

Let us consider a binary mixture of A and B. The arrangement of the molecules will depend on the pair
interaction energies between like (A - A and B - B) and unlike molecules (A - B), as in the following

“reaction”:

A-A+B-Be2(A-B) (2.19)

The correspondent equilibrium constant can be defined in function of the number of connections N as

follows:

K= N

- (2.20)
NMNBB

The association extension is calculated counting the number of connections between functional
groups of adjacent cells. In this case, the hydrogen bonding interactions are not distinguished from the
remaining interactions. They are represented by the same model with much stronger interaction
energies. Contrary to the chemical theory there is no need to define previously which cligomers are

being formed.

2.4 Physical theory

The fact that association interactions are short-ranged, strong and highly dependent on the orientation
suggests their description through a potential model. In this context, Wertheim (Wertheim, 1984 a, b,
1986 a, b) developed a thermodynamic perturbation theory, based on statistical mechanics methods.
An important practical result is the derivation of the expression for the residual energy of Helmholtz
due to the association as a function of the fraction of molecules i not associated through the site A,

X" . Chapman et al. (1990) and, later, Huang and Radosz (1990) have simplified this theory, in order
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to represent the specific interactions, applying the first order perturbation theory, TPT1 that is based
on the following assumptions:

« the formation of net aggregates is allowed (for molecules with, at least, 2 sites), either linear or
in chain, but not the formation of cyclical aggregates;

« the specification of sites angles is not allowed,

« the following hysterical effects can not be described for (Figure 2.1):
(a) Simultaneous bond between 1 site of a molecule i and 2 sites of a molecule j;
(b) Double bond between molecules (each one with 2 sites);

(c) Simultaneous bond of 2 molecules to the same site.

(a) (b) (c)

Figure 2.1 Schematic representation of the hysterical effects not allowed by TPT1.

« the activity of a given site is assumed to be independent of the other sites bonds in the same
molecule (which means that the connection between two sites very close together in a given
molecule with sites in two other different molecules is allowed).

This last argument allows the calculation of the oligomers distribution, using the Flory's distribution.

That is, the fraction of molecules i that exist as monomers ( X{"°" ) is given by (Chapman et al., 1990):

) ]_] XN (2.21)
A

For instance, for a pure component with two association sites A and B, that can form linear chains, it is
possible to evaluate the fraction of oligomers of degree m, X (m-mer), using the expression (Chapman
et al., 1990):

X(m —mer) = m(X™)2(1- XA )™ (2.22)
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In this case, X* = X®' | so the monomer fraction is given by:
xXmon — xAixBi = (XA‘)Z (2.23)

The fraction of molecules not associated through site A, X* | is a function of the association strength
between the sites A and B (A”®). This association strength is quantified through a square well
potential fluid model, as described in Figure 2.2. Each sphere has one different associating site (A or
B). These two spheres can form an A-B dimer when their orientation and distance are adequate. The

strength of that bond is a function of the association parameters ® (depth of the well) and «"®

(volume of the well, related with the distance r”?).

Figure 2.2 Schematic representation of the model of the square well potential.

The general expression for the residual Helmholtz energy for a pure component i, per mole of

molecules, a***, is (Chapman et al., 1990):

assoc

a A XA" } 1
- InX™M - — [+ =M, (2.24)
RT ;[ 2 | 2"

where R is the universal gas constant, T is the absolute temperature of the system and M, is the

number of sites assigned to molecule i. The fraction of molecules not associated through the site A,

XA | is given by (Chapman et al., 1990):

-1
XA = [1 + N,WZp xBiA“B] (2.25)
B.
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where B, represents all sites on molecule i, N, is the Avogadro number, p is the molar density of
the mixture and A,, is the association strength between sites A and B of the molecule and is

expressed as (Chapman et al., 1990):

AB
A% = d® g(d)*™® «™® [exp[-gﬁ] = 1] (2.26)

where k is the Boltzmann constant. The segment radial distribution function (g (d)**?) is a function of
the segment diameter d, and it quantifies the probability of a segment contacting another to establish

a specific bond. The segments are represented as hard spheres which allows approximating g (d)**d

as the hard sphere radial distribution function (Carnahan and Starling, 1969):

2-7

gy~ g(d)* =—=— (2.27)
2(1-n)
where 1 is the reduced density, calculated for m segments, as follows:
N
n= fﬁ—“"pd% (2.28)

The extension of TPT1 to mixtures with NC components, results in the following expressions, for the

residual energy of Helmholtz,

a assoc

NC A x!\| 1
RT =ZZi Z[lnx I—‘—Z—}'I-EMi

i1 A

(2.29)

where z, is the mole fraction of component i, and for the fraction not associated through site A:

1
NC
XA :[1+r\ljwzz|:>i X A”’J] (2.30)
=1 B

in which A™®1 is the association strength between site A of molecule i and site B of molecule j and is

given by:
AB 3 AB; g™
A =dygy(dy )Pk exp( o )=1 (2.31)
d +d,
d, =———" 2.32
(] 2 ( )

10
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The radial distribution function g(d,) for mixtures of hard spheres (Reed and Gubbins, 1973)
quantifies the probability of a segment with diameter d; contacting a segment with diameter dj;,
forming an association bonding.

To model association, it is necessary to define the number of association groups, the number of active
sites and, also, which interactions between association sites are different from zero. In the next

sections, some of the self and cross-association models will be described. The analytical solution of

equation 2.30 will be presented for the cases where it exists.

241 Self-association

The expressions obtained for XM are presented for a pure component (Table 2.1) with the

corresponding assumptions concerning A and XM

For each associating group it is necessary to specify the number of sites. Every site is labelled with a
capital letter (A, B, C, etc). The interactions between each pair of sites is characterized by the

correspondent association strength A .

On the second column the rigorous model that describes the association component is schematically
presented. The approximated models, proposed by Huang and Radosz (1990), for the Statistical
Associating Fluid Theory (SAFT), are also shown on the 3", 4" and 5" columns. For these cases, it is

possible to find an analytical solution for X .

Table 2.1 Self-association types for pure components: simplifications in A and XM and resulting expressions for i

Component Rigorous Type SAFT Simplifications in A A
approximation ~ and XA
Acid 1A 1A Asa=A£D xl'\i _ ymon _ _1+m
CJO ) A A ( O\C 2pA
“OH H-0~
3B 2B Anp =Apa=AF#0
Alcohols A A Ana =Ags=0 A = fxmon _ 1+ 1+4pA
¢ H-0 -R B H-0 -R A 1 2pA
e . XN = b
B
4C 3B Apa=Aag=Aps= Acc=0
Water c,.D c,. Anc=Asc=A#0
295 7ON Y WA = 1+pA+y (1+pAF +4pa
H H H H XM = X2 4pA
A B A B

XC = 2xM -1

11
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24.2 Cross-association

Table 2.2 shows some of the practical cases of binary mixtures with components that self-associate
and/or suffer solvation. The models and the correspondent simplifications in A, were proposed by
Huang and Radosz (1991) and Wolbach and Sandler (1998), for the extension of SAFT-EoS
(Statistical Associating Fluid Theory Equation of State) to binary mixtures containing more than one

associating component.

Table 2.2 Cross-association models: approximations in A .

Mixture Species 1 Species 2 Approximations in A
oO~A Ao Apa EApn, FApa, ¥0
R—C7 Nte—k Aty Azhz Ashg
1A+1A \0~> f:_o,
C//O & 3 A Aasay # AA:"‘: #0; ﬁﬁv’\: = ﬂNBz #0
1A+2B il S Bap—0-r
i others=0
/0\*‘\; sk Apa, #0; Apup, = Apsc, #0
L . No-H H’O\H
BI C: Ai\pﬂg = Aﬁﬂ? = Aa‘cz ;‘50; others=0
A _b_:\, AA1E'I #0; A"\zﬁz = A“zc: #0
28038 R-O-HP Y
B, G Apg, =Aac, = Ap s, #0; others=0
A, B2 Aan, = a8, =0
1A+1B R=0 H-CCl,
App, #0

From the cases described in the previous table, it is only possible to find an analytical solution for the
not associated fractions of the last case (1A+1B). For a binary mixture (M+N) where each component
has one association site and, association is only allowed between M and N, the following expressions

are obtained:

2

xM = (2.33)
1+ pA(x2 - X4 )+ J(1 + pA)2 —4(pA)2x1x2
N 1
X% = (2.34)
1+ pAx, X™

12
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For mixtures with more complex association models, in general, it is not possible to find an analytical
solution. For these cases, approximate or numerical solutions are used to solve the non-linear

systems of equations obtained from Equation 2.30.

2.4.2.1 Cross-association parameters

The extension of association models to mixtures with two or more associating species, requires not

only a set of self-association parameters, but also specific cross-association parameters. These

parameters are usually estimated by treating them as additional adjustable parameters, and/or by

establishing appropriate combining rules between the self-association parameters:

(a)

(b)

(c)

(d)

A physically realistic hypothesis is to assume the geometric mean of the energies of
association of the pure components and the arithmetic mean of the association volumes (Fu
and Sandler, 1995);

A B
"l = fehe®; X TE (2.35)

2

Suresh and Elliot (1992) have used the following geometric mean respect to the association

strength:

AN = AN AP (2.36)

When the self-association parameters differ much in size, an interaction parameter k; can be

introduced:
] R e (2.37)
Voutsas et al. (1999) have also used other combining rules:

A B A B
EA,g,_e'+a" ag, _ K'+x'

; 2.38)
2 2 (

A B
AR e ;E kM= (icP® (2.39)

ENBJ = ’(ENEB' ); KAiBi e K‘QIKBJ (240)

13
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2.5 Equivalence between chemical and physical theories

Though the theories described in the previous section have different physical and mathematical basis,
in some cases they result in analytical expressions with the same functional form. This can result in a

numeric equivalence of the association parameters.

2.51 Ideal gas example

The monomer-dimer model will be applied to the vapour phase of an organic acid using the chemical
and the TPT1 theories. From the chemical theory point of view, the following equilibrium constant can
be defined:

20 85 FaUN (2.41)

22§ P
Where z, is the monomer fraction, z, is the dimer fraction and 431 and J;z are the monomer and dimer

fugacity coefficients in the mixture, respectively. At low pressures, a reasonable assumption is to
consider that the mixture of monomer and dimer molecules behave as an ideal gas. In that case the

fugacity coefficients are unity. Then, replacing the material balance (z, + z, = 1) into Equation 2.41,

simplifies it to:

KPz?+z,-1=0 (2.42)
2= L (2.43)
n+n, Ny

The physical theory predicts a fraction of molecules not associated through the site A, X* , as follows:
pa(X4 )2+ XA —1=0 (2.44)

o B T (2.45)
ng+2n, 2-z; ng,

Assuming again ideal gas behaviour, the density is given by:

oo PN _Pnon Pz @.19)

"V RTny RTn ny RTXA

where V is the total volume. Replacing Equation 2.46 in Equation 2.44:

14
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B e
2RT =A=2RTK (2.47)

KPz? +z,-1=0
On Table 2.3 are listed the expressions obtained for other cases, following the same procedure. In

cases 3B and 4C, this equivalence is only valid in the limit case of infinite dilution of the associating
component (Wolbach and Sandler, 1997).

Table 2.3 Parameters equivalence.

Scheme Equivalence
1A A =2RTK,,
28 A =RTK,,
3B A=05RTK,,
4C* A =0.25RTK,,

“in the limit of no association, that is, X"—1

252 Real gas example

Economou and Donohue (1991) compared the three theories for the case where the non specific
interactions are also important. These are taken into account by the following equations of state

developed for associating fluids:

» APACT-EoS (Associated Perturbed Anisotropic Chain Theory) developed by lkonomou and
Donohue (1986) using the chemical theory;

» SLP-EoS (Sanchez-Lacombe-Panayiotou) proposed by Panayiotou and Sanchez (1991)
based on the quasi-chemical theory;

« SAFT (Statistical Associating Fluids Theory) presented by Chapman et al., 1990, that has an
explicit association term derived from the first order perturbation theory.

As an example, Table 2.4 shows the results obtained for two types of mixtures:
« Mixture I: inert (N)+ self-associating component with one associating site (M);

e Mixture II: inert (N) + self-associating component with two sites (M).

15
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For all the cases it is possible to find an analytical solution except for the SLP-EoS that cannot be
applied to a binary mixture of type |I.

Table 2.4 Monomer fraction expressions obtained for mixtures of types | and II,

Mixture | Mixture 11
APACT 2 2
1+,/1+44pl»("::(M 1+2pK'xM+\/1+4pK"x,“
SAFT 2 2
14 1+ 4pA'x,, 14 2pA' Xy + 1+ 4pAx,,
SLP rnenn 2

14 2pK * Xy + 1+ 4pK * X

*The association parameters K', K" and A are given by APACT : K'= KRTe%'K"= 2KRTe9; SAFT: A=f(T,h);SLP:K* =Kv*/r.

2.6 Chemical and physical cross-association solutions

The application of this model to mixtures containing more than one associating component requires

solving a system of non-linear equations in X* (obtained from Equation 2.30). In most cases, the
system of equations has to be solved numerically. This situation increases the complexity of the
calculations since the application of this theory to model liquid-liquid and vapour-liquid equilibria using
excess Gibbs energy models or equations of state demands the calculation of first or second
derivatives of the free energy with respect to composition.

Some alternatives to the numerical solution have been proposed. Sometimes it is possible to simplify
the system of equations by setting some cross-association strengths equal to each other or adopting
some combining rules to the cross-association parameters € and x (see section 2.4.2.1). Other
authors have additionally developed approximate solutions to the fraction of non-bonded sites

(Economou et al. 1990).

Some examples are considered. The expressions that can be obtained, in terms of variables of the

physical theory, are presented for three examples of cross-association.

16
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First, let us consider two different mixtures with the following composition:
(a) Mixture I: inert component + component 1 with one site (A;) + component 2 with one site (A;).
Both components can self-associate with association strengths Aana, @ndAp s, , respectively,

and cross-associate with strength A, ,, , that is:
Aang # Baga, # Ban, # 0 (2.48)

(b) Mixture II: inert component + component 1 with two sites (A and B4) + component 2 with two
sites (A; and Bo). Again, both components can self-associate with association strengths A, g,

andApg, . respectively. As a simplification, both cross-association strengths, Apg, and
Ap,p, . are assumed equal and different from zero.
Apg, # Dags, #0

(2.49)
AA|BQ = Aﬂng =A% 0

Applying Equation 2.30, the following systems of non-linear equations are obtained:

Mixture | Mixture I
XA1 :X|= 1 XA'=XB‘=X1: L *
T+p1X1Ap A, +P2X2AA 00, 1+ piXiAp g, + P2XoA
1
XAQ:XZ_ XA2=XBZZX— 1

T4 P1X1B A, +P2X2B A, Z 1epXA® +p2 X288,

Mathematically, these systems of equations are identical. For this reason, the several possible
solutions will be presented in terms of the variables of example (b).

. Solution 1:

For these systems Equation 2.30 results in two independent quartic equations, for which there is an

analytical solution (Kraska, 1998):

(X ) Ak (818, = A*2)+ (X ) [2pAkA) - A% py (A + A"+ (2.50)

+ (X )P [A| - 20 AkA + A (peA* -1)-piA ‘2]+ (X X-24,+A% +4,=0

Here the self-association strength of a component k is referred to as A, and k #1.
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«  Solution 2:
To assume that the cross-association strength is equal to the geometric mean of the self-association
strengths (Ap, = Aa,g, =A = /AA@‘AAHB: ) reduces this quartic equation to a cubic (Suresh and

Elliot, 1992):
(xk )3 (pkA-Ak o pkA’f( )"‘ (Xk )2 [A‘ - Ak - (pk -+ pl )ARA.]"' (Xk x-z&. + ﬁk)‘F 6. = 0 (2.51)
«  Solution 3

This approximate solution was derived by Economou et al. (1990), as a result of the application of the
chemical theory to APACT-EoS, being expressed according to variables of the physical theory.

2

1+ .1+ 4pA, g,

2

D R A . —
14 J1% 4pAp s,

In this case two self-associations are considered to exist in parallel. There is no cross interaction

XM XB = X, =
(2.52)

between the two associating groups.
«  Solution 4

This approximation is also originated in a chemical theory model applied to a cubic equation of state
by Anderko (1989), and is also expressed in terms of variables of the physical theory. The same
association strength is assumed between sites A; and B, and sites A, and B, ie.,

Aap, =8ap, =A.

2
XM =X =X - -
T+ [T+ 4(pAg, +poA")
(2.53)
XM ==X, = z

1+ 1+ 4(p,Ap 8, +PAY)

(c) Mixture IlI: inert component + component 1 with one site (A;) + component 2 with two sites (A,
and B,).

In this last example, the following system of non linear equations is obtained:
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A A B
T4+p1X T Apa, +P2X 2Ap 0, +P2X 2A0g,
XAz = x 1 5 (2.54)
1+ P XA p,n, +P2X 2 A 08,
XB2 = L

1 + p1XA‘ABzA‘ + pzxAzAAsz

Assuming that site A; associates with the same strength either with sites A, or B,, A A, = Dap, = A

the system 2.54 simplifies to:

1

XM = _= X
14p XMALQ, +20,X 028" 7
(2.55)
XAz _ 1 : - XB2 = X,
LY
1+p|)( A +p2X 2AA333
This system also results in the resolution of one quartic equation in X, :
(
X3p2"Ax (8,4, —24*2) + X3[2p,8,4, - A* p, (A, +2A%)]+
1+ X2[A, -20,4,4, + A'(20,A* ~1) = p,A *? |+ X,(~24, + A*) + A, =0 (2.56)

= 1-X; = P28, X3

X, :
1+p A" +X,

where A, o =A; and A =A;. In this case, to consider the cross-association strength as the
1A 1 AzB, 2

geometric mean of the self-association strengths does not result in a reduction of the grade of the
polynomial.

2.7 Conclusions

In this chapter the chemical, quasi-chemical and perturbation theories have been briefly discussed
and compared. The chemical theory describes hydrogen bonding by defining a chemical reaction
scheme; the quasi-chemical theory counts the number of hydrogen bonds between proton donors and
proton acceptors of adjacent cells and the TPT1 calculates the energy of hydrogen bonding by
introducing a potential function. Ecomonou and Donohue (1991) showed that, in most cases, these
theories result in expressions for the monomer fraction that have the same functional form. This allows
a direct comparison between parameters of different theories and to express the approximate
solutions used in the chemical theory in terms of physical theory variables, as shown by Kraska
(1998). The expressions obtained for mixtures containing at most two cross-associating components
have been derived. Whenever existent, the correspondent analytical solution has also been

presented.
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Chapter 3

Phase equilibria described by GF models



3. Phase equilibria described by G models

3.1 Introduction

In general, local composition models do not describe appropriately the behaviour of liquid mixtures
containing associating components. When present, the association and solvation effects have a major
contribution to the properties of solutions. The modelling of activity coefficients in these solutions
represents a difficult problem, particularly for the highly non-ideal mixtures between associating and
non-polar species. Traditional thermodynamic models, such as UNIFAC (Fredenslund et al., 1975)
have difficulties in describing adequately the activity coefficients of these solutions in all range of
compositions, from infinite dilution to high concentrations of the associating component.

Some modifications were developed to the original UNIFAC model (Fredenslund et al., 1975) in order
to improve its application range. The new models result from modifications in the combinatorial term
and/or residual term (section 3.1.2), and/or by the explicit consideration of a separate association term

based on a physical theory (section 3.1.3).

3.1.1  The original UNIFAC model

The original UNIFAC model (Fredenslund et al, 1975; Fredenslund et al., 1977) is a group-
contribution method that calculates the logarithm of the activity coefficient Y as a sum of two

contributions: a residual term (res) and a combinatorial term (comb).

comb res

Iny, =Iny®™ +Iny| (3.1)
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The combinatorial term takes into account the liquid phase non-idealities due to molecular size and
molecular shape effects while the residual term quantifies the group energetic interactions.

The combinatorial term is a function of the volume fraction (¢i) and surface area fraction (0,) for

component i in the mixture (Fredenslund et al., 1977):

lnyi"°’“b=1~%+ln§i—5q,[ —%Hng—'] (3.2)

i i i i

The first three terms are the Flory-Huggins expression and the last one is the Staverman-Guggenheim

correction term. The molecular surface area and volume fractions are calculated, as follows:

N X

Zﬁ "
I

qX

Zqi X

0, = and ¢, = (3.3)

The volume r, and surface area q, for component i are calculated from the group volume (R, ) and

surface area (Q, ) values:

q=Zv:‘Rk and q|=Z\’;Qu (3.4)
k

k
where v, is the number of groups k present in molecule i.

The residual contribution is calculated as the sum of the individual group-contributions in the solution

minus the individual group-contributions in pure component i.

Iny® = > vi(nr, ~In}) (3.5)

k

In this equation, I', is the residual activity coefficient for group k in the solution and I, is the activity

coefficient for group k in a reference solution containing solely type i molecules:
= Q[ 1-1nf 36, 1 |- 3| St (36)
K k - m “mk - Z en Tnm

The surface area fraction (6, ) for group m is calculated from the expression:

8, = <anXn (3.7)

"y ax

n
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where X, is the mole fraction for group m. The Boltzmann factors (t,,,,) can be calculated from the

interaction parameters a,, between groups n and m:

T, = exp[- %J (3.8)
nm T .

The model was successfully applied to predict activity coefficients for non-polymeric, non-electrolyte
mixtures in the temperature range from 275 to 425 K, at low to moderate pressures (Fredenslund et
al., 1977).

The original UNIFAC model, however, is not able to simultaneously represent vapour-liquid equilibria
(VLE), liquid-liquid equilibria (LLE), excess enthalpy data (h® ) and infinite dilution activity coefficients
(y”) data with the same set of parameters. Magnussen et al. (1981) presented a specific parameter
table for LLE and Bastos et al. (1988) proposed a parameter table based on infinite dilution activity
coefficients data (y*) using the modification suggested by Kikic et al. (1980) for the combinatorial

term. The use of a single parameter table has been one of the motivations for the development of
several modifications to the original UNIFAC model, namely: new expressions for the combinatorial
term; the introduction of temperature dependent interaction parameters from the residual term and/or
the adjustment of the R, and Q, parameters (Larsen et al., 1987; Weidlich and Gmehling, 1987).

3.1.2 Modified UNIFAC models

The most divulged modified UNIFAC models are the modified UNIFAC of Dortmund (Weidlich and
Gmehling, 1987) and the modified UNIFAC of Lyngby (Larsen et al., 1987). Both models propose a

different combinatorial part and different temperature dependence for the a,,, interaction parameter.

The moadifications introduced are resumed on Table 3.1. Additionally, Weidlich and Gmehling (1987)

proposed different values for the R, and Q, parameters by treating them as adjustable parameters.

Small improvements have been obtained for VLE relative to the original UNIFAC model. On the other
hand, the temperature dependent parameters have improved significantly the description of excess

enthalpies data (h®). The modified UNIFAC of Dortmund has also included infinite dilution activity

coefficients data (y™ ) in the correlation database which allows a better description of this type of data.

That was not the case of the modified UNIFAC of Lyngby that presents poorer results for y*.
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Table 3.1 Differences between the UNIFAC model and the modified UNIFAC models.

M | combina r ual
ode Y binatorial Y esidual
Original 1- L2 + ln_?l___ 5 o LT 9 . Anm
UNIFAC x, iy o0 g g o T
|

3/4 2
Modified % ﬁ o, b L3 .on a,, +by T+Com T
UNIFAC : X s Xj 5CI|(1 0, €0 0, = Zﬂauxl
(Dortmund) 7
Modified  4_ 91 o 90 - g8 om + B (T =T )+ Con [TIN(T/To )+ T~ T, ]
UNIFAC X, X i Z 213y
(Lyngby)

3.1.3  G® models that include the physical theory

Fu et al. (1996) have developed two association models using Wertheim's association theory. In both
models an association term is added to the residual and combinatorial terms of the original UNIFAC
model: in the case of the UNIFAC-AG model, association occurs between functional groups and in the
case of the UNIFAC-AM model, association is assumed to occur between molecules. As an example,
some of the key equations of the A-UNIFAC-AG model will be presented. The total residual energy of
Helmholtz, based on a group-contribution approach, is calculated in the usual way:

assuc

- Zz [Z[In XA LEZT_J"L%M*] (3.9)

where NGA is the number of associating groups. The fraction of non-bonded group k through site A

( X"+ ) is approximately given as:

XA =

1
= (3.10)

Y 30, 0N X

i B

where o™ is the association parameter between site A of group k and site B of group j. The group

area fraction ©, is defined as:

©,exp(-a,/T)
> 0, exp(-a,/T)

(3.11)

k=

For the self-associating mixtures the residual interaction parameters are fitted simultaneously with the

temperature dependent association parameter « (a=exp(Au +B /T ) The cross-associating
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parameters are estimated together with the residual interaction parameters. The procedure is similar
for the UNIFAC-AM model with a slight difference: the molecular association parameter is a function of

temperature and, also, of the molecular weight M,, , as follows: « =exp(A, +B,/T + C,M,, ).

The database used in the optimization step includes VLE of binary mixtures of alcohols, water, acids
and inerts, VLE of chloroform and ketones binary mixtures and LLE of water-alkanes. Both models
present slight improvements in the correlation of VLE data relatively to the original UNIFAC model.
These models were applied for the prediction of the vapour-liquid equilibria of ternary mixtures

containing at most two associating groups.

3.2 A-UNIFAC Model

Mengarelli et al. (1999) have recently presented a modified UNIFAC model that takes into account
association effects. This model adds an association term to the original UNIFAC combinatorial and
residual expressions (Fredenslund et al., 1975). The association term is based on Wertheim's theory
for fluids with highly directed attractive forces (Wertheim, 1984 a, b, 1986 a, b) and it follows the
group-contribution approach proposed by Zabaloy et al. (1993) and Gros et al. (1996) for the GCA-

EoS equation.

In the present work this UNIFAC association model (A-UNIFAC) is extended for the calculation of
activity coefficients in mixtures containing alcohols, water, carboxylic acids, esters, alkanes, aromatic

hydrocarbons and alkyl chlorides.

3.2.1  Description of the A-UNIFAC model

The non-ideal behaviour is described as the sum of three independent contributions to the excess

Gibbs energy function GF:
GF = G™™ 4+ G™ 4+ G* (3.12)
which becomes in terms of activity coefficients:
=Y Y (3.13)

In these expressions the combinatorial (comb) and residual (res) contributions are the ones of the
UNIFAC model (Fredenslund et al., 1975) presented in section 3.1.1 (equations 3.2 to 3.8). The

association contribution to the activity coefficient y?**°° can be derived from the residual Helmholtz

energy due to association, as it was done by Fu et al. (1995) for the UNIQUAC model (Abrams and
Prausnitz, 1975).
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Assuming an excess volume equal to zero, the activity coefficient expression can be related to the
excess Helmholtz energy as follows:

E E E
iy = oG IRTJ _0A JRTJ _ (na J’RT)) s
TP TR TP,

an, an, an,

The excess molar Helmholtz energy a® can be calculated as the difference between the solution

res .,

residual property a"*and the energy corresponding to pure components a;
" NC NC NC

af =a-a"=(a"%+ a’“){z x,(a® +a™)+ RTZ x;In x‘} =a™ —Zx,a,’“ (3.15)
I=1 =1 I=1

Replacing equation 3.15 in equation 3.14, one obtains the expression that relates y** with the

association contribution to the total residual Helmholtz energy A™***°° and to the molar residual

res.assoc .

Helmholtz energy of component i, aj

res assoc

aAI’BS.BSS«DG IRT - a|
RT

an,

d@S50C

Iny| =

(3.16)

T.P.n j#i

For multi-component mixtures the group version of A™** is given by:

A resassoc NGA
RT kz;”“

' A
Z[lnx""‘ —%}%‘ (3.17)

Ak
where n, and M, are the number of moles and the number of sites of group k , respectively; NGA is

the total number of associating groups and x™ is the fraction of non-bonded group k at site A.
Applying equation 3.17 for a solution and a pure component and replacing in equation 3.16, the

general expression for the association contribution to the activity coefficient is obtained:

NGA A A A A

XM ) XM - XM 1 1), [ax™
I = : I ' —-——)N 3.18
ny; Z{VnZ[n[X?k J+ 2 }"’Z[XA« 2 k ( on, JTPI"J] ( )

ket Ay Ay

where N, is the number of moles of associating group k. The fraction X™ is a function of the

association strength A™®I between site A of group k and site B of group j and of the density of

group j, p;, in the solution:
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1
e (3.19)

1+ Z Z ijA"B' xBi

=1 BI

XAk =

Similarly, the fraction of non-bonded group k through site A in pure component i, Xf‘“ , is calculated

as follows:

(3.20)

e ZZ(P] )iAAhB}xnaj

In this equation, (p;); represents the density of group j, in pure component i.
The association strength is a function of the association parameters, energy ™8 and volume «™®
of association as follows:

ANE = P 1exp(e™P) 1KT) - 1) (3.21)

The group densities in the solution p, and in pure component i (p, )i are adimensional and are given

by:

Py = ——— (3.22)

(Py), ==~ (3.23)

where NC is the number of components, v, is the number of associating groups k present in

molecule i and r; is the UNIQUAC volume parameter.

The final expression of y*** will depend on the amount and type of associating sites and species
present in the solution. For each case a system of non-linear equations will result from applying
equation 3.19. Next, the final expressions for the association contribution to the activity coefficient for

several possible systems with self-association and/or cross-association are presented.
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3.2.2 Self-association

The simplest expression corresponds to mixtures in which only one associating group is present. A
typical example is hydrogen bonding between an electropositive site H and an electronegative site O
in alcohols represented by a two-sites model or an acid that usually is modelled with one associating
site representing the complete group COOH. In these cases where only one associating group k is

present in solution, equation 3.19 results in a quadratic equation.

—1+,/1+4 A
XA = Pk (3.24)

2 Ay

The following expression is a rearranged version of the expression presented by Mengarelli et al.

(1999) and is valid for solutions having one associating group k with one (M, = 1) or two (M, = 2)

bonding sites.

Ay XA,‘ _ XA., 1- Ay :
InT‘assoc :Mk{v:‘lilr{ i‘“‘l ]+ | 3 ]_( : ](\"k =Py )} (3.25)

3.2.2.1 Association at infinite dilution

The association contribution to the activity coefficient is very significant at infinite dilution. For a binary

mixture of an inert compound with an associating compound having one associating functional group
k, it is possible to derive from equation 3.25, the limiting y****“ values for both, associating (1) and

inert (2) components.

At very low concentrations of the associating component, the fraction of non-bonded group k in the

solution ( X ) will be close to one ( X —1). Equation 3.25 is then reduced to:

®,B550C __ 1 1 x?k -1
In Y4 = Mk Vi {In (W + 2 (326)

On the other hand, the fraction of non-bonded groups in pure associating component (Xf*") will
always be a very small value at high liquid densities and the first term on equation 3.26 will be
dominant. It is interesting to notice that the value of y{"****° is independent of the inert component.

This is in accordance with experimental evidence for mixtures of an associating component in inert

components (Figure 3.1).
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48—
* 46
?’ 8 ° » L]
4.4 = .
o
4.2
i ‘ A A
4.0 &
a
3.8 +— = ’ y . )
5 6 7 8 9 10 11

Alkane carbon number

Figure 3.1 Infinite dilution activity coefficients of an alcohol (ethanol or methanol) in a series of n-alkane solvents at
298.15K. Experimental values (Dohnal and Vrbka, 1997): O - methanol, A - ethanol, Residual and
association contributions (calculated by subtracting the original UNIFAC combinatorial term): @ - methanol,
A - ethanol.

At infinite dilution of inert component (2), Equation 3.25 reduces to:

Ay 1
In Y;:,assoc = Mk [1 2x1 Jrz v_"‘ (327}

According to Equation 3.27, y7**°° depends on the associating component and, particularly, on the

number of bonding sites M, of associating group k.

From the previous equations it can be concluded that:

« the infinite dilution activity coefficient of the associating component is highly dependent on the

fraction of non-bonded sites ( X{* ), and hence on the values of the association parameters &

and x;

« the association parameters have hardly any effect on the value of the infinite dilution activity
coefficient of the inert component; but the type of associating compound (identified by the
number of bonding sites M, ) has an important influence in this limiting value.

Consequently, infinite dilution activity coefficients of binary mixtures with one associating and one inert
component are a convenient source of experimental data to obtain the values of the association
parameters and to choose the model of association (i.e. the number of bonding sites).

It is interesting to apply Equations 3.26 and 3.27 to the limiting case of complete association of pure

component 1 (Xf‘" — 0). For this situation:
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le T =@ (3.28)
X.l —0
; 4. W
lim yoo¢ =M, —r, & 3.29
x‘,‘" _’072 L 2 r1 ( )

Applied to a monomer-dimer association model (M = 1) in a binary system in which the associating

group k appears once in the associating specie 1 (v, = 1) Equation 3.29 reduces to:

1r
lim y3sse = _2 (3.30)
X?k—rﬂ ? 2 L

Equivalent expressions can be found for the traditional chemical theory of association applied to a
binary system with one completely dimerized component 1 (dimerization equilibrium constant K — «)

and one non-polar inert component 2. In this case, the limiting values are (Prausnitz, 1999):

lim y7 =<0 (3.31)
Jim y3 =2 (3.32)

Contrary to Equation 3.32, which predicts a uniform limiting value of y5 for all inert compounds,

Equation 3.30 agrees qualitatively with the experimental evidence; i.e. the value of y3 , in a given

associating component, increases with the molecular chain of the non polar component (Figure 3.2).
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Figure 3.2 Infinite dilution activity coefficients of n-alkanes in methanol at 298.15K. Experimental values (Dohnal and
Vrbka, 1997): @- 1-propanol, A- 1-butanol; Residual and association contributions (calculated by subtracting
the original UNIFAC combinatorial term): O-1-propanol, A- 1-butanol.
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3.2.2.2 Composition dependence of the association term

It is interesting to analyze the effect of composition on the values of the association contributions to
the activity coefficients for both associating (Figure 3.3) and inert compounds (Figure 3.4). The curves

shown in those figures correspond to the binary system ethanol + hexane and were calculated using

the values of the association parameters determined in this work for the OH associating group (k =
0.0062 and ¢/k = 3125 K). For both species, y*** goes to unity (the pure-component limiting value)
with a zero slope, and the derivative increases towards the infinite dilution limit, which means that

y*** reaches its maximum value at infinite dilution. However, the effect of composition is dramatic for

the associating component, whose y*** derivative drops rapidly from its infinite dilution value, within
a narrow range of compositions; then, it remains almost constant up to the pure-component limit. It
can thus be concluded that y*** represents a very important contribution to the infinite dilution

activity coefficient of the associating component; however, this contribution remains at relatively low

values at higher concentrations.

0 e e 40 =
alnl Y?ssuc ] |:a| Ygssm: }
=20 1
x4 - X, . 3.0
-40 |r
20
-60
-80 1.0 .
-100 sy . ' 0.0 ' ' —— ' l
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
ethanol mole fraction ethanol mole fraction

Figure 3.3 Partial derivative of the association activity Figure 3.4 Partial derivative of the association activity
coefficient of ethanol, with respect to ethanol coefficient of hexane, with respect to ethanol
mole fraction, mole fraction.

3.2.2.3 Temperature dependence of the association term at infinite dilution

The temperature dependence of y{#°° and y3;***°° in a binary mixture with one associating

component (1) and one inert (2) species can be obtained from the partial derivatives of Equations 3.26
and 3.27:

®,8550C ) Ak
0("'1 Y4 _ Mk\": i e 1 i (3.33)
aT 2 X ) ar
a(lnv;"“""): M1 X @54
aT ROl 2R 8T
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where the partial derivative for the fraction of non-bonded groups ( Xf‘" ) is given by:

Xy A ~(px )1("?“)2 O0Ag (3.35)

aT 1+ 2(p ), X %A, | 9T

and the partial derivative of the association strength is:

5Ak Eg Ex
P, 2k_exp| k. 3.36
ar e p( kT) 358

For both limiting values (y7****°° and y3**°°) it is observed that y“**** decreases monotonically with
temperature. This is the normal experimental behaviour found in mixtures with non-associating and
self-associating compounds, which usually present positive excess enthalpies and excess Gibbs
energies (Koenen and Gaube, 1982). Other temperature dependence on the activity coefficient values

are taken into account by the residual term.

3.2.3 The vapour phase

Following the traditional gamma-phi approach for VLE calculations, the effect of carboxylic acids
association in the vapour phase was independently computed using the virial equation, with the
Hayden and O'Connell (1975) model for the second virial coefficients.

< R Rigorous model

As discussed before, the final expression for y*** will depend on the amount and type of associating

sites and species present in the solution. The simplest expression corresponds to mixtures in which
only one associating group is present. When two associating groups are present in solution, it is
possible to obtain quartic and cubic equations for the monomer fraction, by making some reasonable
assumptions (Kraska, 1998). In the following sections, the extension of the model to mixtures

containing alcohols, water, carboxylic acids, esters, aromatics and alkanes is described.

3.31 Model development

Each family of associating components is represented by a specific associating group. Therefore, four

new associating groups are defined as follows:

(a) The acid association group COOH with one site capable of both self- and cross-associating;
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(b) The hydroxyl association group OH with two sites capable of both self- and cross-associating

to represent alcohols and water,

(c) The ester association group COOR with one site that does not self-associate but can cross-

associate with groups that have an electropositive site;

(d) The aromatic ring association group Ay, with one site that does not self-associate but can

cross-associate with groups that have an electropositive site (Wormald, 1997)

Table 3.2 shows schematically the four possible associating groups. For each new associating group it
is necessary to specify the number of sites. Every site is labelled with a capital letter (A, B, etc) with a
subscript number indicating the corresponding association group. Then, the interactions between a
given site and the different sites in other associating groups must be defined by characterizing the
correspondent association strength. The non-zero interactions between sites are used to calculate the
fraction of non-bonded sites for each group. Ideally, the association strength for each pair of sites
should be known quantitatively from spectroscopy data or from molecular simulation methods. That
information, however, is scarce. The alternative is to use approximate models so that the number of
parameters can be reduced. The number of sites assigned to each associating group is represented
schematically on the first column of Table 3.2 and, on the second column, the different assumptions
concerning the association strengths between each pair of sites. Finally, the association parameters

that have to be fitted are on the third column.

Table 3.2 Self-association models defined in the GCA-EoS model.

Self-association Assumptions Association parameters
-COOH C‘f 0 Al AA|A| = 0 EAI'”I K"‘I"!I
OH
-OH OH B2 AA,H, #0 ‘E“‘zﬂz KA:"":
fe AA';AI = AHIH: =0
© OFs  tw
-COOR #0 o)
Cf A Apa, =0
O

As can be seen from Table 3.2 the double hydrogen bond of the acids is represented by a strong
single bond between sites A;. The formation of oligomers by water and alcohols is represented by the
hydroxyl group with sites A; and B,. The aromatic and ester groups are represented by a single
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electron-donor site, A3 and Ay, respectively, that is not able to self-associate, i.e., their self-association

strengths are zero. However, in some cases they can cross-associate, as shown on Table 3.3.

For mixtures containing more than one type of associating groups it is necessary to define the cross-
association strengths between the different sites. Table 3.3 shows some of the assumptions made.

For the cross-association strength between acids and alcohols it was assumed that the site A, of the
acid interacts with same strength with sites A, or B, of the hydroxyl group. Moreover, that cross-

association strength is estimated as the geometric mean of the self-association strengths (A,-A, and

A,-B,):

AA,B; = AA.A, = k12\fﬂa,n,Aaza, (3.37)

As a first estimate in the optimization process, the k,, parameter will be considered to be equal to

unity. Unfortunately, this rule can only be established for cross-interactions between groups that are
also able to self-associate. For the cross-association between one associating group that can self-
associate (hydroxyl or acid groups) and one group that can cross-associate but does not self-
associate (the aromatic or ester groups) it is necessary to fit those cross-association parameters to
cross-associated binary mixtures experimental information. For simplification, both aromatic and ester
association groups are represented on Table 3.3 as group X with one electronegative site A, (x = 3, 4

for the aromatic and ester group, respectively).

Table 3.3 Cross-association types defined in the A-UNIFAC model.

Cross-association Assumptions Association parameters
OH-COOH OH B, A] O‘\\C A-'\ﬂz = ﬁaﬂz 0 B Ol Epsny + Eagl,
4 2
As H-O Apgpy 20 A0, #0
Kahz = Kagy =y KaaKaze;

OH-Xgoup OH B: A, X group Ang8y * Aa8, # 0 Eaxtz Kagdy

A2 ﬁ“"\? = 0
COOH-Xgroup & 0 & i Ko Apa, #0 Biihs Kiihg

“OH

As an example of the type of expressions obtained for the activity coefficient let us consider a binary
mixture containing two associating groups with one associating site each. In this case, equation 3.19
results in two independent quartic equations respect to the fraction of non-bonded sites:
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X{pPA (A, —A*?)+ XP[2p,A,A, - A% py (A, +A)]+ (3.38)

+ X2[A, - 2 A A, + 8 (A * ~1) - p,A *2 ]+ X, (<24, + A*)+ A, =0

The activity coefficient expression can be obtained by differentiating Equation 3.38 respect to the

number of moles of component i:

oX _ hum
N 51T ~ den
num = {x; 20,A(AA, ~ A*?) = X3[2A,A, - A * (A + AY)] - XE(-2A,0, + A *? )]Nk[%] +
/TR
+(xea '2)Nx[aﬂ] (3.39)
ani TP

den=4X3p A (AA, - A *2)+ 3X[2p,AA, — A* py(A, +AY)]+
i 2)(,‘[1&‘ - 20, A + A(pA* =1) - pA *2] —-2A +A*

A particular case of the previous system is the case of two components that can cross-associate
(A*20) but not to self-associate (A=A4=0), e.g., acetone (1 site O) and chloroform (1 site H). Equation

3.38 reduces to:

2
1+A'G’I _PI)+J[1+(P1 +P|}A*}2 —4A*? PP

(3.40)

At infinite dilution of a given component i in component j, the previous expression takes the form:

. 1
1+pA*

m

(3.41)

At low concentrations of one of the components, the fraction of non-bonded sites is a very a simple
function of the cross-association strength. The other component will have a monomer fraction equal to

unity since it cannot self-associate. In the case of components with similar size (p, = p,), the model

foresees the same limit value for the infinite dilution of either component. Finally, the following

expression is obtained for a component i infinitely diluted in j:

% & r+n+A*-24*2
Inypeee = v Inxg + 12XA | _op+| 12T - (3.42)
2 n+a*(n-a°)
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3.3.2 Parameterization

The addition of an association term to the UNIFAC method makes it necessary not only to estimate
the association parameters but also to re-parameterize the group interaction parameters of the

residual term, since now these parameters will only take into account dispersive forces.

3.3.2.1 Database

The association and residual group parameters were estimated using experimental data on low-
pressure VLE (Gmehling et al., 1977), LLE (Sarensen and Arlt, 1979) for the water interactions with

groups CH,, ACH, COOH, OH and infinite dilution activity coefficients y* of binary mixtures (Tiegs et
al., 1986; Dohnal and Vrbka, 1997). Table 3.4 shows the VLE database used in the correlation stage.

Table 3.4 VLE database used for A-UNIFAC parameters estimation

System G gar};::rssiin C git:l:;szin NP T range (K)
methanol + alkane C1 C4-C8 37 318-399
methanol + alcohol C1 C2-C5 49 323-354
methanol + water Cc1 - 125 285-373

alcohol + alkane C2-C5 C5-C8 190 293-380
water + alcohol - C2-C4 231 303-412
acid + alkane C2-C5 C6-C8 309 293-435
water + acid - C2-C4 232 293-432

alcohol + acid C2-C5 C2-C3 195 298-415

alcohol + ester C2-C4 C3-C6 202 298-396
water + ester - C3-C6 164 298-400
acid + ester C2-C3 C3-Cé 161 312-398

alcohol + aromatic C2-C4 C6-C7 507 298-390
acid + aromatic C2-C3 C6 91 293-392

The first mixtures studied contain only one self-associating group, that is, they are mixtures of alkanes
and an associating component (e.g. water, alcohol or acid).

Mengarelli et al. (1999) studied the mixtures containing alcohols, water and alkanes. All association
effects were represented by a single two sites OH associating group, the same for all alcohols and
water. In this way a quadratic expression is obtained for the monomer fraction (Equation 3.24). These
authors have calculated the association parameters in order to reproduce the monomer fraction
curves predicted by the SAFT equation (Huang and Radosz, 1990) for ethanol and water at liquid
conditions. The residual parameters were then estimated using infinite dilution activity coefficients data

of binary systems containing water, ethanol or hexane.
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Later, Ferreira et al. (1999) re-estimated those association parameters simultaneously with the
residual parameters using a broader database that included y” of alcohols (from ethanol to 1-butanol)

in alkanes (from n-hexane to n-decane) and VLE data for a larger number of alcohol-alkane binary

mixtures (Table 3.4). The following values for the association parameters were obtained: ¢,,=3125.0

K and o, =0.0062.

As proposed by Mengarelli et al. (1999), alcohol and water molecules are represented by the same
OH associating group. Figure 3.5 compares the monomer fraction calculated by the SAFT equation
and by the A-UNIFAC model for liquid water (Figure 3.5a) and for liquid ethanol (Figure 3.5b). For
each component the fraction of non-bonded sites was calculated at saturated liquid densities and at a
constant liquid density. As can be seen, the same order of magnitude is predicted by both models
using this simplified approach.
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Figure 3.5 Monomer fractions: (a) liquid water; (b) liguid ethanol. Calculated: -~ SAFT at saturated liquid densities; — SAFT
at constant saturated liquid density at 298.15K; — A-UNIFAC model.

After calculating the hydroxyl associating parameters, the residual interactions between water and the
alkane group were estimated using binary liquid-liquid equilibria data of water/n-alkanes and water/n-
alkanols and VLE data of water/n-alkanols.

The first element of the alcohol series, methanol, is represented by a single group CH;OH, from the
residual term point of view. The residual group interaction parameters between the CH; and CH;0H

groups were estimated using binary VLE data of methanol-alkanes and y” of binary mixtures of
methanol and heptane. The interaction residual parameters between the methanol group and the
water or alcohol groups were calculated using binary VLE data of methanol-water and methanol-

alcohol, respectively (Table 3.4).

The remaining self-association group is the acid associating group. This group is defined as an
associating group with one site that can self-associate. Due to the lack of experimental information on
infinite dilution activity coefficients of carboxylic acid + non-associating systems, new self-associating
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parameters for the acid group were estimated simultaneously with the residual group interaction

parameters, acy, coon @nd @coopch, » USING binary VLE data for acids and alkanes (Table 3.4).

After calculating the self-association parameters, the focus is on the cross-associating mixtures:

For the interaction between acids and alcohols, good results were obtained using the mean geometric
rule for the cross-association strength, ie., no further cross-association parameters had to be
estimated. New interaction residual parameters between the acid and the alcohol groups were fitted to
binary VLE systems of acids and alcohols (Table 3.4).

For the water-carboxylic acids mixtures, it was necessary to introduce an interaction parameter
between the self-association strengths of water and acids. This interaction parameter is lower than
unity (k; = 0.63 ), suggesting that the interaction between acids and water is closer to the water-water
association strength than to the acid-acid interaction association strength. This interaction parameter

was estimated together with the residual group interaction parameters a,, cooq @Nd @cooup,o USING

VLE data (Table 3.4) and y” of binary mixtures of water and acetic acid.

The remaining ester and aromatic associating groups do not self-associate which means that the
original UNIFAC parameters can be used whenever there is no possibility of cross-association with

other groups (e.g. binary mixtures of esters and alkanes or esters and aromatics).

However, whenever cross-association is present, it is necessary to re-calculate the residual interaction
group parameters together with the cross-association parameters. The following strategy of
optimization was followed: first the cross-association parameters between the ester and hydroxyl
associating groups were estimated simultaneously with the residual parameters using VLE data of

esters and alcohols (Table 3.4) and y* of binary mixtures of ethyl acetate and ethanol.

As water is represented by the same hydroxyl association group, no further cross-association
parameters were estimated to describe water and esters mixtures. For these systems, the missing
residual interaction parameters were estimated using VLE data of water and esters (Table 3.4) and

v* of binary mixtures of water and methyl acetate or ethyl acetate.

A similar procedure was followed for the estimation of the interaction parameters between the hydroxyl
and the aromatic associating groups: First, the cross-association parameters between the aromatic
and hydroxyl associating groups were estimated simultaneously with the residual parameters using

VLE data (Table 3.4) and y” of binary mixtures of benzene and ethanol, 1-propanol or 1-butanol.
Then, the @, ey @nd @,c4,0 residual parameters were estimated using LLE and y” data of binary

mixtures of water and benzene.

37



Phase equilibria described by G* models

Finally, the interactions between the acid and the ester or aromatic associating groups were estimated

simultaneously with the correspondent residual interaction parameters. For the acid- ester interaction
binary VLE data (Table 3.4) and y” of ethyl acetate and acetic acid were used and, for the acid-

aromatic interaction, only binary VLE information was available.

The new group interaction parameters between paraffinic, aromatic, alcohol, water, ester and acid

groups are presented on Table 3.5.

Table 3.5 Residual group interaction parameters am, (K)

. CH: ACH OH CHOH HO CCOO COOH
CH; 00 61.13" 5040 1227 3805 2321° 260.7
ACH -11.12° 0.0 20.88 na  -31.17 5994° 66.01
OH 3874 3596 0.0 1109 -127.3 3255 -143.9
CHsOH | -19.78 n.a. 60.18 0.0 -167.6 n.a. n.a.
H,0 136.8 2818 707 2512 0.0 150.3  281.0
CCOO | 114.8° 85.84" -8433 na. -7273 0.0 600.4
COOH | 2847 1832 3815 na.  -350.6 -215.1 0.0

a: n.a., not available; b: original UNIFAC parameters Gmehling et al. (1982).

Table 3.6 shows the self- and cross-association parameters estimated using this approach.

Table 3.6 A-UNIFAC self-and cross-association parameters.

Self-association

e/k(K) K
COOH 4100.0 0.0020
OH 3125.0 0.0062
HO 3125.0 0.0062

Cross-association

i j gy /K (K) i
COOH OH 3612.5 0.0035
H0* 3612.5 0.0035
COOR 2912.0 0.0038
Aving 1810.0 0.0030
OH COOR 1975.0 0.0710
Aving 1690.0 0.0635
H20 3125.0 0.0062

*with kCOOH.HzO =0.63
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3.33 Results
3.3.3.1 Vapour-liquid equilibria

Table 3.7 reports the average errors obtained in the correlation of VLE data with the A-UNIFAC model.
For comparison the predictions from the original UNIFAC model are also shown. Slight improvements
are obtained in the correlation of VLE data with the A-UNIFAC model, as compared to the original
UNIFAC model.

Table 3.7 Average errors in pressure (5P) and composition (8y) for the UNIFAC and A-UNIFAC models.
UNIFAC A-UNIFAC

System By 5P By &P

methanol + alkane 33 486 24 3.3
methanol + alcohol 2.8 3.1 25 31
methanol + water 4.2 4.8 1.6 4.1
alcohol + alkane 3.8 6.8 3.1 6.6
water + alcohol 6.4 3.2 6.5 3.0
acid + alkane 4.2 2.4 3.3 2.2
water + acid 8.7 3.5 8.0 3.5
alcohol + acid 8.9 7.4 5.9 5.7
alcohol + ester 54 2.4 5.1 24
water + ester 7.4 7.0 6.7 6.4
acid + ester 7.5 2.3 7.6 22
alcohol + aromatic 5.6 3.2 4.5 2.9
acid + aromatic 42 4.3 3.0 4.1

5z=100 ’(Z { [zi(exp)-zi(calc))/zilexp) F'INP) where z represents y or P.
i

Figures 3.6 and 3.7 compare the A-UNIFAC model correlations with the original UNIFAC method
predictions. Both models are able to describe satisfactorily the VLE for these mixtures.
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Figure 3.6 VLE of binary mixtures: (a) heptane + acetic acid at 313 K; (b) 1-butanol + acetic acid at 323 K. Exp. Data
(Gmehling et al., 1977); — A-UNIFAC; --- Original UNIFAC.
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Figure 3.7 VLE of binary mixtures: (a) water + acetic acid at 353 K; (b) toluene + 1-butanol at 373 K. Exp. Data (Gmehling et
al., 1977);, — A-UNIFAC; -— Original UNIFAC.

3.3.3.2 Mutual solubilities for aqueous systems

As a first approach, the H,O-CH, interaction was estimated using the existing binary LLE data for

water and alkanes. The parameters obtained were: ag,, .o =381.5 and a, ¢y, =274.5. This set of

parameters correlates very well the experimental data. After setting the water-alkanes interaction, the
next step would be to estimate other water interaction parameters. Here some problems arose when
trying to correlate simultaneously the solubilities and VLE of water and polar substances like alcohols
or acids. This reflects the significant influence of the hydrophilic group on the alkane groups closely
attached to it. A possible solution was proposed by Skjtld-Jergensen (1988) for the GC-EoS equation
of state, by introducing the so called “water-soluble alkane group”, WS-CH,. This group represents the
alkane structural part in molecules having a water soluble group (like alcohols, acids, ketones, esters).

In the activity coefficients models this problem was already encountered by Magnussen (1980) when
trying to correlate water-alkane and water-polar substances mutual solubilities. The objective was to
build a UNIFAC parameter table to correlate and predict exclusively LLE data. The author ended up
estimating the H,O-CHj interaction using binary LLE data of water with polar substances containing
also the alkane group. This allowed a much better prediction of the water-polar substances mutual

solubilities in expense of the less important water-alkanes mutual solubilities.

In this work it was decided to keep the original definition of the alkane group and privilege the water-
polar molecules interaction. That is to estimate the water alkane interaction using the water —alcohols

equilibrium data. The following parameters were obtained: a0 =380.5 and ay ¢y, =136.8.

Figure 3.8 shows the water n-alkanes mutual solubilities correlation using the VLE parameter table
(Gmehling et al., 1982) and the LLE parameter table (Magnussen et al., 1981) for the original UNIFAC
model and, also, the A-UNIFAC model. The water-alcohols mutual solubilities are presented in Figure
3.9.
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Figure 3.8 Water — hydrocarbon mutual solubilities at 298K.  Figure 3.9 Water — alcohols mutual solubilities at 298K.
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UNIFAC (Magnussen et al., 1981).

Figures 3.10 and 3.11 present the water-acids and water-benzene mutual solubilities, respectively. As
can be seen, the A-UNIFAC model slightly improves the results for the more diluted aqueous phase.
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Figure 3.10 Water — acids mutual solubilities at 298K. Figure 3.11 Water — benzene mutual solubilities versus

Experimental data (Serensen and Arit, temperature. Experimental data (Serensen

1979): e water sol.; o acids sol.; — A- and Arlt, 1979): o water sol.; e benzene

UNIFAC prediction; --- UNIFAC prediction. sol.; — A-UNIFAC correlation; —- UNIFAC
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3.3.3.3 Infinite dilution activity coefficients

The main improvements were obtained at the infinite dilution region of compositions where non-
ideality due to association effects is more pronounced. This is particularly true for mixtures with one
associating and one non-polar component. For this case, large improvements were achieved in the
correlation and prediction of activity coefficients at diluted conditions. Figure depicts the v ... of a
series of alkanes in ethanol. For comparison, the results obtained with the UNIFAC model using the
parameter table specially developed for the prediction of infinite dilution activity coefficients (Bastos et

al., 1988) are also shown.
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Figure 3.12 Infinite dilution activity coefficients of n-alkanes in ethanol versus temperature: ® A X experimental data
(Tiegs et al., 1986); — A-UNIFAC; -— UNIFAC-y™ .

Figure 3.13, on the other hand, shows that the A-UNIFAC model is able to follow the temperature
dependence of y),... IN alkanes. As previously discussed, the most important contribution to the

activity coefficient of associating components in mixtures with non-associating species comes from the
association term, which is independent of the non-associating component. It becomes clear from
Figure 3.13 that the small differences between the infinite dilution activity coefficients of ethanol in
heptane and decane can be ascribed to the residual and combinatorial terms. It is clear that the model

performs more accurately at infinite dilution.
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Figure 3.13 Infinite dilution activity coefficients of ethanol in n-alkanes, versus temperature: eo experimental data (Tiegs
et al., 1986) — A-UNIFAC correlation; — UNIFAC-y™ correlation.
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For cross-associating systems of mixtures containing water, alcohols, esters, acids and aromatics, the
original UNIFAC model is already able to predict an accurate order of magnitude. However, significant
improvements are obtained using the A-UNIFAC model, as can be seen from Figure 3.14.
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Figure 3.14 Infinite dilution activity coefficients of in binary mixtures of: (a) benzene and ethanol; (b) acetic acid and
ethyl acetate; (c) ethyl acetate in water; (d) water and acetic acid. Exp. Data (Tiegs et al., 1986); — A-
UNIFAC; -— Original UNIFAC.

The A-UNIFAC model has included in the correlation database infinite dilution activity coefficients data
for components with a small number of carbons (Table 3.4). It is interesting to see how the model

behaves when it is applied for longer-chain associating components.

Kojima et al. (1997) present an extensive experimental database for y* of several solutes in water.
This information about diluted aqueous solutions is quite important in the environmental area (e.g., the
removal of chemical pollutants). Therefore, the A-UNIFAC model was applied to the prediction of y*

of several components (n-alkanes, n-alcohols, n-acetates, n-carboxylic acids, aromatics) in water.

The A-UNIFAC predictions are compared to two different UNIFAC based models predictions: the
original UNIFAC-VLE and the Modified UNIFAC of Dortmund predictions. As can be seen from Figure
3.15, the A-UNIFAC model predicts more accurately the infinite dilution activity coefficients of the
several solutes in water relatively to the other two models.
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Figure 3.15 Infinite dilution activity coefficients of several solutes in water at 298K versus carbon number of the
solute. Exp. Data (Kojima et al., 1997; Serensen and Arlt, 1979; Hwang et al., 1992; Pierotti et al., 1959,
Bergmann and Eckert, 1991; Li et al., 1993, see Zhang et al., 1998); — A-UNIFAC; — Original UNIFAC; -
= —Modified UNIFAC (Dortmund).

For comparison with previous information, Figure 3.16 shows the water-alkanes mutual solubilities
data written in terms of y”. As can be seen both the A-UNIFAC and the original UNIFAC models can
describe accurately the solubility of water in n-alkanes, which is not the case for the Modified UNIFAC

of Dortmund. However, the extremely low solubility of n-alkanes in water is not predicted by any of the
models though the best approximation is given by the A-UNIFAC model.
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Figure 3.16 Infinite dilution activity coefficients at 298K versus carbon number of alkanes. Exp. Data (Serensen and
Arlt, 1979): sn-alkanes in water; o water in n-alkanes. Models: — A-UNIFAC; — Original UNIFAC; — = -
‘Modified UNIFAC (Dortmund).
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3.4 Approximated model

As discussed in the Chapter 2, the rigorous model can result, by imposing some restrictions, in an

analytical solution for X”* when, at the most, two different association groups are present. In order to
extend the A-UNIFAC model to mixtures containing any number of hydrogen bonding species and

keep the model as a practical engineering tool, the following approach is proposed in this work.

One should define three different types of associating groups, as illustrated in Figure 3.17:

(a) Associating group 1 with two sites: an electropositive site A' and an electronegative site B
that self-associates (e.g. water, alcohol, acid);

(b) Associating group 2 with one electronegative site N~ (e.g. esters, ketones, aromatics) that

can cross-associate with sites A" and P* but cannot self-associate;

(c) Associating group 3 with one electropositive site P (e.g. chloroform) that can cross-associate

with sites B~ and N~ but cannot self-associate.

Pt...N
_Al‘_ BI- FH_ N
N —A'— B: —A*—B-
P*.---N- P
1" p+
—A—B =l

Figure 3.17 Schematic representation of the three types of associating groups.

Solving Equation 3.19 results in the following system of equations:

XM = ! o
B
1+ p1Apg X" +p2Aan, X2
xB = L 5
A
* T4p18ap,X 11+ Palpp, X (3.43)
xN2 =
1+D2AA1N2XA‘ + paAsza XPB
X" = 51 N
14 p4Ap, X7 + paApyn, X
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In order to extend the model to mixtures containing any number of cross-associating species it will be

assumed that the cross-association strengths will be equal to the self-association strength A ABy- This

simplification results in the following analytical solutions for the system of equations 3.43:
App, =8pp, =App, =Byp =& (3.44)

XA = xPs 2 (3.45)

14+ (py = p3)A* [+ (2 —p3)a*F +4(py +p3)a*

X8t o N2 o 2 (3.46)

1+ (ps “Pz)/-\'+\/[1+(93 ‘F"z)/”]2 +4(py +pa)A*

Then, to distinguish between the different magnitudes of the association strength each family of

compounds is considered to have a different concentration of the corresponding associating group.
This “concentration” is represented by v, , (i.e. the estimated number of times associating group k is

present in molecule i) which then becomes a non-integer number that can be empirically adjusted.
This means that mixtures containing several associating groups that self-and cross-associate can be

modelled by equations 3.45 and 3.46.

3.4.1 One- and two-site association models equivalence

This approach requires that acids are represented by a two-sites model. This section discusses that

possibility by comparing the one and two sites models.

The equivalence between the one site and two sites models will be made in order to reproduce the
same association degree, i.e., the same monomer fraction X™".

Let us consider again a mixture of one associating component (1) with one inert (2). Table 3.8 shows

the equations obtained for y{***°° and y3***° in terms of the fraction of monomers X™", for both, the

one- and two-site association models.

As mentioned before, the most important contribution to the infinite dilution activity coefficient of the

association component comes from the logarithmic term In (1/)(’""“). which is the same for both
models. However, for the inert component, the Iny;***° predicted by the one-site model is about half

the value for the two-site model.
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Table 3.8 Expressions obtained for X** , X™" and y™*%% ysing the one and two sites models.
ng

One site model Two sites model
In both cases:
XA“ - —1+1" 1+4Pk5k
2 pyAg
Xmon — 3 Ak xmon _ (Xnk)z
- oA 1 xXmn —q o o 1 —
Iy assoe _vk[ll‘{me+ 5 } Iny; -vk[ln(xm)+ X —l]
1 r
Iny5assee =V?"(1..xm°"):i Iny;y s :v,l(1~JX’"°“ )r—"’
1 1

3.4.2 Association at infinite dilution

As already mentioned, the association contribution to the activity coefficient is very significant at

infinite dilution. The expressions obtained for the limiting y"**** values for a binary mixture containing
one associating compound 1 having one self-associating group 1 with sites A* and B~ and one

compound 2 with an electronegative site N~ that can cross-associate but not self-associate, will be
presented. At very low concentrations of the self-associating component 1 (p, — 0), the fractions

XMz and XB' in solution will be close to one. And the fraction X*' will approach the limiting value

XA given by:

xhe o1 (3.47)

14 poA

this results in the following limiting value for the activity coefficient:

XA 1 P2A
Inyr#e® =vyiinl —— [+ XM == (X" +1)+ —2— 3.48
Ti k[ I:(X:I]z:l 1 2( ) 1+p2A ( )

In this case the value of y;****° depends on the other component.

When component 2 is an inert not capable of self-or cross-association (p, = 0 and X4 5 1)

Equation 3.26 will be obtained.
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343 Parameterization

In general, association models require specific parameters to each associating species. This means
that, when applied to a mixture with two or more associating species, these models need not only a
set of self-association parameters, but also specific cross-association parameters (or the definition of
appropriate combining rules between the self-association parameters). In this approximated approach
all the cross-association strengths were assumed to be equal and the distinction between the different
association strengths is done by calculating a different density for each associating group. This
resulted in a significant simplification for the monomer fraction expressions. The improvements
relatively to the original UNIFAC model are considerable, especially for the more diluted range of
compositions. The same database used for this approach includes the one from the previous section
(Table 3.4), Additionally, binary VLE of alkyl chlorides with alcohols, acids or esters were also used.

3.4.3.1 Association parameters

Similarly to the previous association approach, a single two-sites hydroxyl group is used to represent
association effects for both water and alcohols. Therefore, for alcohols and water, the same method is
followed and the parameters between those groups and alkanes have already been determined
(Tables 3.5 and 3.6). And how can acids be represented?

It is known that carboxylic acids show a high degree of association even at low vapour densities and
the formation of dimers in both, liquid and vapour phases, is generally accepted. The association of
carboxylic acids in the vapour phase differs strongly from that of water and alcohols. In general, this
association is calculated using the Hayden and O'Connell (1975) method, when the virial equation of
state is applied together with activity coefficient models to correct for vapour-phase non-idealities. On
the other side, carboxylic acids, water and alcohols present a similar degree of association at liquid
like densities. Figure 3.18 shows the fraction of monomers calculated by the SAFT equation (Huang
and Radosz, 1990) for ethanol and acetic acid at liquid conditions. The curves in Figure 3.18a
correspond to saturated liquid conditions and they are shown to diverge at high temperatures, ie.
when the liquid density decreases towards the critical-point value. The curves in Figure 3.18b, on the
other hand, were calculated at a constant liquid density, equal to that of the pure compound at 298K.
Here the degree of association, as measured by the fraction of monomers, is similar for ethanol and
acetic acid. This similarity supports the development of a single hydrogen-bonding model to account
for the association of alcohols, water and carboxylic acids in the liquid phase, where activity coefficient

models are applied,
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Figure 3.18 Monomer fractions predicted by SAFT equation for liquid ethanol (---) and acetic acid (—). (a) at saturated
liquid densities; (b) liquid densities at 298.15K.

When a single association group is considered to represent association in mixtures of alcohols, water
and/or inert compounds the computation of the association contribution to the activity coefficients
reduces to a single self-association model. In this situation there is an explicit solution to compute the
fraction of non-bonded associating groups. In our case, it should be necessary to assign the same
number of bonding-sites to the associating groups of carboxylic acid, alcohol and water molecules.
Therefore, in this work a two-site hydrogen-bonding model is used to calculate the association
contribution to the activity coefficients of carboxylic acids in the liquid phase. Following this
assumption, the COOH (M, = 1) associating group in carboxylic acids is described by the same
hydroxyl OH group (My = 2) that is used in alcohols and water. According to the previous discussions
(section 3.4.1), this simplifying assumption will have hardly any effect on the association contribution
to the activity coefficients of carboxylic acids as predicted by the A-UNIFAC model. However, this is
not the case for inert compounds in mixtures with carboxylic acids. For the inert compound a two-site
model (M = 2) will tend to over predict the association contribution to the activity coefficient, as
compared with the one-site model (My = 1). An empirical approach to overcome this problem is to

consider v{ (i.e. the number of OH groups in carboxylic acid molecules) as an adjustable parameter.
VLE data for carboxylic acids + alkanes binaries were used to simultaneously adjust the values of v;'
and the residual interaction parameters between the paraffinic (CH;) and carboxylic (COOH) functional
groups (acwz.coon and acoon.crz)- A value of vi = 0.9 was obtained and this was used to represent the

number of OH associating groups in all carboxylic acid molecules. Water, alcohols and acids are
considered to be a type 1 associating group. On the other hand, the ester group is considered to be a
type 2 associating group, le., it has a specific electronegative site that can cross-associate with
electropositive sites but that does not self-associate. That is also the case of the aromatic ring group.
Finally, alkyl chlorides are represented by a type 3 associating group.

The density of each associating group is calculated by adjusting the corresponding number of

associating groups (Table 3.9).
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Table 3.9 Calculated number of associating groups

Associating group VL

OH 1.00
COOH 0.90
RCOOR 0.25
Aromatic ring 0.05
CHCl, 0.10
CH;CI 0.06

3.4.3.2 Residual parameters

Again, it is necessary to re-parameterize the group interaction parameters for the residual term. Table
3.10 reports the new values for the interaction parameters between paraffinic, aromatic, alcohol,

water, ester, acid and chloride groups.

Table 3.10 Residual group interaction parameters an, (K)
m n CH; ACH OH CHsOH H;O CCOO COOH CCl CCly CCls CCly

CH. 0.0 61.13° 50.40 122.7 380.5 2321° 1057 35.93" 53.76" 24.90" 104.3"
ACH -11.12" 0.0 -94.42 n.a. 251.2 5994" -150.2 n.a. n.a. n.a. n.a.
OH 387.4 2804 0.0 1109 -127.3 93.92 50.2 3699 -2245 -142 250.0
CH30H | -19.78 n.a. 60.18 0.0 -167.6 n.a. n.a. n.a. n.a. n.a. n.a.
H:O 136.8 93.3 70.7 251.2 0.0 221.6 89.0 n.a. n.a. n.a. n.a.

CCOO | 114.8° 8584" -2397 na  -2205 0.0 787.7 na. -53.71 -211.1 5447°

COOH | 756.0 5774 -1256 na  -203.3 -2551 00 -167.4 4045 na. 1381

ccl 9146 na. -7596 na. n.a. na 3804 0.0  108.3" 249.2" 242"

CCl; 34.01" na. 4750 na. na. -2427 -1435 -8453" 0.0 0.0" 56.33"

CCly 36.70° n.a.  366.4 na. na. 1848 na. -157.1" 0.0° 0.0  -30.10°

cCly -7845° na. 7250 n.a. na.  1295" -1057 11.80° 17.97° 51.90" 0.0
*n.a., not available; * original UNIFAC paramelers Gmehling et al. (1982).

3.4.4 Results

The assumption of only one association strength results in a less flexible model. The improvements
relatively to the UNIFAC model are not as significant. However, this alternative approach can be used
to improve the results at the more diluted region of compositions without significantly increasing the

mathematical complexity of the UNIFAC model.

3.4.4.1 Vapour-liquid equilibria

Table 3.11 reports the average errors calculated in the correlation of VLE data with the UNIFAC and
A-UNIFAC models. In general, slight improvements are obtained in the correlation of VLE data with
the A-UNIFAC model, as compared to the original UNIFAC model.
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Table 3.11 Average errors in pressure (5P) and composition (8y) for the UNIFAC and A-UNIFAC models.

UNIFAC A-UNIFAC
System By &P &y Gl
methanol + alkane 33 4.6 24 3.3
methanol +  alcohol 2.8 31 2.5 3.1
methanol + water 4.2 4.8 1.6 4.1
alcohol +  alkane 3.8 6.8 3.1 6.6
water + alcohol 6.4 3.2 5.5 3.0
acid 4+ alkane 4.2 24 3.3 25
water 4+ acid 8.7 35 9.6 4.5
alcohol 4+ acid 8.9 7.4 6.1 6.0
alcohol 4+ ester 54 2.4 5.3 2.8
water 4+  ester 7.4 7.0 71 59
acid 4 ester 7.5 2.3 7.5 2.0
alcohol 4+ aromatic 5.6 3.2 4.8 34
acid 4 aromatic 4.2 4.3 3.3 4.2
alcohol 4+ chlorinated 6.5 34 6.4 3.2
acid 4+ chlorinated 7.0 8.0 6.7 5.8
ester 4 chlorinated 25 1.4 2.0 1

52=100 Jf ({ [z(exp)-z(calc))z(exp) F*INP) where z represents y or P.
i

3.4.4.2 Ternary liquid-liquid equilibria prediction

Figures 3.19 and 3.20 show the liquid-liquid equilibrium predictions for the ternary systems water -
ethanol - hexane and water - acetic acid — hexane, respectively. Finally, Figure 3.21 shows the results
for a ternary system containing three associating species: water, butyric acid and n-hexanol. Very
good predictions of the distribution coefficients are obtained and the improvements over the original
UNIFAC are particularly remarkable at low concentrations of the associating component, where the

association effect is more relevant.
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Figure 3.19 Ethanol distribution coefficients between Figure 3.20 Distribution coefficients of acetic acid between

hexane and water at 298K: ¢ experimental hexane and water at 298K: O experimental
data (Roddy and Coleman, 1981);, — A- data (Serensen and Arlt, 1979); — A-UNIFAC;
UNIFAC; -~ UNIFAC. --- UNIFAC.
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Figure 3.21 Distribution coefficients of butyric acid between 1-hexanol and water at 303K: m experimental data
(Serensen and Arlt, 1979); — A-UNIFAC; - UNIFAC.

3.5 Software developed in FORTRAN and VISUAL BASIC languages

A program was developed in FORTRAN language to estimate the parameters using vapour-liquid
equilibria, liquid-liquid equilibria, infinite dilution activity coefficients, solid-liquid equilibria, osmotic
coefficients, vapour pressure, boiling point and freezing point of binary and ternary mixtures. The
Levenberg-Marquard algorithm (Marquardt, 1963) is used to optimize the residual and association
parameters, using the ZXSSQ subroutine from IMSL (International and Mathematics and Statistical

Libraries).

The extension of the A-UNIFAC parameter tables to a significant number of groups requires the use of
several pure component properties as well as binary VLE, LLE or y“ data. In order to access and

store this information in a friendlier manner, a graphic interface was developed in VISUAL BASIC

language.

The A-UNIFAC program is a visual interface for WINDOWS environment (Figure 3.22). The program
allows the calculation of several thermodynamic properties using the original UNIFAC and the A-
UNIFAC models with the possibility of parameters estimation.

The pure component properties are stored in an ACCESS database for which a list of more than 12
000 components is available. The correspondent information can be added or updated through the
use of this interface. The experimental phase equilibria data and the bibliographic references
information are stored in simple text files. The visual interface creates all the necessary pure
component and mixture thermodynamic data from the correspondent database files, runs the
FORTRAN program and, finally, presents the results in a text file or, alternatively, graphically by
creating an EXCEL file. This is described in more detail in Appendix A.
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Figure 3.22 The A-UNIFAC program.

3.6 Conclusions

The A-UNIFAC model has been successfully applied to calculate activity coefficients in associating
solutions containing water, alcohols, carboxylic acids, esters, alkanes, aromatic hydrocarbons and
alkyl chlorides.

Two alternative approaches are proposed:

» The consideration of specific association strengths for each associating group resulted in a
more flexible and rigorous model. Good results were obtained in the correlation and prediction
of vapor-liquid equilibria and infinite dilution activity coefficients of binary mixtures containing
alcohols, carboxylic acids, water, esters, aromatics and alkanes compared to the original
UNIFAC model.

+ In the approximated model all the cross-association strengths were assumed to be equal and
the distinction between the different association strengths is done by calculating a different
density for each associating group. Only two association parameters had to be determined
and no combining rules are required to calculate cross-association from self-association
parameters. This resulted in significant simplification for the monomer fraction expressions.
The improvements relatively to the original UNIFAC model are considerable, especially in the
more diluted range of compositions.

The approximated model can be used to account for associating effects, especially in the more diluted
range of compositions, having the advantage of simplified expressions for the monomer fraction. The
rigorous model is recommended for more accurate predictions.
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Chapter 4
Phase equilibria in sugar solutions with
the A-UNIFAC model



4. Phase equilibria in sugar solutions with the A-
UNIFAC model

4.1 Introduction

Carbohydrates are one of the most abundant classes of organic compounds that can be found in living
organisms. This large natural resource has a broad range of applications in the chemical industry.
They are present in a variety of industries (textile, paper, coatings, food) and are, also, used in several

biological applications.

In this work, the focus is on the important fraction of carbohydrates made up of the smaller building
units: the mono and the disaccharides. In order to have a better idea of the importance of these
components in the world industry, Table 4.1 shows a list of the annual production of simple sugars and

sugar derived components as compared to basic chemicals.
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Table 4.1 Annual production of simple sugars, sugar-derived alcohols, and acids compared to some petrochemically
derived basic chemicals and solvents.

Production * Production
(tyear) (tyear)

Sugars Sugar alcohols
Sucrose 130 000 000  D-Sorbitol 900 000
D-glucose 5000000 D-Xylitol 30 000
Lactose 295000 D-mannitol 50 000
D-fructose 60 000 Amino acids
Isomaltulose 50 000 L-Lysine 40 000
Maltose 3000 L-Glutamic acid 500 000
D-Xylose 50 000 Basic chemicals
L-Sorbose 60 000 Aniline 1 300 000
Sugar-derived acids Acetaldehyde 900 000
D-gluconic acid 60 000 Adipic acid 1500 000
L-Lactic acid >100 000 Solvents
Citric acid 500 000 Methanol 25 000 000
L-Tartaric acid 35000 Toluene 6 500 000

Acetone 3 200 000

‘Reliable data are only available for the world production of sucrose, the Figure given referring to the crop cycle 2000/2001 (International Sugar
Organization, "World sugar production 2000/2001", Zuckerind, Berlin). All other data are average values based on estimates from producers
and/or suppliers, as the production volume of many products is not publicly available (Lichtenthaler, 2002).

In a broader context, the large scale availability of sugars suggests their use, in the future, as
biofeedstock for the production of organic chemicals, substituting the non renewable fossile resources
(Lichtenthaler, 2002).

Nowadays, the larger part of sugars production is, mainly, used for the food industry. The most
common process, in which sugars are involved, is crystallization, that demands a correct description of
the solid-liquid equilibria (calculation of solubilities and freezing point) and vapour-liquid equilibria
(boiling point and vapour pressure) of sugars in water. Another important property, particularly for the
food industry, is the water activity of the solutions, since it is one of the factors that affects the

microbiological activity and the development of chemical reactions in an aqueous medium.

Though most processes use water as solvent, in some cases, it is useful to add small amounts of
alcohols. For example, in the case of the production of D-fructose as a sweetener, due to its high
solubility in water, the addition of short-chain alcohols facilitates the crystallization processes, by
decreasing its solubility and the viscosity of the solution (Flood et al., 1996). Another possible
application is the use of methanol or ethanol as co-solvents to selectively separate D-xylose from D-

mannose in aqueous solutions (Gabas et al., 1988).

Besides the traditional applications, many high value food and pharmaceutical products are being
developed, using sugars as raw materials. For example, sucrose esters can have many applications,
depending on the number and size of the substituents, in cosmetics, detergents, pharmaceuticals and

food; sugar alcohols are used as sweeteners, amongst other applications.
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Many of these products are obtained via enzymatic methods. Recent works in the biocatalysis area
suggest the use of non-aqueous solvents as a medium for those reactions, e.g., the monoacylation of
D-fructose with long chain fatty acids in n-hexane or 2-methyl-2-butanol (Scheckerman et al., 1995,

Coulon et al., 1997).

Which should be the model chosen to describe the thermodynamic properties of these mixtures?
Usually, the number of components involved is large and the experimental information is scarce, so it
is a good option to use a group-contribution method. Also, from the chemical interactions point of view,
these solutions contain the sugar cyclic structures with many hydrophobic and hydrophilic
substituents, and polar solvents like water and/or alcohols. These solutions exhibit a complex
behaviour as they are highly associated. In this chapter, the application of the A-UNIFAC model to
these complex mixtures is studied and discussed.

4.2 Chemical Structure

Originally, carbohydrates comprised only the carbon hydrates of formulae C,(H,0), referring to the
empirical formula of monosaccharides. Nowadays, the term includes not only, mono-, oligo- and
polysaccharides but, also, other substances derived from them with different functionalities, besides

hydroxyl groups, e.g., alditols, uronic acids, deoxy-sugars, glycosylamines, amino sugars, etc.

In the next sections, the most important mono and disaccharides will be briefly described.

4.21 Monosaccharides

The simplest carbohydrates that cannot be hydrolyzed are called monosaccharides. Chemically, they
are polyhydroxyaldehydes (aldoses) or polyhydroxyketones (ketoses). The smallest members are
dihydroxyacetone and glyceraldehyde. The latter contains a stereocenter which results in the
existence of two stereoisomers that are mirror images of each other (enantiomers), as shown on

Figure 4.1.

D-sugar L-sugar

Figure 4.1 Enantiomeric forms of glyceraldehyde.
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By convention, the (+)-glyceraldehyde is called D-(+)-glyceraldehyde and (-)-glyceraldehyde is
designated L-(-)-glyceraldehyde. This nomenclature serves as a standard for the other
monosaccharides. Almost all the monosaccharides synthesized in nature have the same configuration
of the chiral carbon farthest away from the carbonyl group, i.e., the same configuration of D- (+)-
glyceraldehyde and they are referred to as D-sugars. The D-aldoses family tree is presented on
Appendix B (Figure B.1).

D-glucose is the most abundant monosaccharide in nature, present in many fruits and plants and,
also, in human blood. It constitutes the building block of starch, glycogen and cellulose. For the
hexoses group, besides the D-glucose, it is worthwhile mentioning the D-galactose sugar which is part
of lactose and raffinose and, also the D-mannose that occurs, naturally, in many polysaccharides. The
pentoses group contains the building unit of the ribonucleic acids, D-ribose, and D-xylose found,
mainly, in pentosans (xylans). For the D-ketoses family tree, shown on Appendix B (Figure B.2), the
most common is the sweetest natural sugar, D-fructose, present in many fruits, in honey and as a
building block in sucrose and, also, in the polysaccharide inulin.

As mentioned before, a monosaccharide molecule contains both functional groups C=0 (aldehyde or
ketone) and OH (hydroxyl). These groups can react to form more or less stable cyclic hemiketals
(group ketone) or cyclic hemiacetals (group aldehyde) in equilibrium with the open-chain structure. For
example, in the case of D-glucose, some cyclic forms (hemiacetals) can be formed by an
intramolecular reaction of the aldehyde group either with the —OH group at carbon 4, forming a five-
member ring (Figure 4.2a), or with the —OH group at carbon 5, forming a six-member ring (Figure
4.2b).

(a) (b)
H‘ci’.q HOH,C H‘c’.’o CH,0H
. | » ] s ]
H-C-OH [ HO-C-H_~O~ H H=G—OH : H/ C\ H
HO-C~-H ! | HO-C~-H > H
I ;- -« i .-J -« Obi H
H-C-0—H H \ OH H /OH H-¢—0H o] OH
H—¢—on H-C-0=H
CH,0H i L CH,0H M oH

a-D-glucofuranose a-D-glucopyranose

Figure 4.2 Ring formation: (a) furanose and (b) pyranose.

As can be seen from Figure 4.3, these reactions originate a new stereocenter at carbon one. This
stereocenter results in two stereoisomers that are not mirror images of each other (i.e., they are
diastereomers). This particular type of diastereomers, that differ only in the configuration at carbon
one, are designated by ¢ (with the -OH down) and B (with the -OH up) anomers.
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H H
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H OH H OH
a-D-glucopyranose p-D-glucopyranose

Figure 4.3 Diastereomers of D-glucopyranose.

Each pure anomer is characterized by a different optical rotation, melting and boiling points. However,
in solution, for a given solvent, sugar concentration and temperature, a constant composition of the
different conformers is achieved. Let us consider a solution of pure «-D-glucose which has an initial

specific rotation of +112° and a solution of pure f -D-glucose with an initial specific rotation of +18.7°.

Ultimately, the rotation of both solutions will reach the same value of +52.7°, The process of reaching

this equilibrium between tautomers is called mutarrotation.

4.2.2 Disaccharides

Another important group among the carbohydrates is the “disaccharides”. Their chemical structure is
presented on Appendix B (Figure B.3).The most common that can be found in nature are: sucrose
(“sugar table”), produced from sugar cane and sugar beet; lactose, one of the milk ingredients, and
trehalose, present in fungi, mushrooms and algae. Other important disaccharides result from the
hydrolysis of polysaccharides, e.g. maltose and isomaltose (products of the partial hydrolysis of
starch) or cellobiose (one of the products of the partial hydrolysis of cellulose).

Disaccharides are classified as reducing sugars when the anomeric carbon on the right-hand sugar is
part of a hemiacetal. That is the case of lactose, maltose and cellobiose. The latter two have very
similar structures (two glucopyranoses units) but present very different biological properties:
Cellobiose (B-glycoside bond) cannot be digested by humans and cannot be fermented by yeast.
Maltose (a-glycoside bond), however, is digested without difficulty and is readily fermented. On the
other hand, lactose contains two different units: D-glucose and D-galactose bonded from the anomeric
carbon in the D-galactose ring to carbon four on the D-glucose ring. These reducing sugars have a
free anomeric carbon on the glucopyranose ring (the right one), which allows them to mutarrotate.

Finally, both sucrose and trehalose are non reducing sugars. They result from the linkage at the two
anomeric carbons of both monosaccharides units. Sucrose is composed of D-glucose and D-fructose

joined by one o and one B glycoside bonds, whereas trehalose has two a glycoside bonds.
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4.2.3 Mutarrotation equilibria

As mentioned before, the equilibrium between linear and cyclic forms (furanose or pyranose rings) of
sugars in solution is quite complex. There are several factors that can affect this equilibrium, namely,
the type of substituents not directly attached to the sugar ring, the anomeric effect and the existence of
inter or intramolecular hydrogen bonding. Several authors have studied the influence of the type of
solvent and temperature of the solution on the mutarrotation equilibrium of some common

monosaccharides.

4.2.3.1 Influence of solvent

Goldberg and Tewari (1989) have studied the mutarrotation of different monosaccharides in water.
The composition of the different conformers is presented on Table 4.2.

Table 4.2 Composition (%) of the different monosaccharides conformers in equilibrium in aqueous solution (Goldberg
and Tewari,1989).

T(K) a-pyranose f-pyranose a-furanose p-furanose Linear form
D-fructose 303.15 2 70 5 23 0.7
D-glucose 304.15 38 62 0 0.14 0.002
D-galactose 304.15 30 64 2.5 3.5 0.02
D-mannose 317.15 65.5 34.5 0.6 0.3 0.005
D-xylose 304.15 36.5 63 <1 <1 0.02

As can be seen, the pyranose forms prevail for monosaccharides in water. The higher proportion of
the pyranose forms in water is usually attributed to the stabilization of these structures by the tridymite
structure of water. Uedaira and Uedaira (2001) state that the equatorial alcoholic oxygen atoms may
be placed in similar positions to the oxygen atoms of the water molecules. This should result in the
formation of stronger hydrogen bonds between water and the equatorial hydroxyl groups on chair
conformation of sugars. Catté et al. (1995) have used this stereochemical argument to set the
hydration number of sugars equal to the number of OH groups that are not in axial position. Table 4.3
shows, for aqueous solutions, the number of hydroxyl groups that are not in axial position, for each

conformer. For disaccharides, N, is given by the number of equatorial hydroxyl groups of the
constituent monosaccharides minus the ones used in the osidic bond. In the last column, an average
number of equatorial OH groups N,,, for each mono and disaccharide is also presented. These

values were calculated using the compositions of the different monosaccharide conformers in water

(Table 4.2) as weight factors.

The N, should be seen, only, as a first estimate of the number of groups available to cross-associate

with water. The hydration extent will depend not only on the number of non-axial OH groups but also
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on their relative position. The existence of intramolecular association and steric hindrance effects
increases enormously the complexity of the sugars hydration.

The previous studies were performed for aqueous solutions. What happens, however, if one adds

another solvent?

Flood et al. (1996) studied the D-fructose mutarrotation equilibrium in several aqueous — ethanol
solutions (3:1, 6:1 and 9:1 ethanol — water mass ratios), in the temperature range from 24°C to 50°C.
They concluded that, for those conditions of temperature and composition, the furanose conformers
are now in higher proportion in these solutions (about 60% against 28% in pure water). The addition of
small amounts of ethanol destroys the ordered water structure that was considered to stabilize the p-
pyranose tautomer. The increase in temperature has a similar effect as will be discussed next.

Table 4.3 Number of hydroxyl groups that are not in axial position for each conformer and calculated average number in
aqueous solutions.

Sugar Nay K\m
Sucrose 7 7.0
a-conformer p-conformer
Maltose 7 8 7.6
Lactose 6 7 6.6
Cellobiose 7 8 7.6
a-pyranose [}-pyranose u-furanose p-furanose
D-fructose 2 3 3 4 3.2
D-glucose 4 5 - - 4.6
D-galactose 3 4 4 5 3.7
D-mannose 3 4 - - 3.3
D-xylose 3 4 - - 3.6

4.2.3.2 Influence of temperature

Maple and Allerhand (1987) and Lichtenthaler and Rénninger (1990) have studied the influence of
temperature on the equilibrium composition of several furanoids and pyranoids in water. Figure 4.4
presents the results obtained for D-glucose and D-fructose.
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Figure 4.4 Tautomers equilibrium composition (mole %) of a sugar in water versus temperature: (a) D-glucose (Maple
and Allerhand, 1987); (b) D-fructose (Lichtenthaler and Rénninger, 1990). Exp. data: —— «-pyranose; —[1-
p-pyranose; —A— a-furanose; — x— fi-furanose.

The proportion of the predominant tautomer (B-pyranose) decreases with rising temperature in favour
of the three other forms. For the case of D-glucose, the same qualitative result is observed, though the
change in the proportions of both pyranoses is small, in relative terms, compared to the increase of
the furanose forms with temperature (Maple and Allerhand, 1987).

From this brief analysis, it is possible to conclude that the tautomers equilibria is quite complex and,
yet, not fully understood. For the case of water, the most studied solvent until nowadays, both intra
and intermolecular hydrogen bonding seem to play a very important role in the stabilization of some
conformer over another.

4.3 Revision of available models

In the last decade a few number of models were specially developed or applied to the description of
the phase equilibria of sugar mixtures. Some authors use a molecular approach: Abderafi and
Bounahmidi (1994) use the Peng-Robinson equation (Peng and Robinson, 1976) to predict the
vapour-liquid equilibria of the quaternary mixture D-glucose/D-fructose/sucrose/water. The binary
interaction parameters water/sugar were estimated using binary aqueous sugar mixture data and the
sugar/sugar interactions were, then, obtained by correlating ternary aqueous mixtures data. Catté et
al. (1994) used a modified UNIQUAC (Larsen et al, 1987) model with quadratic temperature
dependent parameters to describe several thermodynamic properties of binary and multicomponent
aqueous mixtures containing D-fructose, D-glucose and sucrose. This model uses the asymmetrical
convention. Peres and Macedo (1996) also proposed a modified UNIQUAC model with some
differences: the interaction parameters are taken as linearly temperature dependent and the
symmetrical convention is used for all the components, which makes their extension to mixtures

containing more than one solvent straightforward.
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The majority of the models, however, follows a group-contribution approach, mainly, because of their
predictive nature. They are based on the UNIFAC group-contribution method (Fredenslund et al.,
1977). Achard et al. (1992) have applied the UNIFAC model of Larsen et al. (1987) to predict water
activity, boiling temperature and freezing temperature of aqueous solutions of sugars. To do this they
have used the existing groups (CH;, CH, C, OH, CHO and H,0) and the corresponding parameter
tables. However, this model cannot correctly predict properties that depend on the activity coefficient
of the solute and does not distinguish the differences between carbohydrate isomers (e.g. D-fructose,
D-glucose, D-galactose, etc.). This suggests the introduction of new main groups to represent sugar

molecules.

Gabas and Laguérie (1990) and Abed et al. (1992) have used the UNIFAC model proposed by
Fredenslund et al. (1977), with three new different groups to represent sugars molecules (Figure 4.5).
This model was applied for the prediction of solid-liquid equilibrium of ternary aqueous systems.

HO H

Figure 4.5 UNIFAC groups defined by Gabas and Laguérie (1990) and Abed et al. (1992) to represent sugar molecules.

Another model based on the UNIFAC method was proposed by Peres and Macedo (1997), here called
P&M UNIFAC model. This model is based on the UNIFAC model of Larsen et al. (1987). Three new
main groups were introduced to represent the pyranose ring (PYR), the furanose ring (FUR), the
hydroxyl group directly attached to the ring (OH),», and the osidic bond (-O-) as shown on Figure 4.6:

PYR group FUR group
GH——0 CH—O0 6] (o]
2 \ / \\
CH CH CH
CH CH CH c / \ /
CH—CH T CH—CH CH—CH
PYR1 PYR2 FUR1 FUR2

Figure 4.6 UNIFAC groups proposed by Catté ef al. (1995) to represent sugar molecules.

All the interaction parameters were estimated using sugars thermodynamic experimental data.
Additionally, it was necessary to adjust the heat capacity difference for each sugar, whenever there
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was enough solubility experimental data available. Good predictions of thermodynamic properties
dependent both on sugar and solvent activity coefficients, were obtained. However, a significant
simplification was made: all the interaction parameters between alcohols, water and alkane groups
were set equal to zero, based on the fact that the existing ones had been estimated using VLE data
and, therefore, were not adequate to predict the SLE. This simplification does not allow the extension
of the model to systems containing higher alcohols, alkanes and two liquid phases alcohol/water/sugar

systems.

Kuramochi et al. (1997) presented the Bio-UNIFAC model, based on the UNIFAC method of Larsen et
al. (1987). It was developed to represent the activity coefficients of biochemicals in water. This model
is based on the asymmetrical convention for activity coefficients and it was also applied to sugar
aqueous mixtures by defining four different main groups to represent, D-mannose, D-galactose, D-
glucose and D-fructose. Figure 4.7 shows the two groups defined for the last two sugars:

H

H

H OH OH H

Figure 4.7 D-glucose and D-fructose groups proposed in the Bio-UNIFAC model.

Spiliotis and Tassios (2000) proposed the S-UNIFAC model that uses the UNIFAC LLE model of
Magnussen et al. (1981) to represent phase equilibria between existing groups. In this case, two new
main UNIFAC groups were introduced to represent sugars: (CHOH)gug4r With the subgroups CH,OH,
CHOHgy, CHOHgq, COH,y, COHeq and the group CH-O-CH for the disaccharide osidic bond. Each
sugar is represented by a unique species, more specifically the predominant anomer in the aqueous
solution. Besides the residual interaction parameters, additional parameters were estimated: a
different group area Q parameter was used in the combinatorial and residual terms. It is related to the
group area Q parameter of the residual term as follows Q, =c,Q,, where c, is an adjustable
parameter and i represents non-ring, axial and equatorial groups. Satisfactory results are obtained for
the prediction of water activity, boiling temperature and freezing temperature of aqueous solutions of
sugars. The range of applicability is wider since it can be used for higher alcohols and alkanes and,
also, to two liquid phases alcohol/water/sugar systems. All the above-mentioned UNIFAC models, with
the exception of the BIO-UNIFAC model, use the symmetric convention for the activity coefficients

normalization.

Besides the definition of new UNIFAC groups to represent sugars, some authors have introduced
other modifications, to take into account the existence of specific hydrogen bonding interactions.
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This is the case of a physical chemical UNIFAC model developed by Catté et al. (1995) for aqueous
solutions of sugars. The physical part is given by Larsen el al. (1987) and the chemical part describes
the conformational equilibria of sugars and the solvation equilibria between water and sugars. The
physical part is described in terms of three new UNIFAC groups used to represent the sugar

molecules: pyranose ring, furanose ring that are shown on Figure 4.6 and osidic bond.

The group interaction parameters are considered to be temperature dependent. Besides estimating
the usual group interaction parameters for the physical part it is necessary to determine the numerous
parameters for the chemical part: for one sugar with NC conformers there are NC hydration
numbers, NC solvation equilibrium constants and NC conformational equilibrium constants. In order
to reduce the number of adjustable parameters, some considerations had to be made, which resulted
in the adjustment of only one extra parameter, besides the residual UNIFAC parameters: the

temperature dependent g representing the partial molar Gibbs energy of the hydrogen bond. The

optimization was carried out using binary thermodynamic data (water activity, osmotic coefficients,
activity coefficients, boiling and freezing temperatures, excess Gibbs energy and excess enthalpy) for
aqueous sugar mixtures (D-glucose, D-mannose, D-galactose, D-fructose, sucrose, lactose, maltose),
Satisfactory results were obtained for the prediction of water activity of ternary systems water -
sucrose — D-glucose and excess Gibbs energy at 298 K of binary water — sugar (D-xylose and
raffinose). This model uses the asymmetric convention for activity coefficients and it is only applicable

to aqueous sugar mixtures.

All the mentioned models need experimental thermodynamic data for sugars to estimate the
interaction parameters. More recently, Jonsdéttir and Rasmussen (1999) and Jénsdéttir et al. (2002)
have calculated UNIQUAC interaction parameters using molecular mechanics methods. By
considering that water can only interact with a small fraction of the larger molecules, the interaction
energies were determined between water and a functional subunit of the sugars molecules, the 1,2-
propanediol molecule. This method was used for the prediction of VLE and SLE of aqueous sugar
solutions. Jonsdéttir and Rasmussen (1999) have applied this method to binary mixtures of water and
one sugar (D-glucose or sucrose). Satisfactory results were obtained in the calculation of water
activities, freezing temperatures and solubilities of these two sugars. In the sugar solubilities
calculation, the model is not totally predictive since the heat capacity difference between the pure
liquid and solid (ACp) is not known experimentally. These authors have approximated the heat
capacity of the solution at infinite dilution as the pure liquid heat capacity. Jonsdéttir et al. (2002) have
extended this method to the solubility calculation of a larger number of mono and disaccharides in
aqueous systems. Satisfactory results are obtained for the monosaccharides. However, for the
disaccharides only one acceptable agreement is achieved. As mentioned by the authors, the
predictive ability of the above-mentioned methods is limited by good experimental values to describe

the solid-liquid transition.
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44 The A-UNIFAC model for sugar mixtures

The A-UNIFAC model presented in the previous chapter is used for the modelling of aqueous and non
aqueous mixtures of sugars. This model is based on the symmetric activity coefficients convention
normalization and should be readily extended to the highly associated sugar mixtures. The
combinatorial, residual and association terms of the model are given by the equations 3.2 to 3.8 and
equations 3.18 to 3.23.

4.41 Calculation of thermodynamic properties

The phase equilibrium of sugar mixtures involves the calculation of vapour-liquid equilibria (boiling
point, vapour pressure, water activity and osmotic coefficient) and solid-liquid equilibria (freezing point
and sugar solubilities). All the mentioned properties depend on the solvent activity coefficient, with the
exception of the sugar solubility that involves the calculation of the sugar activity coefficient. The
equations used for the calculation of the thermodynamic properties are presented here.

The equilibrium between two phases, o and 3, in a closed system, is characterized by the equality of

temperature and pressure:
T® = TP (4.1)
A (4.2)
And for every component i, in the mixture, by the isofugacity criterion:

f* =f} (4.3)

4.4.1.1 Vapour-Liquid equilibria

The fugacity equality between a liquid and a vapour phase can be expressed as:
Vi P=xv (4.4)

where x, and y, are the liquid and vapour phase compositions, respectively; a‘fJi is the fugacity

coefficient in the vapour phase at temperature T and pressure P ; y, is the activity coefficient; f° is

the fugacity evaluated at a reference state.

Equation 4.4 can be further simplified due to the low pressures involved (atmospheric or lower),

namely: to set the Poynting factor and ¢ equal to one and to assume ideal gas behaviour, for which
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Vapour pressure

In the case of an aqueous solution of sugars, it is reasonable to assume that the vapour pressure of

the sugar P2 s negligible (for example, the vapour pressure of D-glucose at T =473.15K is

sugar

Psal

sugar

=54.5Pa). Then, equation 4.5 can be written in terms of water properties (subscript w) (its

vapour pressure P; varies from P:* =611 Paat T = 273.16 K to P;"=2.19 x10" Pa at T = 647.13 K)

which allows the calculation of the vapour pressure of the aqueous sugar mixtures as follows:
P=x iy, P8 (4.5)

Boiling Point

Using Antoine’s equation to evaluate the vapour pressure of water it is possible to calculate the boiling

temperature T™' of a sugar aqueous mixture, at a given pressure and composition, through an

iterative procedure, by solving equation 4.6 with respect to temperature:

B

T = =C (4.6)

) P
A = IOg{H,ﬁ ’ThaIJ A :|

The A, B and C coefficients of the equation of Antoine can be obtained from the database compiled
by Gmehling et al. (1977).

Water activity

For a given composition x, and temperature, the water activity (a,, ) can be calculated directly from

the following equation:

aw =xw Tw (47)

Osmotic coefficient
The osmotic coefficient (¢ ) of an aqueous solution, at a given composition and temperature can be

obtained by:

1000
-——Ina 4.8
M. m * @

W

¢ =

where M,, is the molecular weight of water (g/mol) and m is the molality of the solution (mol of solute

per kg of solvent).
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4.4.1.2 Solid-Liquid equilibria

The fugacity equality between a solid and a liquid phase can be expressed as:
xpvl £ =x v £ (4.9)

where superscripts s and | refer to the solid and liquid phases, respectively; x, is the composition, ¥,

is the activity coefficient and f° is the fugacity evaluated at a reference state for component i.

Assuming that the solvent is not present in the solid phase, equation 4.9 can be written for the solute

(component 2), where superscript | was omitted for simplicity, as:

f'
X, =—=

= - (4.10)
Yzfz'l

Therefore, the solubility is not only a function of the activity coefficient of the solute (intermolecular
forces in the solution) but also depends on the pure solid-liquid fugacity ratio that can be calculated
using the solute properties (it is independent of the solvent).

In general f5' is set equal to fugacity of the pure, subcooled liquid at the temperature of the solution
and at a specified pressure. The fugacity ratio can be determined by calculating the molar Gibbs
energy change for component 2, going from pure solid state to the pure subcooled liquid state, at the
temperature of the solution T, using a thermodynamic cycle passing through the triple point

temperature T, as represented on Figure 4.8.

Figure 4.8 Thermodynamic cycle for the fugacity ratio calculation.

This results in the following expression for the fugacity ratio (Prausnitz et al., 1999):

f°-*J AH! [1 I ] i = 1 't ACP.
nl 2 |=—% —-—o |+—= |ACp, dT-— [—2—) dT (4.11)
[fé’ R TI g
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In this equation, AH[, is the melting enthalpy evaluated at T, and ACp is the difference between the

heat capacity of the pure liquid and solid. Usually, the triple point temperature is replaced by the
melting temperature since that, for most components, they do not differ significantly from each other
(e.g. for water: T,=273.16 Kand T, = 273.15K ). Also, the melting enthalpy is evaluated at the normal

melting temperature.

Freezing point

Equations 4.10 and 4.11 can also be used to calculate the freezing point depression of aqueous sugar

mixtures. In this case it is usually assumed that this depression is small enough to consider constant
heat capacities of pure liquid water and of pure ice. In this case, the freezing point of water T)' can be
found iteratively from:

'”(xw.vw (xw.TL"))= AE(" [Tlm —#J—%In[i—i}— A‘;“'“‘ {1— 1‘;] (4.12)

Sugar Solubility

Depending on the temperature of the system, some sugars have different stable forms on the solid
state: hydrated or anhydrous forms. In the case where the solvent is not present in the solid phase,
the anhydrous sugar solubility can be calculated using equation 4.13. Assuming no temperature

dependence for ACp , the final expression is:

I, 75) = - AHE 3400 a1 _ L) ACDy J T (4.13)
n R R T o TR e

For some sugars, under certain conditions, the most stable form is the hydrated one. In that case, the
equilibrium between the different species can be described by:

Sugar(l) + n,H,0(l) <> Sugar.n,H,0() «» Sugar.n,H,O(s) (4.14)

where n, is the number of water molecules in the hydrated form. In this case, the solubility is

calculated using the following equation, where subscript 1 refers to water, 2 to the anhydrous sugar

and 3 to the hydrated form:

In(x2Y2)+nn ln(x171):

i (4.15)
={ 2hs + 258 Ty ek A0y In o +In 1 Yz(Tgl) +n, In 2 T1(T5n )]
R R T T R g 1+4n, 1+n,
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where ACp, =Cp,, +n,Cp,, —-Cp,,.

When solvent and solute have a similar nature, y, =1 and, therefore, the ideal solubility can be

obtained from the pure solute properties.

4.4.2 Model parameters

4.4.2.1 Sugars Physical Properties

For the solid-liquid equilibrium calculations, some physical properties of the pure sugar are needed,
namely, the melting temperature T, , enthalpy of fusion AH, and the difference between the heat

capacities of the pure solid and the liquid sugar. Table 4.4 presents some of the physical properties
reported by several authors. As can be seen, the discrepancies are quite large for some cases.

In general, in previous works (Peres, 1998; Spiliotis and Tassios, 2000), the values that best fitted the

experimental data were chosen. This strategy is also adopted in this work.

Table 4.4 Melting temperature and enthalpy of fusion values available in the literature.

Sugar AH; (J/mol) T, (K) Sugar AH, (J/mol) T, (K)
D-glucose 32 428° 423.15° Sucrose 41 076" 458.15°
32 248" 431.15" 40 391" 463.15"
56 946° 441.15"
D-fructose 32 428° 388.15" Maltose 396.15"
30 447" 400.15" monohydrate 45 400" 379.15"

26 030° 378.15a
D-xylose 42 028° 423.15° Lactose 75 306" 468.15%
31 650" 430.15" 487.15"
474.15°
D-galactose 50 444" 438.15" Cellobiose 54 768" 493.15"
43 778" 443.15" 495.15"
D-mannose 24 687" 407.15" Trehalose 48 048" 370.15"
dihydrate 368.15

a: Raemy and Schweizer (1983).; b: Roos (1993); ¢: Catté et al. (1994); d: Miller and Pablo (2000).

The values used in this work are shown on Table 4.5, together with the experimental or estimated
values adopted for AC, . For the monosaccharides, no experimental data is available for the liquid
heat capacity. In order to keep the predictive nature of the model, it was decided to set a single AC,,

common to all monosaccharides. This value was estimated using binary solubility data of D-glucose in
water measured in the temperature range between -12 to 90 °C. A value of 120 J/(mol K) was
obtained. Fortunately, some experimental data for the heat capacity difference of disaccharides are

69



Phase equilibria in sugar solutions with the A-UNIFAC model

available. Pablo and Miller (2000) have measured the heat capacity difference at the glass transition

temperature T, .

Table 4.5 Melting temperature T, , enthalpy of fusion AH, and heat capacity difference ACp used in this work to
describe the solid-liquid equilibrium with the A-UNIFAC model.

Sugars AH, (J/mol) T, (K) ACp (J mol1 K1)
D-glucose 32 248" 423.15° 120.0°
D-fructose 26 030° 378.15° 120.0°
D-xylose 31 650° 42315 120.0°

D-galactose 43 778" 438.15" 120.0°
D-mannose 24 687" 407.15" 120.0°

Sucrose 56 946° 458.15° 254" (73.4°C)

Lactose 75 306° 474.15" 239'(112.3°C)
Cellobiose 54 768° 495.15" 263'(108.1°C)

Maltose monohydrate 45 400" 379.15° 231'(100.6°C)
Trehalose dihydrate 48 048" 368.15" 241'(116.9°C)

a: Raemy and Schweizer (1983).; b: Roos (1993); ¢: Calté et al. (1994); d: Miller and Pablo (2000); e: estimated in this work; f: Miller and Pablo
(2000) the heat capacity difference is evaluated at the glass transition temperature T!'l (in parenthasis).

The model predictions for the sugar solubilities depend not only on the activity coefficient of the sugar

in the solution but, also, on the fugacity ratio f3s /fou that can be calculated using the pure sugar

sugar sugar
properties. The fugacity ratio, i.e., the ideal solubility of sugars can be calculated using equations 4.13
or 415, with y, =1. Figures 4.9 and 4.10 show the ideal solubilities predicted for the mono and

disaccharides, respectively, using the experimental pure solute properties presented on Table 4.5. In
these calculations, no temperature dependence was considered for the heat capacity difference for all
mono and disaccharides. As can be seen for the monosaccharides, the ideal solubility already predicts
the very different solubilities from the less soluble D-galactose to the more soluble D-fructose. The
monosaccharides D-xylose and D-glucose have solubilities with a similar order of magnitude. As these
solutions are very non-ideal, the sugars are actually more soluble than the ideal prediction, that is, the
sugar activity coefficients are expected to be lower than 1. However, the solid fugacity ratio already
orders and follows the relative positions observed for the experimental solubilities.
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Figure 4.9 Monosaccharides solubility in binary aqueous mixtures versus temperature. Experimental data: A O

(Jonsdottir et al., 2002);0 (Vasatko and Smelik, 1967; Abed ef al., 1992; Young et al., 1952),+ (Stephen and
Stephen, 1963; Young, 1957); Sugars |deal solubility: —A— ; =O0—; =0~ ; —+-.

For disaccharides, both sucrose and lactose present an ideal solubility lower than the experimental

one, which, again, indicates that y,,, <1. Thatis also observed for the hydrated forms of maltose

and trehalose. However, for cellobiose the prediction is quite different: the experimental solubilities are

lower than the predicted ideal solubility, which would mean that v g0 > 1-
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Figure 4.10 Disaccharides solubility in binary aqueous mixtures versus temperature. Experimental data: ®-+ (Jonsdottir
et al., 2002); A(Mullin, 1972); ®(Mullin, 1972; Young and Jones, 1949); ¢ (Mullin, 1972; Jonsdottir et al.,
2002; Stephen and Stephen, 1963); Sugars ideal solubility: —B—; —+—; A~ | —@—; —(—,

4.4.2.2 Residual Parameters

In chapter 3, the residual parameters between the groups H,0, OH, CH;OH and CH; were estimated

using VLE, LLE and y* of water, alcohols and alkanes (Tables 3.5 and 3.6).
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As an initial guess, a group decomposition of the molecules in the already existent groups was tested.
This resulted in large deviations from experimental data for the quantities to be reproduced. For this
reason three new main UNIFAC groups were defined to represent the sugar molecules. Due to the
fact that sugar molecules exist as furanose or pyranose rings, the UNIFAC groups definition proposed
by Catté et al. (1995) and Peres and Macedo (1997) and illustrated on Figure 4.6, was selected.
However, in this work, the four rings are considered part of the same sugar ring main group. The
sugar molecules are decomposed in the following groups: sugar ring (with subgroups PYR1, PYRZ,
FUR1 and FUR2), osidic bond (-O-) and ring hydroxyl group (OH;in,) (Table 4.6).

Table 4.6 Structural volume (R, ) and area ( Q, ) parameters for the new A-UNIFAC groups

Main Group Sub-groups R, Q,
PYR/FUR PYR1 24784 1.380
PYR2 2.7059 1.692
FUR1 1.8041 0.924
FUR2 2.0315 1.162
-0- -O- 0.2439 0.240
OHiing OHing 1.0000 1.200

As discussed before, sugars exist as an equilibrium of conformers in solution. It was decided to
represent them by the conformer in majority in water. The reducing sugars can also have different
conformations which result in three different possible group decompositions. Accordingly, for maltose,
lactose and cellobiose, the structure that better represented the data was selected. Table 4.7 presents

the molecules decomposition in the groups considered in this work.

Table 4.7 Molecules decomposition in the groups defined for the A-UNIFAC model.

PYR1T PYR2 FUR1 FUR2 -O- CH; CH: OH  CHiOH  OHing H0
0 1 0 5
1 1
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As can be seen, from the residual point of view only, this model does not distinguish between isomers.
For example, D-galactose, D-mannose and D-glucose are represented by the same groups. The
distinction is made from the association point of view, ie., they will have a different capacity to

hydrogen bond (a different v°"'), as will be discussed in the next section.

4.4.2.3 Association Parameters

In order to reduce the number of adjustable parameters, it was decided to use the same OH
associating group defined, already, for alcohols and water to model hydrogen bonding between
sugars, water and alcohols. As a result, no new volume and energy of association were estimated

from thermodynamic data of sugar mixtures.

As a first optimization approach, it was decided to set the number of associating groups of each sugar

equal to the number of OH groups that are not in axial position, i.e., v°" =Ny, (Table 4.3). First, the
residual parameters between the groups PYR/FUR,H,0 and OH,, H,O were estimated using

solubility, freezing point, boiling point, water activity data of binary D-glucose and D-fructose aqueous
mixtures. Satisfactory results were obtained in this optimization step with residual parameters:

ApyriFurio = ~157.87 @yo pyrirur = 16361 @y 004, = 161.00 oy, 10 = -183.9. As an example,

Figure 4.11 gives the results obtained for D-galactose, D-xylose and D-glucose solubilities.
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Figure 4.11 Sugar solubility in binary aqueous mixtures versus temperature. Experimental data: O A (Jénsdottir et al.,
2002); # (Stephen and Stephen, 1963; Young, 1957, Abed et al., 1992), — A-UNIFAC model correlation (D-
glucose) and prediction (D-galactose and D-xylose).

As previously mentioned (Chapter 3), it is advisable to use thermodynamic data in the infinite dilution
region of compositions to estimate the association parameters. Also, preferentially, the same type of
data should be available for a large number of monosaccharides. That is the case of osmotic
coefficients experimental data that can be found for D-glucose, D-galactose, D-mannose and D-xylose
in the range of compositions from 0.002 to 0.1 (mole fraction). The calculated A-UNIFAC parameters
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were used to predict the osmotic coefficients for several monosaccharides. The prediction results are
shown on Figure 4.12.

1.3

- 1.2 5ot

5 o8 L

(8] ;

£ 11 .o"" 0©°

8 P8’

.g 1.0 M‘s x D-galactose \OH _ 37

0 i ]

§ I' ) + D-glucose vH-46

0.9 © D-mannose \OH _ 33
& D-xylose vH=36
0.8 ) . : hac]
0.00 0.05 0.10 0.15 0.20

Sugar mole fraction

Figure 4.12 Osmotic coefficients prediction for binary aqueous sugar mixtures at 298 K. Experimental data: ¢ O x
(Miyajima et al., 1983a), A (Uedaira and Uedaira, 1969),— A-UNIFAC model predictions.

The difference in the capacity to hydrogen bonding seems to be overestimated. If one changes N,

value for D-galactose or D-mannose the results can be improved for the osmotic coefficient
predictions without significant changes in the solubility results. This, again, indicates the strong
influence of the association parameters in the more diluted region of the associating component.

The results obtained with this first approach were expected, since it is an approximation to consider
the same associating group for sugars. Also, the N,,, values constitute only an approximation for the

number of OH groups available in each sugar molecule to cross-associate with other molecules.

Finally, it was decided to estimate the v°"' parameter from the thermodynamic data in the more

diluted range of compositions for the sugar, using osmotic coefficients data.

4.4.3 New parameters for sugar/solvents

4.4.3.1 Database and optimization strategy

Peres (1998) has presented a very extensive database of thermodynamic data of sugar mixtures in
water, ethanol and methanol. In this work an updating is made since from 1998 up to now, new data
for sugar mixtures have been published. Moreover, the new data also includes other solvents, that is,
higher order alcohols like 1-propanol, 1-butanol (Moyé, 1972) and t-pentanol (Coulon et al., 1997).
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The experimental database used for the parameters optimization is presented on Tables 4.8, 4.9 and
4.10.

Table 4.8 Experimental database used in the optimization step: number of experimental points NP, range of temperature
T and range of compositions X.

Freezing Water activity Bailing Vapour
temperature temperature pressure
NP 38" 22° 11¢ 33¢
D-glucose
T(°C) -0.15-30 25 100-106 25-65
X(mol kg™) 1.4-13 1.2-7.2 0.26-9.9 0.66-14
NP 24° 33’ 199
Sucrose
T(°C) -0.03-4.5 25 100-119 n.a.
X(mol kg™") 0.01-2.0 0.20-5.9 0.17-26

n.a, not available; a Young (1957), Weast (1972); b Rilegg and Blanc (1981), ¢ Abderafi and Bounahmidi (1994); d Taylor and Rowlinson (1955);
e Young and Jones (1949), Weast (1972), Lerici ef al. (1983); f Chuang and Toledo (1976), Riegg and Blanc (1981), Lerici et al. (1983), g
Leschke (1987), Abderafi and Bounahmidi (1994).

Table 4.9 Experimental database used in the optimization step (continuation): osmotic coefficients data of several mono
and disaccharides.

D-glucose D-xylose D-galactose  D-mannose  Sucrose  Maltose
NP 54° 9° 18" 23° 110° 32
Osmotic
X(mol kg™') 0.34-10 0.56-3.5 0.1-3.5 0.1-6.0 0.15-57 0.1-3.0

a Bonner and Breazeale (1965), Stokes and Robinson (1966), Miyajima et al. (1983a); b Miyajima et al. (1983a); ¢ Robinson and Sinclair (1934)
Scalchard et al. (1938), Robinson ef al. (1942), Robinson and Stokes (1961); d Uedaira and Uedaira (1969), Miyajima ef al. (1983b).

Table 4.10 Experimental database used in the optimization step (conclusion): solubility data of sugars (D-glucose, D-
fructose and sucrose) in several solvents (water and alcohols).

Solvent Water Methanol 1-propanol and t-pentanol Mixed solvents
and ethanol 1-butanol (water{methano”

NP 19° 4b 21"

D-glucose
T(°C) -12-91 40-60 n.a. n.a. 40; 60
X(mol kg™ 50-85 0.44-6.6 0-100
NP 6° 7°

D-fructose T(°C) n.i. 25-60 n.a. 30-90 n.i.
X(mol kg™ 1.7-63 0.59-3.1
NP 46° 6" 6"

Sucrose

T(°C) -3-100 25-60 80-120 n.a. n.i.
X(mol kg™") 64-83 0.05-1.83 0.12-0.74

n.a. not available; n.i. not included, a Young (1957), Stephen and Stephen (1963), Mullin (1972), Abed ef al. (1992); b Peres (1998), ¢ Coulon et
al. (1997); d Chuang and Toledo (1976), Riegg and Blanc (1981), Lerici ef al. (1983); e Moyé (1972).
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The strategy to estimate the parameters presented on Tables 4.11 and 4.12 was the following:

First, the UNIFAC interaction parameters between the sugar groups (PYR/FUR and (OH),, ) and
H,O were estimated using freezing point, boiling point, osmotic coefficient, vapour pressure and
water activity data of binary D-glucose in aqueous mixtures, simultaneously with the vg'y, e
parameter. The number of hydroxyl groups determined is 2.60. Then, the heat capacity AC, of D-

glucose was adjusted to solubility data. This value (AC, =120 J/(mol K)) was set common to all

monosaccharides. The interaction between H,O/-O — was obtained simultaneously with vQil,.. .

using freezing point, boiling point, solubility, osmotic coefficient and water activity data of sucrose

aqueous mixtures.

The extension of this model to other mono (D-xylose, D-galactose and D-mannose) and disaccharides
(maltose) is made using the A-UNIFAC group parameters estimated above. The only additional
parameter that is needed is the number of OH groups v®". This parameter was estimated using
osmotic coefficients data in aqueous binary solutions for each monosaccharide (Table 4.9). In the

case of the monosaccharides (D-fructose) and disaccharides (lactose, trehalose, cellobiose), for which
there is no osmotic coefficients data available, it was decided to follow a simple rule: to set the v

value of D-fructose equal to vg"y,cse =2.60 and to set the v value of the disaccharides equal to

vol e =4.30.

sucrose

After this, the group interaction parameters between the sugar (PYR/FUR and OH;,g) and alcohols
groups (CH,, OH, CH,OH ) were estimated (Table 4.10).

The group interaction parameters obtained are given on Table 4.11. Due to the scarce experimental
data available, some interactions were set equal to zero. Table 4.12 shows the concentration of

associating group obtained for each sugar.

Table 4.11 Group interaction parameters (K).

PYR/FUR  -O- CH; OH  CH3;OH H,0  OHring

PYR/FUR 0.0 0.0° 0.0° 50.4  -33.8 -154.3 0.0
-0- 0.0° 0.0 0.0° 0.0° 0.0  -508.034 0.0°

CH; 0.0° 0.0 0.0 50.4° 122,7° 3805  -60.2
OH 387.4 0.0° 3874 00 1109° -127.3° 72.2
CH,0H -139.7 2058 -19.78" 60.2° 0.0 -167.6" 31.9
H,0 108.4 155.3 136.8° 70.7° 251.2° 0.0 87.8
OHring 0.0° 0.0° 7034 7151 6818  -1744 0.0

a: set equal zero; b: estimated, in chapter 3, using binary ye, VLE and LLE data of mixtures containing water, n-alcohols and n-alkanes.
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Table 4.12 Calculated number of associating groups for each sugar.

Sugar wOH
D-glucose 2.60
D-fructose 2.60

D-mannose 2.35
D-galactose 240
D-xylose 2.10
Sucrose 4.30
Lactose 4.30
Maltose 3.80
Trehalose 4.30

4.4.4 Results and Discussion

In the next sections the correlation results and predictions obtained with the A-UNIFAC model are
presented. For comparison, the results obtained with the P&M UNIFAC model are also shown.

4.4.4.1 Correlation Results

The correlation results obtained for binary aqueous solutions of D-glucose and sucrose are presented
on Table 4.13. For comparison, the average absolute deviations obtained, using the P&M UNIFAC
model, are also presented. For this model, some of the results for sucrose are predictions, as pointed
out on Table 4.13.

Table 4.13 Correlation and prediction (*) results for D-glucose and sucrose binary aqueous mixtures: number of
experimental points NP, range of temperature T; range of compositions X and average absolute deviations
AAD for the A-UNIFAC models (in bold) and P&M UNIFAC.

Water Osmotic Boiling Vapour Freezing Solubility
activity coefficients  temperature  pressure temperature
NP 220 54" 11° 33¢ 38° 19'
D-glucose
T(°C) 25 25-60 100-106 25-65 (-0.15)—(-30) (-12)-(91)
X(mol kg™") 1.2-7.2 0.34-10 0.26-9.9 0.66-14 1.4-13 49.81-84.90
AAD (%) 0.34; 0.4 1.2, 1.0 0.64; 0.5 0.41;0.54 34,13 2.0;0.72
NP 33 110" 19" 24° 46
Sucrose
T(°C) 25 25 100-119 n.a. (-0.03)-(-4.5) (-3)-(100)
X(mol kg™") 0.20-5.9 0.15-5.7 0.17-26 0.01-1.95 64.18-82.96
AAD (%) 0.53;0.7* 2057 0.80;0.56* 6.4; 3.8* 6.3; 1.3

n.a. not available; a Riiegg and Blanc (1981); b Bonner and Breazeale (1965), Stokes and Robinson (1966), Miyajima ef al. (1983a), ¢ Abderafi
and Bounahmidi (1994); d Taylor and Rowlinson (1955); e Young (1957), Weast (1972); f Young (1957), Stephen and Stephen (1963), Mullin
(1972), Abed et al. (1992); | Chuang and Toledo (1976), Riegg and Blanc (1981), Lerici ef al. (1983); m Robinson and Sinclair (1934) Scatchard
et al. (1938), Robinson ef al. (1942), Robinson and Stokes (1961); n Leschke (1987), Abderafi and Bounahmidi (1994); o Young and Jones
(1949), Weast (1972), Lerici ef al. (1983); p Young and Jones (1949), Stephen and Stephen (1963), Mullin (1972).
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As mentioned before, the extension of the model to other monosaccharides (e.g., D-galactose or D-

OH " using

mannose) is made by estimating one additional parameter: the number of OH groups v
osmotic coefficients data in aqueous binary solutions for each monosaccharide. The correlation results

are presented on Figure 4.13.
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Figure 4.13 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data: ¢ O x
(Miyajima et al., 1983a), — A-UNIFAC correlation.

The P&M UNIFAC model distinguishes between D-glucose and the two isomers, D-galactose and D-
mannose, by assuming that the latter two are represented by a furanosidic structure (group FUR1).
This was done although the three isomers are, predominantly, present in water as a pyranosidic ring
(Table 4.2). The D-galactose and D-mannose are represented by the same groups, ie., are
indistinguishable from this model point of view. Figure 4.14 shows the prediction results for the P&M
UNIFAC model.
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Figure 4.14 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data: ¢ O x
(Miyajima et al, 1983a); P&M UNIFAC model: --- D-glucose(correlation); — D-galactose and D-mannose
(prediction).

As can be seen the A-UNIFAC gives a more accurate representation of the osmotic coefficients data
in binary aqueous sugar solution. The extension of the model to the disaccharides in aqueous
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solutions is made by adjusting the corresponding v®" value. All the remaining UNIFAC parameters
were already determined. For maltose, it is possible to find a set of osmotic coefficients data. The
results obtained for maltose are shown on Figure 4.15. For comparison, the results for sucrose are

also presented.
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Figure 4.15 Osmotic coefficients data in binary aqueous sugar solutions at 298.15K. Experimental data: 2 (Scatchard et
al. 1938); # Uedaira and Uedaira (1969), Miyajima et al. (1983b). Models: — A-UNIFAC correlation; ---P&M

UNIFAC prediction.

The A-UNIFAC model is able to describe, qualitatively, the difference between maltose and sucrose
(AAD=1.0% and AAD=2.7%, respectively), which is not the case of the P&M UNIFAC model
(AAD=10% and AAD=5.7%). In the case of the remaining disaccharides, due to the scarce

experimental data available, their v®"' value was set equal to the one obtained for sucrose, ie.,

vl e =4.30.

sucrose

After presenting the results for aqueous solutions, the model correlations for sugars in alcohol solvents
will be shown. Very satisfactory results were obtained for binary mixtures of D-glucose (AAD=13.4%),
D-fructose (AAD=28.8%) and sucrose (AAD=11.2%) in alcohols. Figure 4.16 shows the correlation
results obtained for D-fructose in methanol, ethanol and t-pentanaol.
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Figure 4.16 D-fructose solubility in alcohols versus temperature. Experimental data: ¢ A (Peres, 1998); % (Coulon ef al.,
1997), — A-UNIFAC model correlation; --- P&M UNIFAC prediction.
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And, Figure 4.17 presents the correlation results obtained for sucrose in alcohol binary mixtures.
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Figure 4.17 Sucrose solubility in alcohols versus temperature. Experimental data: ¢ A (Peres, 1998); xO (Moye, 1972);
— A-UNIFAC model correlation.

The A-UNIFAC model correctly predicts the decrease in the solubility with the increase of the chain
length of alcohols. This is not the case of the P&M UNIFAC model. This model did not include in the
database alcohols higher than ethanol. And, to reduce the number of adjustable parameters, some
interactions were set equal to zero, namely, the interactions between the CH; group and all the other
groups. This explains the less accurate results obtained with this model that predicts that sucrose is

more soluble in 1-butanol than in 1-propanol (Figure 4.18).
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Figure 4.18 Sucrose solubility in 1-propanol and 1-butanol versus temperature. Experimental data: X A (Moye, 1972);
P&M UNIFAC prediction: -- 1-propanol; —1-butanol.

Finally, Figure 4.19 shows the A-UNIFAC correlation results for the solubilities of D-glucose in
water/methanol mixtures (AAD=4.08%) and the P&M UNIFAC model predictions (AAD=10.6%). Good
results are obtained with both models.
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Figure 4.19 Sugar solubility in water/methanol mixtures. Experimental data: €A (Peres, 1998); — A-UNIFAC
correlation; --- P&M UNIFAC prediction.

4.4.4.2 Predictions

In this section, the set of parameters estimated previously will be applied to the prediction of several
thermodynamic properties of binary and multicomponent sugar mixtures.

Aqueous systems

The thermodynamic information for D-fructose was not used to optimize the parameters. In the
absence of osmotic coefficients data, vp',q... Value was set equal to V', ..., - Good predictions are

obtained for the solubility, freezing point, boiling point and water activity for D-fructose aqueous

mixtures, as can be seen from Table 4.14.

Table 4.14 Correlation and prediction (*) results for D-fructose binary aqueous mixtures: number of experimental points
NP, range of temperature T; range of compositions X and average absolute deviations AAD for the A-

UNIFAC models (in bold) and P&M UNIFAC.

Water activity Boiling Freezing Solubility
temperature temperature
NP art 12 26° 20"
T(°C) 25 100-130 (-0.05)~-30) (-3.9)-(70)
X(mol kg™ 0.62-22 0.26-37 0.03-13 74-93
AAD (%) 0.56*; 0.6 1.5* 1.5 81 1.2 2.8%0.72

a Rilegg and Blanc (1981), Correa ef al. (1993), Lerici et al. (1983); b Abderafi and Bounahmidi (1994); ¢ Young e! al. (1952), Weast (1972), Lerici
el al. (1983); d Jackson et al. (1926), Young et al. (1952), Vasatko and Smellk (1967), Abed et al. (1992).

Satisfactory solubility predictions are, also, obtained for D-xylose and D-galactose, as shown on
Figure 4.20, with both models: A-UNIFAC and P&M UNIFAC.
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Figure 4.20 Solubility in water versus temperature. Experimental data: @ A (Jénsdéttir ef al., 2002); Model predictions: -
-- P&M UNIFAC; — A-UNIFAC.

For the disaccharides, it was decided to set their v°" value equal to the one obtained for sucrose, i.e.,

Vo ose =4.30, with the exception of D-maltose, for which there is enough available experimental

suUcrose
information. Good results were obtained for the prediction of water activity and vapour pressure of
aqueous solutions of lactose and, also, for the prediction of the freezing point of binary aqueous
mixtures containing maltose or lactose, as can be seen from Table 4.15.

Table 4.15 Prediction results for lactose and maltose binary aqueous mixtures: number of experimental points NP,
range of temperature T; range of compositions X and average absolute deviations AAD for the P&M
UNIFAC and A-UNIFAC models (in bold characters).

Lactose Maltose
NP 4°
Water activity
T(°C) 25°C n.a.
X(mol kg™ 0.03 - 0.25 mol kg™
AAD (%) 0.19;0.18;
NP 6°
Vapour pressure
el T(°C) 50a100°C n.a.
X(mol kg™ 1.27 - 6.33 mol kg™
AAD (%) 0.72; 0.89
NP 19¢ 22°
Freezing "
temperature T(°C) -0.02a-1.03°C -0.03a-5.35°C
X(mol kg™") 0.01 - 1.56 mol kg™ 0.01 - 2.30mol kg™
AAD (%) 7.0, 3.7 6.5; 5.2

n.a. not available; a Lerici et al. (1983); b Uedaira and Uedaira (1969), Miyajima el al. (1983b); ¢ Hudson (1908); d Hudson (1908), Weast (1972);
e Weast (1972).

What about the solubilities of the disaccharides? As discussed before, the model predictions for the
sugar solubilities are limited by a good estimation of the heat of fusion, melting point and heat capacity
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difference of the sugars. For the disaccharides, the results are presented on Figure 4.21. For sucrose,
lactose and trehalose monohydrate, good predictions are obtained with absolute average deviations of
6.3%, 5.8% and 8%, respectively. For the maltose monohydrated, fair predictions are achieved with

AAD = 18%.
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Figure 4.21 Disaccharides solubility in water versus temperature. Experimental data: A (Jénsdéttir et al., 2002); ¢
(Mullin, 1972); ®(Mullin, 1972; Young and Jones, 1949); m (Mullin, 1972; Jonsdottir et al., 2002; Stephen and
Stephen, 1963);—A-UNIFAC model.

However, for cellobiose, the model largely overpredicts its solubility in water with AAD = 266 %. As
discussed previously, the calculated ideal solubility is already larger than the experimental data. The
accurate determination of the melting enthalpy of disaccharides can be quite difficult since these
compounds decompose easily before melting. For comparison purposes, Figure 4.22 presents the

solubility prediction using experimental AH!. =54768J/mol and, also, the curve obtained by

celloblose

adjusting the melting enthalpy ( AHL,,.i:e = 80500J/mol ).
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Figure 4.22 Cellobiose solubility in water versus temperature. Experimental data: # (Jonsdottir et al., 2002); — A-
UNIFAC model prediction; -- A-UNIFAC model correlation.
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Finally, Table 4.16 gives the results for the solubilities of D-glucose, D-fructose and sucrose in mixed
solvents compared with the P&M UNIFAC predictions. In general, good results are obtained with both
models. The A-UNIFAC model gives more accurate predictions, especially for the sucrose solubility in
the various mixed solvents and, also, for the prediction of the solubility of D-fructose in the methanol
richer region of compositions.

Table 4.16 Correlation (*) and prediction results for D-glucose, D-fructose and sucrose in mixed solvents (NP: number of
experimental points; AAD: average absolute deviations for the P&M UNIFAC and A-UNIFAC models (in bold

characters)).

D-glucose D-fructose Sucrose

NP 18 29 29
Water/Ethanol AAD (%) 10.1; 3.8 114173 8.81; 27.7
T(°C) 40; 60 25; 40; 60 25; 40; 60

NP 20 29 29
Water/Methanol AAD (%) 4.08%;10.6 4.58; 124 6.30;48.0
T(°C) 40; 60 25; 40; 60 25; 40; 60

NP 21 32 3N
Ethanol/Methanol AAD (%) 15.8;28.1 26.6; 50.3 11.3,55.3

T(°C) 40; 60 25; 40; 60 25; 40; 60

*correlation results, the remaining are predictions.

Figure 4.23 shows the predictions obtained for sucrose in water/methanol water/ethanol mixtures
using the A-UNIFAC model. For comparison, the P&M UNIFAC model predictions are also presented.
Both models correctly predict the sugars solubility decrease with the addition of methanol or ethanol to

aqueous mixtures.
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Figure 4.23 Sucrose solubility in water/methanol and water/ethanol mixtures. Experimental data: ¢ A x (Peres, 1998);
— A-UNIFAC model; --- P&M UNIFAC model.
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Figure 4.24 presents the predictions for D-fructose and sucrose solubility in mixed solvents of ethanol
and methanol. For D-fructose, the A-UNIFAC model behaves better in the methanol richer range of
compositions. For sucrose solubility, the A-UNIFAC model is able to correctly predict its solubility in
the ethanol and methanol mixtures, which is not the case of the P&M UNIFAC model that predicts,
wrongly, a solubility enhancement effect by adding methanol to ethanol.
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Figure 4.24 Sugar solubility in ethanol/methanol mixtures. Experimental data: A x (Peres, 1998); — A-UNIFAC
model; --- P&M UNIFAC model.

4.4.4.3 Predictions for sugar industrial systems

In this section some predictions are made for sugar industrial mixtures using the group-contribution
approach A-UNIFAC model.

The addition of small alcohols to concentrated D-fructose syrups decreases its high solubility in water
and the viscosity of those solutions, facilitating the crystallization of D-fructose (Flood et al., 1996).
Both models can predict decreasing solubility of the monosaccharide, by addition of the small
alcohols, as shown on Figure 4.25. The A-UNIFAC model predicts more accurately the solubility of D-
fructose in methanol, which improves the results in that region of compositions.
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Figure 4.25 D-fructose solubility in water/ethanol and water/methanol mixtures. Experimental data: ¢ A x (Peres,
1998); — A-UNIFAC model; -—- P&M UNIFAC model.
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Gabas et al. (1988) have measured the solubilities of D-xylose and D-mannose in water/ethanol
mixtures at 25°C. The purpose of their work was to analyze the feasibility of selectively precipitate D-
xylose from an aqueous plant extract containing also D-mannose, by adding ethanol. Figure 4.26
gives the A-UNIFAC and P&M UNIFAC model predictions for the solubilities of both monosaccharides
in ethanol/water mixtures. As can be seen, both models are able to predict the decrease of solubility

with the addition of the co-solvent ethanol.
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Figure 4.26 Sugar solubility in ethanol/water mixtures at 25°C. Experimental data: ¢ A (Gabas et al., 1988); — A-
UNIFAC model prediction; -—-P&M UNIFAC model.

Later, Gabas and Laguérie (1990) have measured the solid-liquid equilibria of ternary systems
containing D-mannose and D-xylose in aqueous solutions at 25 °C and 35 °C. Again, good predictions
are obtained for these two monosaccharides, as shown on Figure 4.27.
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Figure 4.27 Solid-liquid equilibria of D-xylose/D-mannose/water at 25°C and 35°C: 4 experimental data (Gabas and
Laguérie, 1990); — A-UNIFAC model; ---P&M UNIFAC model.
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A good description of the SLE and VLE of aqueous mixtures containing high sugar content is very
important to understand the behaviour of industrial multicomponent systems, e.g., fruit juices
concentrates and honey. After this, some predictions will be made for systems with compositions
similar to those food products. Fruit juices are composed, mainly, by D-fructose, D-glucose and
sucrose in various proportions depending on the fruit. Abed et al. (1992) have studied the effects of D-
glucose or D-fructose on the solubility of sucrose. Solid-liquid equilibria measurements were made for
the ternary systems water-D-glucose-sucrose and water-D-fructose-sucrose, at 70°C. The prediction
results of the A-UNIFAC model are compared to the experimental data on Figure 4.28.
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Figure 4.28 Solid liquid equilibria of (a) D-glucose/sucrose/water and (b) D-fructose/sucrose/water at 70°C: 4
experimental (Abed et al., 1992); — A-UNIFAC model; -~ P&M UNIFAC model.

Abderafi and Bounahmidi (1994) measured the vapour-liquid equilibria of several ternary and
quaternary aqueous mixtures of D-glucose, D-fructose and sucrose. Figure 4.29 shows the A-UNIFAC

predictions for the normal boiling point of a quaternary mixture of those three sugars in water.
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Figure 4.29 Normal boiling point of quaternary aqueous solutions of D-glucose, D-fructose and sucrose: ¢ Experimental
data (Abderafi and Bounahmidi, 1994); — A-UNIFAC prediction --- P&M UNIFAC prediction.
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Phase equilibria in sugar solutions with the A-UNIFAC model

Another important property is the water activity of food products. Figure 4.30 presents the predictions
for the water activities in binary mixtures of D-fructose-water and sucrose-water. Additionally, the
predicted water activity for an apple juice (containing 14.8 wt% of D-glucose, 62.4 wt% of D-fructose
and 22.7wt% of sucrose) is also shown.
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Figure 4.30 Water activity of solutions containing D-fructose or sucrose and for an apple juice at 25°C. Experimental
data: & +(Correa et al., 1981); ® (Fontan et al., 1981); — A-UNIFAC model prediction.

Riegg and Blanc (1981) have measured the water activity of several aqueous solutions with a
composition similar to natural honey, i.e., 48% D-fructose, 40% D-glucose, 10% maltose and 2%
sucrose. The water content changes from 16 to 28% (w/w). The A-UNIFAC model is able to correctly
predict the water activity of synthetic honey, as shown on Figure 4.31.
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Figure 4.31 Water activity in synthetic honey at 25°C: Experimental data: ¢ (Riegg and Blanc, 1981); — A-UNIFAC
model prediction; --- P&M UNIFAC model prediction.

4.5 Conclusions

A modified UNIFAC (A-UNIFAC) model that accounts explicitly for association effects was
successfully applied to mixtures of sugars with water and alcohols (from methanol to t-pentanol).
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Three new residual groups were defined: the sugar ring group representing the furanose and
pyranose rings, the hydroxyl group representing the OH ring substituents and the group that
represents the osidic bond between monosaccharide units. From the association point of view, the
same hydroxyl group, already defined for water and alcohols, is used. Each sugar has a different
concentration of that associating group that is adjusted to the available data in the sugar more diluted
range of compositions, i.e., osmotic coefficients data. This allows the model to distinguish between
sterecisomers (e.g. D-galactose, D-glucose and D-mannose). Good correlation results for osmotic
coefficients, water activity, boiling and freezing temperatures, solubility and binary data of mixtures of
water and a sugar (D-glucose or sucrose) are obtained. Satisfactory results are also achieved in the
correlation of binary systems of sucrose, D-fructose and D-glucose in alcohols (from methanol to t-

butanol) and ternary systems containing of D-glucose in water-methanol ternary systems.

Successful results were obtained in the prediction of monosaccharides (D-galactose, D-xylose, D-
fructose) and disaccharides (sucrose, lactose, maltose and trehalose) solubility in water, and, also, in
the prediction of water activity, boiling and freezing point temperature of aqueous solutions containing
lactose and maltose. For cellobiose, the solubility results are very poor. They were improved by

adjusting the correspondent fusion enthalpy.

Finally, the model was successfully applied to multicomponent mixtures of industrial interest. Good
results were obtained for the prediction of the solid-liquid equilibria of mixtures containing D-xylose
and D-mannose in water and in mixed solvents of water/ethanol. The model was also able to correctly
describe the solid-liquid equilibrium and vapour-liquid equilibrium of mixtures containing D-fructose, D-
glucose and sucrose in water. The prediction of the water activity of a synthetic honey and of synthetic

juices is very satisfactory.
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9. Equations of state for polar and associating

mixtures — a general overview

5.1 Introduction

In this chapter, a review on phase equilibria for associating mixtures using equations of state is
presented. This methodology allows the use of one thermodynamic model to evaluate the fugacities in

all phases. For a binary mixture the isofugacity condition for component i between phases o and

can be written:
zohr =zPoP i=12 (5.1)

where z, and J:l are the mole fraction and the fugacity coefficient of component i in a given phase,

respectively. This homogeneous approach allows the same model to be used at all ranges of densities
up to the critical point, with no need of specifying a reference state.

The more traditional models are the cubic equations of state (EoS), like the van der Waals EoS, Peng-
Robinson EoS (Peng and Robinson, 1976) or Soave-Redlich-Kwong EoS (Soave, 1972), among
others. These equations can be described by the general expression:

nRT n*a(T)

P . (5.2)
(V-nb) V? +unbV +wn?b?

where P is the total pressure of the system, n is the total number of moles, V is the volume and u

and w are integer constants that depend on the EoS chosen (Table 5.1). The first term accounts for
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Equations of state for polar and associating mixtures — a general overview

repulsion due to the fact that molecules occupy a finite volume given by co-volume b. The second
term quantifies the attractive interactions through the energy parameter a. These models differ not
only on their functional form, but also on the way the a and b parameters are calculated for pure

components.

Table 5.1 Integer constants (u and w ) for cubic equations of state

EoS u w

van der Waals 0 0
SRK 1 0

Peng and Robinson 2 -1

The one fluid van der Waals concept allows the extension of these models to mixtures. It considers
that the properties of a fluid mixture with composition z, at temperature T and pressure P,
correspond to those of a hypothetical fluid at the same T and P. The a and b parameters of this
hypothetical fluid are a function of the mixture composition given through the use of mixing rules. Their
functional definition has a major influence on the phase equilibria description.

The van der Waals one fluid mixing rules usually behave well for simple mixtures of non-polar or
slightly polar components with similar size and chemical nature (Han et al., 1988). They can be written

as follows:

a=) ¥ z.za (5.3)
i

]
b= ZZZJZPu (5.4)
I

The “interaction” parameters a; and b; are usually determined from pure component properties using

the combining rules:

a, = (aa,)"*(1-k,) (5.5)
b, +b
bu=[ ”}(1— ) (5.6)
2
In general |, is set equal to zero and the mixing rule given by Equation 5.4 becomes linear

(b=)"zb,)and the classical one parameter mixing rules are obtained.

The use of quadratic mixing rules implies a quasi-regular behaviour of the mixtures. The application of
these models to more complex mixtures, i.e., asymmetric mixtures with polar components or with
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strong and well-oriented interactions, like hydrogen bonding, usually requires the use of more
elaborated mixing and combining rules containing interaction parameters that are, in many cases,
temperature or composition dependent (Adachi and Sugie, 1986; Kwak and Mansoori, 1986;
Panagiotopoulos and Reid, 1986, Sandoval et al., 1989).

From this starting point, many modifications have been proposed in the literature to improve the
description of highly complex mixtures. The most common include the introduction of more flexible
mixing rules (section 5.2) or the modification of the equation of state in order to explicitly account for

association effects (section 5.3).

5.2 Mixing rules from activity coefficient models

Some strategies have been proposed to relate the local composition concept to equations of state.
Section 5.2.1 presents some examples derived from the Huron and Vidal methodology (Huron and
Vidal, 1979) and section 5.2.2 presents another strategy, proposed by Mollerup (1981) that results in

density dependent mixing rules.

5.2.1 Huron and Vidal methodology

Huron and Vidal (1979) first proposed the possibility of incorporating excess Gibbs energy models,

derived for highly non-ideal liquid mixtures (G models), into the mixing rules for the attractive term of

a cubic equation of state.

The excess Gibbs energy originated from the equation of state (Gg, ) can be matched to the Gf

models for liquid solutions at a given pressureP':

Gt (T.P.2,) = GE(T,2) (5.7)

The G'f function is related to the fugacity coefficient of the mixture ¢ and to fugacity coefficient of
pure component i (¢,) at T and P of the mixture, through the classical thermodynamics equation

(Prausnitz, 1999):

E

ﬁ='"¢‘Zzi Ing, (5.8)

The large number of possible combinations between the various liquid activity coefficients models and
cubic EoS, at a given pressure, resulted in several new models. Some will be described next.
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The original proposal of Huron and Vidal (HV) was to match both Gibbs excess energies at infinite
pressure, for which the free volume between molecules will tend to zero (v - b; v, - b,). This

infinite pressure condition determines the use of the linear mixing rule for the co-volume, so that Gf,¢

reaches a finite value. These assumptions lead to the final expression of the HV mixing rules:

NG 1 Gt
Oy = gz‘an ~ HR—} (5.9)

where the summation is extended to NC components, o = a/bRT and Q is a constant that depends

on the cubic equation of state used.

The main disadvantage of this mixing rule is the fact that the match at infinite pressure does not

recommend the use of the Gf parameter tables published at low pressures (Gupté and Daubert,

1986).

To overcome this, and to be able to use the extensive parameter tables available for some Gf models
(e.g. UNIFAC, UNIQUAC), Mollerup (1986) suggested the zero-pressure match between Gg,; and

Gf functions. This approach was successfully used by Michelsen (1990a, b) and Heidemann and

Kokal (1990), leading to density independent mixing rules.

Michelsen (1990b) proposed the modified Huron-Vidal first order (MHV1) for which good results are

obtained, though some accuracy is lost in the low temperature range.

NG 1|GF Xc b
. 1(68 inl 2 5.10
O e ;z‘a" i3 q, [RT +§Zl n[bn ]:l | |

In order to improve the results in that temperature range and, at the same time, not loose accuracy

relatively to the Gf model, a second order approximation was suggested. The resulting modified

Huron-Vidal second order (MHV2) mixing rule is an implicit expression in a (Michelsen, 1990b):

NC NC GE NC b
q,(am, = ZZ.a.sz(ufm, - ZZ.aﬁ} =——+) zn — (5.11)
i=1 ; i=1 RT =1 bn

Holderbaum and Gmehling (1991) developed the PSRK mixing rule which is similar to the MHV1
mixing rule with a few minor differences: it assumes a pressure reference state equal to 1 atm and a

different constant value for the packing factor (Upgs =1.1) instead of u,,,,, =1 used for the MHV1
mixing rule. The packing factor is defined as the ratio between the molar volume and the co-volume

(u=v/b=v,/b)).
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All the above mentioned mixing rules include the classical linear mixing rule for b, which is
inconsistent with the low density boundary condition limit that predicts a quadratic dependence of the

second virial coefficient with composition:

B= ZZZ-Z: y Zszz,[b—i) (5.12)
Y RT ij

Wong and Sandler (1992) proposed a new set of mixing rules that could satisfy this low boundary
condition by using the excess Helmholtz energy of mixing ( A ) instead of the excess Gibbs energy of

mixing. The fact that AF is a weak function of pressure allowed the authors to consider the following
equalities, for a mixture with composition X at temperature T, assuming that P * is a low pressure:

A5 (T,P = «,X) =~ AF(T,P*,X) = GF(T,P*,X) - P * VE(T,P* X) ~ GF(T,P* X) (5.13)

This resulted in the following mixing rules:

E

sziau

= QRT

NC NC
4 Ll b e 5.14

AN =
Dint = GE ¢

T Zo
QRT %=

Similarly to the MHV1 and MHV2 models, the W&S mixing rules can use interaction parameters
previously estimated for a given activity coefficient model (e.g. UNIFAC model).

Fischer and Gmehling (1996) compared the different assumptions used to derive the mixing rules,

namely, the pressure reference state, the packing factor u, the expression for the excess volume v©

and the expression obtained for Af,; (Table 5.2).

Table 5,2 Comparison between the different GE / EoS mixing rules

Mixing rules Reference Packaging E E
Pressure factor u ¥ Atos
HV @ 1 0 GE
v

MHV1 0 1.235 0 GE + RTZ X; In(b !!bi)
|

MHV2 0 I’{afb,a..‘bd) 0 G$ + RTZ % ln(bfbi )
[

PSRK 1 atm 1.1 0 Gs +Rszi|n(bfb|)
|

WA&S o 1 +0 GE

¥
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All the above-mentioned models were successfully applied to multi-component polar mixtures up to
200 bar. For the systems containing gases (carbon dioxide, hydrogen, etc.), new interaction

parameters between those light components and the groups defined in the corresponding G: model

were determined. In most cases, temperature dependent interaction parameters were introduced. For
example, the PSRK model uses the following temperature dependency (Fischer and Gmehling, 1996):

2
aym +bam T +Com T J (5.15)

Tom = exp{— T

However, all these EoS present some failures when they are extended to mixtures containing
asymmetric components. To overcome this, Boukovalas et al. (1994) proposed an empirical
modification by formulating a linear combination of a zero-pressure reference pressure model (MHV1)
and an infinite-pressure reference model, i.e., the Linear Combination Vidal Michelsen mixing rule
(LCVM). With this model satisfactory results were obtained for asymmetric systems.

Kontogeorgios and Vlamos (2000) proposed a different approach: instead of equating the total excess
Gibbs energies, these authors suggested that there should be an equality between the separate
contributions from the EoS (attractive and repulsive) and the correspondent activity coefficient model

terms (residual and combinatorial) at zero pressure:

(G EOS )rep = (GE )cornb
(5.16)

(G Eos )ett - (GE ),.,5

By analyzing the general form for the G* /EoS mixing rule, it is possible to conclude that the repulsive
term generated from the EoS does not cancel out with the combinatorial term from the G} model.

This difference will be erroneously incorporated into the energy parameter. This problem is especially
relevant for highly asymmetric systems. The more empirical approach represented by the LCVM
model results in a smaller difference between the repulsive and combinatorial terms, which explains

the better predictions for these type of systems.

In order to improve the correlation for these mixtures, Chen et al. (2002) applied this new modified

mixing rule for the « parameter of the PSRK model:

E

& 1G
Oy = 0 Zj0y + ——— (5.17)
i g P A RT

The b parameter mixing rule was also modified. As an alternative to the linear mixing rule, a non-

linear combination rule is used:
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Y4 4 Y
bij% =[——b‘I +b, 4} (5.18)

2

Chen et al. (2002) concluded that a significant improvement is obtained for athermal mixtures using
the new mixing rule for the o parameter. The improvement is better if the new combination rule for the

b parameter is applied (e.g. for the VLE of the system ethane/n-eicosane in the temperature range

from 270 to 450 K, the average relative deviation for pressure decreased from 30% to 7%).

5.2.2 Density dependent mixing rules - The group-contribution equation of state

Besides Huron and Vidal (1979), Mollerup (1981) also suggested that the non-randomness can be
taken into account in the mixing rules for the attractive term. Mollerup developed a different strategy to
combine a cubic EoS with an activity coefficient model through the use of density dependent mixing
rules. The resulting models respect the low density boundary condition limit. The group-contribution
equation of state (GC-EoS) results from the application of this methodology.

The GC-EoS was initially proposed by Skjold-Jorgensen (1984). The free volume molecular term

(A"/RT)mp includes the Carnahan-Starling expression for hard spheres and the attractive term

(A®/RT),, is an NRTL type equation:

AR R R
GRERE
TV rep atl

The attractive term is similar to the van der Waals expression for the attractive term combined with a
group version of an NRTL (Renon and Prausnitz, 1968) type equation. The interactions occur through

the functional groups surfaces:

NG
2 3 f kz;oququui
(ATIRT) e =~ > M) = (5.20)
2RTV 5 ZGiTu
1=1

where

n, = Zn,v" (5.21)
i

g= ) ngq, (5.22)
|
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nq,

9'= ——
q

(5.23)

The surface area q; and the dispersive energy g, are the pure group parameters. The attractive
energy parameter g, quantifies the attractive interactions between the segment groups j and k with
the correspondent asymmetrical random parameter « - In the above expressions n, is the total
number of moles of group j; q is the total number of surface segments; 0, is the surface fraction of
group j, u'j is the number of groups of type j in molecule i; Z is the number of nearest neighbours
to any segment (set equal to 10). For a random mixture, ay =0, and the classical mixing rule for the

attractive term is obtained. The density dependent local compositions term is calculated using the

following expression:

o (ij = Ok )uEi an
a =exp—m — .
=R TT RV

The attractive energy g; is calculated from the energy between like-group segments through the

following combination rule:
gy =ky (9,9 i (5.25)

where the binary interaction parameter k; is symmetrical (k; = k; ). Both, the attractive energy between
like segments and the binary interaction parameter are temperature dependent:

gj =9 [1 + g'jl (T/T; = 1)+ g, ln(T/T,'JJ (5.26)
ki = ki {1+ky In2T AT + 7))} (5.27)
where Tl' is an arbitrary, but fixed reference temperature for group j, g;. g'ﬂ and g;j are pure-group
energy parameters and k; and k; are binary group interaction parameters.

The free volume contribution is represented by the extended Carnahan-Starling equation for mixtures
of hard spheres developed by Mansoori and Leland (1972) and it is a function of the hard spheres
diameter per mol of component i (d,).

)

(A®/RT),, = 3(% (Y =1)+ {FJ(YZ ~Y-InY)+ninY (5.28)
3 3
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Y:=i(1 5V ) (5.29)
NC (5.30)
M =D nidf
=1

where n is the total number of moles, n, is the number of moles of component i, V is the total
volume and NC is the number of components. The temperature dependence of the diameter d, is

given by:
d; =1.066d [1 - 0.12exp(-2T !3T)] (5.31)

The critical diameter d, is the hard spheres diameter value at the critical temperature of pure
component i, T,. This value is usually calculated using an arbitrary vapour pressure point for a given

component.

5.3 Equations of state that include association

As mentioned before (Chapter 2) association is usually described by one of three theories: the
chemical theory, the quasi-chemical theory and the physical theory. In the next sections, some

examples concerning the introduction of these theories into equations of state will be given.

This methodology was applied not only to the empirical cubic equations of state but also to more
sophisticated EoS with a theoretical basis, as for example:

(a) the perturbed anisotropic chain theory — PACT (Vilmachand and Donohue, 1985) coupled with

the chemical theory;

(b) the statistical associating fluid theory — SAFT (Chapman et al., 1990; Huang and Radosz,
1990), which is based on the first order perturbation theory developed by Wertheim;

(c) the Sanchez Lacombe EoS (Sanchez and Lacombe, 1976), which uses the quasi-chemical

approach.

5.3.1 Equations of state that include the chemical theory

In this approach the “physical’ type interactions are quantified through an equation of state. The

equilibrium constant of a chemical reaction can be written in terms of fugacity coefficients:
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_ Zis by latm (5.32)

R 22y ‘i’i‘iﬁ P

i+1

Heidemann and Prausnitz (1976) developed a method to implement the chemical theory into an
equation of state. The chemical equilibria equations are solved analytically, whenever possible, and
the result is incorporated into a given equation of state. First, a reaction scheme is defined and, then,
the combination rules that relate the oligomer parameters to the ones from the monomer are set. This
method is exemplified for a general cubic equation of state (Equation 5.2). For the oligomers, the

following combination rules are usually assumed:

b, = ib, (5.33)
a, =i’a, (5.34)

Considering the monomer-dimer reaction scheme:

N, +N, <N, (5.35)
The material balance results in the following equations:

- lTE2D e (5.36)

Z,+2,=1 (5.37)

where n, is the number of moles before association and n; is the true number of moles (after

association). Assuming the classical quadratic mixing rules, it is possible to write the mixture a and b

parameters, as a function of the association extent n, /n; :

2

b = [-i]b, (5.39)

Replacing equations (5.38) and (5.39) into a cubic equation of state (equation 5.2), it is possible to

write it in terms of the association extent and of the monomer parameters a, and b, (Twu et al,

1993):

L O 8 (5.40)
n, (v—=by) v? +ub,v+wb?
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where v = V/n_ . The association extent can be evaluated using the fugacity coefficients relation:

T 2
1 2

The fugacity coefficients are calculated using the cubic EoS, through the classical thermodynamics
relation (Prausnitz, 1999):

RTIng, = [ﬁ it dVv—RTIn[ﬂ) (5.42)
o im,  V nRT

A\l

Solving the material balances, it is possible to obtain the following expressions:

n 2(KRTpe? - 1)
o 4KRTpe® —1- 1+ 8KRTpe? (5.43)
g(n) =-In(1-n)

where the molar density is p=n,/V and the reduced density is n=n.b,/V. The association

contribution to the compressibility factor can be obtained by relating it to the association extent n; /n, :

Z= nP;T = 4 Z%880C , ZPhys (5.44)
(4]
zowe Ty (5.45)
n

If the same procedure is adopted for the infinite equilibria model, the extent of association is now given

by:

Lo = 2
Mo 1+4(1+4KRTpe®) (5.46)
g(n) = -In(1-n)

Numerous association equations of state have been proposed from this methodology. They differ on
the non-specific terms (repulsive and attractive) chosen and also on the type of mixing and

combination rules assumed.

Table 5.3 shows some of the models in terms of their density functionality and the family of

components studied.
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Table 5.3 Association equations developed from the Heideman and Prausnitz approach.

EoS gln) Systems studied
41 - 3n?

Cs-vDw* (1-nF amphoteric+ inert

APACT" 0 amphoteric+ inert

amphoteric+ Lewis acid or base
ABPACT® 0 amphoteric+ amphoteric
Lewis acid + Lewis base

4n-3n2 amphoteric+ Lewis acid or base
APACT-2* 2 (1-np amphoteric+ amphoteric
Lewis acid + Lewis base
AESD-EoS* ~In(1-1.99) amphoteric+ inert
RK-EoS' ~In(1-7) pure amphoteric

"Heidemann and Prausnitz (1976); Ylkonomou and Donohue (1986 and 1988); “Economou et al. (1990); *Economou and Donohue (1991); “Elliott
et al. (1990); Suresh and Elliott (1991); 'Twu ef al, (1993).

These models have been applied to mixtures containing at most two associating components. The
extension of this type of approach to binary mixtures that cross-associate results in analytical

expressions for the fraction of non-bonded sites in the following cases:

« monomers from different components (ex: acetone and chloroform, i.e., bases and acids of

Lewis);
« oligomer (ex: alcohol) + monomer (ex: acetone or chloroform).

For mixtures containing two amphoteric species, it is only possible to obtain a numerical solution,
which results in high computational times. For this reason, some approximate results were presented

« only linear oligomers are formed;

« the equilibrium constants depend only on the monomers involved.

Ikonomou et al. (1988) used an approximate solution for the association perturbed anisotropic chain
theory APACT to describe vapour-liquid equilibria for binary mixtures of alcohols and water by
adjusting a binary interaction parameter. In this version, the cross-association between an amphoteric
component like an alcohol and a Lewis base like acetone was not considered. This system could not
be accurately modelled not even considering high interaction parameters. As a consequence,

101



Equations of state for polar and associating mixtures — a general overview

Economou et al. (1990) have extended the model to systems containing amphoteric molecules and
acid or bases of Lewis. This version is called “acid base associated perturbed anisotropic chain
theory" - ABPACT. The APACT-2 model (Economou and Donohue, 1991) assumes different

combination rules relatively to the APACT model, resulting in different g functions.

Elliot et al. (1990) presented a semi-empirical cubic equation for non-spherical molecules (AESD-E0S)
that includes an association term based on the chemical theory. This model was applied to low
pressure self-associating systems (alcohol + alkane or aromatic; acid + aromatic). Later, Suresh and
Elliot (1991) have extended the model to a wider range of pressures and to mixtures containing at

most two associating components using some of the approximations developed for the APACT model.

An empirical model was specially developed to represent the properties of pure carboxylic acids (Twu
et al., 1993), which incorporates the chemical theory into a cubic equation of state.

5.3.2 Equations of state that include a physical theory

The first order perturbation theory provides simple expressions for the residual Helmholtz energy of

association A®*° and for the association contribution to the compressibility factor Z**°° . These
partial terms can be added to the remaining non-specific terms, thus obtaining the global residual
Helmholtz energy and the compressibility factor of the mixture. One of the most successful models
presented in the literature is the Statistical Associating Fluid Theory, which has a strong theoretical
basis. For comparison, a semi empirical model that combines the TPT1 theory with a cubic equation of

state is also presented.

5.3.2.1 The Statistical Associating Fluid Theory — SAFT equation

Chapman et al. (1990) developed a theoretical equation of state for non-spherical molecules that
includes on the reference fluid the shape and association effects. Other less important intermolecular
effects are included through a mean field perturbation term. Figure 5.1 shows the construction model

of a molecule according to the SAFT methodology.

O
00°° .
o ©
" O OmO=O)

Figure 5.1 Molecules model according to the SAFT equation: rigid spheres fluid — chain formation — associated
complexes formation.
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The general expression, for pure components, for the residual Helmholtz energy per mol of molecules,

is given by:

a'™® = g% 4y g®in 4 gteee (5.47)

The residual energy of the m not associated segments, a**, can be expressed as:

a**9 =ma®*d = mlal +ade" | (5.48)
where aj™ and ajy* are the dispersive and hard-spheres terms of the residual energy of Helmholtz,
per mol of segments, for the non-associated spherical segments, respectively. The dispersive term

ag™ is given by the square well potential depth u. The universal constants D; were fitted by Chen

and Kreglewsky (1977) to thermodynamic data of argon.

adish u Y n |
0 Bl | | =t 5.49
RT Z.:; "[RT][O.'M} (5:49)

ay® is calculated using the expression from Carnahan and Starling (1969):

a,” 4n-3n?

.50
RT  (1-n)? I

The chain formation energy (a®") is based on the association fluid theory by establishing that a

covalent bond corresponds to an association bond with infinite energy:

g chain B 1) 1__y2n
B =(1 m)ln[ﬁ_n)a‘} (5.51)

The association term a®*° is given by the first order perturbation theory as defined by equations
2.24 10 2.32.

For the extension of SAFT-EoS to mixtures, two types of mixing rules were used for the attractive term
(Huang and Radosz, 1991): the classical van der Waals one fluid mixing rules and the volume fraction

f, mixing rules (equation 5.52).
u uj .
— = ff|— 5.52
T = 22 '(kT] B5e)

This model was successfully applied to several mixtures containing one self-associating component
plus an inert, in a wide range of pressures. Later, Wolbach and Sandler (1998) have extended the
model to binary cross-associating mixtures containing two associating components (acids, alcohols or
water) and one self-associating component (water or methanol) and a cross-associating component

(acetone or diethyl ether).
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More recently, Chapman (2002) mentioned some of the future developments of the SAFT equation,
namely, the modelling of the effects of intramolecular association and the effects of multiple polar

groups.

5.3.2.2 Semi empirical cubic equations of state

Kontogeorgis et al. (1996) combined the SRK-EoS with the association term derived from the TPT1 to

obtain the cubic plus association equation of state - CPA-Eo0S:

RT o 1)oX}
= . RT A 5.53
Vb V(Vib) V Z 'Zp'z[x* 2} 2, e

a=ao[1+c,(1—JT—,)]z (5.54)

The association strength expression is slightly different from the SAFT equation:

AB i
IEI = gu[exp[ SRT J 1“b“KA g, (5.55)

where b, is the co-volume parameter. The radial distribution function g; for a hard spheres mixture is

given by the expression:

2-1
N, ) = 5.56
% [m—m“] (388)

o (5.57)

To facilitate the extension of the g; function to hard spheres mixtures, a linear mixing rule for the

parameter b is used:

b=Y"xb, (5.58)

i
For parameter a, the classical van der Waals mixing rules were adopted. The combination rules are:

a; = 1[a"zajj (1-k;)

bij-rb]i
v 2

(5.59)
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The CPA-EoS was used to model liquid-liquid equilibria (Voutsas et al, 1997) and vapour-liquid
equilibria (Yakoumis et al., 1997) for binary mixtures of alcohols and alkanes. More recently, Voutsas
et al. (1999) have extended the CPA-Eo0S to ternary mixtures containing water, alcohols and alkanes

by using the approximation proposed by Suresh and Elliot (1992).

5.3.3 Equations of state that include a quasi-chemical theory

The quasi-chemical theory was first introduced by Guggenheim (1952) to model non-randomness in
liquid mixtures. This theory does not take into account explicitly hydrogen bonding. However, it serves

as the basis for the development of lattice equations of state.

More recently, Panayiotou and Sanchez (1991) developed a theoretical lattice equation of state that
divides molecular interactions in two different types: physical interactions that are described by the SL-
EoS (Sanchez and Lacombe, 1976) and an association term. This last term counts the number of
possible hydrogen bonds arrangements. Similarly to the SAFT equation it is not necessary to a priori

define the distribution of the oligomers.

Gupta et al. (1992) have used this theory for wide ranges of density to describe self-associating
systems (pure water, methanol or ethanol and the binary mixture 1-hexanol-SF,) and systems
containing one acid and one base of Lewis (acetone and chloroform). As an example, the following
expression is obtained for a binary mixture of a self-associating component with two sites (M) + inert
(N):

¥ (5.60)

_1+2pK‘xM+,,‘1+4pK‘xM

5.4 Conclusions

Two main approaches have been adopted to model association effects:

One is the introduction of liquid activity coefficient models into the attractive parameter mixing rules of

cubic equations of state. Several combinations of G* and EoS models have been proposed. The

greatest advantage is the possibility of using the extensive parameter tables available for several GF
models, like UNIQUAC, UNIFAC or modified UNIFAC methods. The extension of these models to
mixtures containing gases demands the estimation of new interaction parameters that are, in many
cases, temperature dependent. Satisfactory results are obtained with these models.

A more consistent approach is to modify the pure component equation of state in order to explicitly
take into account association effects. Three different approaches have been proposed: the chemical,
quasi-chemical and physical theories. All use a molecular approach for the association term, that is,
for each associating component it is necessary to estimate the self- and cross-association parameters.
The extension of these models to more than two associating components is quite cumbersome, since

no analytical solution can be found.
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6. Modelling of phase equilibria for associating

mixtures using an equation of state

6.1 The group-contribution with association equation of state

The group-contribution with association equation of state -GCA-EoS- was initially proposed by Gros et
al. (1996). It results from the addition of a third contribution, which quantifies the association forces, to
the original repulsive and attractive terms of the group-contribution equation of state, GC-EoS (Skjold-
Jorgensen, 1984, 1988). The repulsive and attractive terms are described by equations 5.19 to 5.31.

The association term results from the application of the group-contribution approach based on the first
order perturbation theory presented by Chapman et al. (1990) and Huang and Radosz (1990).

The total energy of Helmholtz can be written as a sum of three terms:

A" AR AR A"
- 58 A
M rep allr BSS0C

The expression for the association term of the residual energy of Helmholtz is a function of the number

of association groups NGA present in the mixture:

R NGA A
[:—T) = Zn;[Z[ln XA —3(2—k]+%Mk] (6.2)
assoc k=1

Ak

The number of moles of the association group k is calculated as follows:
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ng = Zv{?nm (6.3)

where v{" is the number of groups k in molecule m and n,, is the number of moles of component

m . The mole fraction of group k not associated at site A, X”* is given by:
NGA ¥ + By, ABj B
XM =114 z:p}x T i (6.4)

where p; is the mole density of group j .

PI =< (6.5)

The association strength (A™®/ ) is a simplified expression of the one proposed by Huang and Radosz
(1991), since it does not include the radial distribution function g . In this way, the group-contribution
character of the model is preserved (Gros et al., 1996).

AN A8 gl ) (6.6)
B KT ;

The association parameters between site A of group k and site B of group j are the association

energy £ and the corresponding bonding volume « .

6.2 Extension of the model

6.2.1 Revision

Gros et al. (1996) have successfully applied the GCA-EoS to multi-component mixtures containing
water, alcohols and any number of inert components by defining a single associating group, the
hydroxyl group OH, to represent association effects in these mixtures. Each water molecule or alcohol
molecule is considered to have one associating group with two sites (an electronegative site O and an
electropositive site H). The rigorous and the approximate models are presented on Table 6.1. The
rigorous model for the alcohol group with two electronegative sites (A, and B,) and one

electropositive site (C, ) is replaced by the approximate model with only one electronegative site and
one electropositive site (A, and B,, respectively). The rigorous model for water (two electronegative

sites + two electropositive sites) is also replaced by the hydroxyl associating group. This
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approximation resulted in very good representation of the properties of solutions containing these

associating components (Gros et al., 1996).

Table 6.1 Association group models for water and alcohols used in the GCA-EoS.

Component Rigorous type Approximation (GCA-Eo0S)
R-OH ol
R—O—-HC,
B, A
O—HB,
A..B,
r'd
H,0 H H
C D,

6.2.2 Model development

In this section the model is extended to mixtures containing, additionally, associating groups able to

form dimers. Three new associating groups are defined as follows:
(@) The acid association group COOH with one site capable of both self- and cross-associating;

(b) The ester association group COOR with one site that does not self-associate but can cross-

associate with groups that have an electropositive site;

(c) The ketone association group COR with one site that does not self-associate but can cross-

associate with groups that have an electropositive site.

Therefore, the model is extended to mixtures containing four possible associating groups as described
on Table 6.2. The same nomenclature already used in section 3.3.1 is adopted here.

On the first column of Table 6.2 are represented schematically the number of sites assigned to each
associating group and, on the second column the different assumptions concerning the association
strengths between each pair of sites. Finally, on the third column the association parameters that have

to be fitted are shown.

As can be seen from Table 6.2 the double hydrogen bond of the acids is represented by a strong

single bond between sites A,. The ester group is represented by a unique electron-donor site A,
and, that is also the case for the ketone group that has its own electron-donor site A, . These two

latter associating groups (ester and ketone) do not self-associate, i.e., their self-association strengths

are zero.

108



Modelling of phase equilibria for associating mixtures using an equation of state

Table 6.2 Self-association models defined in the GCA-EoS

Self-association Assumptions Association parameters
RCOOH C/ (0] } A ‘QMM 0 £A|A1 KMM
“OH
ROH OH B, ‘{\AQBQ #0 Eanny Kagh,
Az Bazn = Bpge; =0
RCOOR 20 i
Cf(}-— } . Apgny =0
RCOR i
g~

The groups defined on Table 6.2 are able to cross-associate in some situations. Table 6.3 describes
the cross-association models developed in this work. The cross-association strength between the acid
and the hydroxyl groups was estimated as the geometric average of the self-association strengths. For
the cross-association between one associating group that can self-associate (hydroxyl or acid groups)
and one group that can solely cross-associate (the ketone or ester groups) it is necessary to fit those
cross-association parameters simultaneously with the attractive parameters.

Table 6.3 Cross-association models defined in the GCA-EoS model.

Cross-association Assumptions Association parameters
Eany tEAB

OH 0] Apa, #0,A5.8, 20 BAh, = EA@, = ————i-d-
ROH-RCOOH & & b = 2

Az H“O, A.MA; = Aﬂlﬂz #0 KAl = Kmaz = 1"(‘\1‘\!‘(3232
ROH-RCOOR B; Aq 0 \\C Ange; #0.8pqn, =0 EA3B; KAs8,

Az -0~ Agaay #0.8p38, =0

~0 A [Os
RCOOH-RCOOR C\ Ay ,C A.Avk‘ #0, A'ASAJ =1 n"\'IAJ Kaag

OH e Ay #0
ROH-RCOR OH g, W 9 Baggy #0.8an =0
” E'B;nh ‘CB-y\q
Az —C— AB:J\‘ :O.ANM =0

The expressions calculated for the association term can be incorporated into the compressibility factor
and fugacity coefficient calculations. The compressibility factor Z is calculated by differentiating the
residual Helmholtz energy respect to volume:
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Z w2 4 2% 4 Zmee +1=-!aA /RT: +1 (6.7)
n ov Tn

And the fugacity coefficient of component i is related to the residual Helmholtz energy as follows:

- - - " res
Ing; =N +In 2" +Inp?*** —InZ = A~ /RT -InZ (6.8)

i
a.li Tlvlan{

The association contributions for Z and Incf:, can be obtained from the energy of Helmholtz of

association. The general expressions are:

v & I 1Y. (3™
assoc _ _ V. o 6.9
M S o3

k=1 XAk

k=l XMk XAk

1n$?sm—r§A Wy nx - X, Ly +Z( | _ 1) (& (6.10)
A * 2 )2 XA Lani ) |

It is interesting to analyze how these equations can be simplified for some particular cases:

Case |. One self-associating group with one site (acid group):

iy mon 2
ZQSSDC:*n—k[pA x ] [6.11)
n 2
In §255%¢ = v} In X™" (6.12)

Case Il. One self-associating group with two sites (alcohol):
ZBSSOC s D';—PA Xmon (6‘13)
n

In $P55°¢ = 2v} In X™O" (6.14)

These expressions can be simplified when applied to a binary mixture where one of the components is
infinitely diluted in the other. At very low concentrations of the associating component, its monomer
fraction will be close to one and the association contribution will tend to zero, i.e., the component will
behave as if it was not associated at all. On the other hand, at higher concentrations, association
effects will have their major effect. Therefore, for the calculation of self-association parameters, pure
component thermodynamic properties of the associating component are a convenient source of
experimental data.

110



Modelling of phase equilibria for associating mixtures using an equation of state

6.3 Parameterization

6.3.1 Computer programme

A program was written in FORTRAN language to estimate the parameters using vapour-liquid, liquid-
liquid equilibria of binary mixtures, infinite dilution activity coefficients of binary and ternary mixtures
and pure component vapour pressures. The optimization subroutine is the ZXSSQ subroutine from the
IMSL (International Mathematics and Statistical Libraries) which uses an optimization algorithm based
on the finite differences Levenberg-Marquardt method for non-linear problems. The objective function
was defined to fit the different type of experimental data available, as a sum of three contributions:

NVAP \AD NTP PE NGAM GAM
Fag= LA+ 207 + 2 {518
=1 i=1 i=1
The residual function fY*" is used for pure components vapour pressure data:

= 1 (6.16)

2
fiVAP - WT[ PCALC J

For two phases equilibria calculation the second residual function f'™* can assume different forms

according to the type of experimental information:

calc 2 calc *
wz[y‘ —1] +(P —1} if T,x flash

exp exp
1 P

exp axp

xmlc < calc =
gree :4( ! _1) +w3[5"_-1J if T,P flash (6.17)
Xy 1

exp LV
yi ¢'1‘oxp YZ 2,8xp

xsxp$L ? Xepr)L :
21 Vep 1] i3l w‘(w - 1} if iSOlegaCity

The first two options correspond to flash calculations at constant T and composition x or at constant
T and P. They can be used when the composition of both phases are known accurately or when the
isofugacity criterion is not sensitive to the composition. The isofugacity criterion, relative to the first

component or to both components, can be used to get a first estimate of the parameters. Finally, f**"
is the residual function for the activity coefficients data.
NG Y-CALC 2
fOMM = Zw{ 5 —1} (6.18)
I=1 Yi
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The w; weight factors (i=1 to 5) give the relative importance of the experimental data during the

optimization. The phase equilibria were calculated using flash routines which perform the stability test
proposed by Michelsen (1982).

6.3.2 Experimental Database

Table 6.4 shows the temperature and pressure ranges for the vapour-liquid equilibria used, together

with the source of experimental data.

Table 6.4 Experimental VLE database used for correlation (NS: number of data sets).

~ System Trange (K) Prange (bar) NS References
CH2/CHs (hexane, heptane; octane; 313-443 0.010-1.0 15  Gmehling et al. (1977)
cyclohexane) + COOH (acetic acid, Miyamoto et al. (2000)

propionic acid, butanoic acid, valeric
acid, hexanoic acid, octanoic acid)

CH30H + COOH (acetic acid, 333-411 0.20-1.8 5 Gmehling et al. (1977)
propionic acid)
CH20H (ethanol, 1-propanol, 1- 353-416 1.0 7 Gmehling et al. (1977)

butanol; 1-pentanol) + COOH (acetic
acid, propionic acid)

CHOH (2-propanol, 2- 357-412 1.0 3 Gmehling et al. (1977)

butanol)+COOH( acetic acid,

propionic acid)

H:0 + COOH (acetic acid, propionic 298-432 0.041-3.6 9  Othmer et al. (1952a)

acid, butyric acid) Ermolaev et al. (1971)
Gmehling et al. (1977)

CH3COO (ethyl acetate; propyl 315-398 0.030-2.0 11 Gmehling et al. (1977)

acetate; butyl acetate) + COOH Miyamoto et al. (2001)

(acetic acid, propionic acid)

CH2COO (ethyl propionate) + COOH 323 0.030-0.2 1 Miyamoto et al. (2001)

(propionic acid)

CHz0H (1-propanol, 1-butanol) + 328-368 0.19-0.85 7 Gmehling et al. (1977)

CH2COO (methyl propionate, methyl

butyrate)

CH0H (ethanol, 1-propanol, 1- 323-328 0.22-0.53 3 Gmehling et al. (1977)

butanol) + CH3COO (ethyl acetate,
butyl acetate)

Hz0 + CH3COO (methyl acetate, 298-353 0.081-1.3 8  Gmehling et al. (1977)

ethyl acetate, propyl acetate; butyl

acetate)

H20 + CH;CO (acetone and 2- 308-523 0.18-68 9 Griswold and Wong (1952)

butanone) Lieberwirth and Schuberth (1979)
Othmer et al. (1952b)

CHzOH (ethanol, 1-propanol) + 328-368 0.44-1.0 4 Gmehling and Onken (1977);

CH4CO (acetone, 2-butanone)

CHOH (2-propanol) + CH,CO (3- 355-373 1.0 1 Wen et al. (1999)

pentanone)

COz+acids (acetic acid, butanoic 313-373 25-170 7 Byun et al. (2000)

acid)

The experimental database used in the optimization step includes vapour pressure (P**’) of pure
carboxylic acids (Daubert and Danner, 1989); binary low-pressure vapour-liquid equilibria (LPVLE) for
mixtures of carboxylic acids with alkanes, alcohols, esters and water; high-pressure vapour-liquid
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equilibria (HPVLE) for binary mixtures of carboxylic acids with carbon dioxide, HPVLE of water with
ketones and infinite dilution activity coefficients (y*) of alkanes in mixtures of triacetin with palmitic acid
(Ferreira and Foco, 2003). The interactions between the ester group and the alcohol (or water) groups
were estimated using LPVLE for binary mixtures of esters with alcohols (or water). In the same way,
the interactions between the alcohol and ketone groups were estimated using LPVLE for binary

mixtures of ketones with alcohols.

6.3.3 Attractive parameters

The group-contribution attractive term has five pure-group parameters (T, q, g°, g and g') and
four binary interaction parameters (the symmetrical k; and k;] and the asymmetrical non-randomness
parameters «; and o). The new acid group was added to the GCA-EoS parameter table. The

attractive-energy parameters between this group and the paraffinic (CH; and CHy), alcohol (CHOH,
CH,0OH, CH30OH), water (H,0), triglyceride (TG), ester (CH;COO and CH,COOQ) and CO; functional
groups were estimated using the experimental VLE database presented on Table 6.4 and the y* of
alkanes in mixtures of triacetin with palmitic acid. Besides the association parameters, it was
necessary to estimate binary interaction parameters in some cases (e.g. CH3;COO/CH,OH;
CH3CO/CH,0H). For the CO,-COOH interaction, it was necessary to calculate not only @ kco, coon

but also non-randomness parameters (uco, coon = %coom,co, )- 1ables 6.5 and 6.6 show the pure-group

and the binary interaction parameters, respectively, together with the type of experimental data used

in their estimation.

Table 6.5 Pure group parameters

Group Ti* (K) q g** g g" Experimental information
COOH 600 1.224 999600.5 0.0 0.0 PY" and LPVLE acids-alkanes

Table 6.6 Binary interaction parameters

i i Ky K'j oy oy Experimental information
COOH CHa/CH; 0.8520 0 0 0 LPVLE acids-alkanes
CHOH 1.1295 0 0 0 LPVLE acids-alcohols
CH20OH 1.0383 0 0 0 LPVLE acids-alcohols
CH30H 1.0256 0 0 0 LPVLE acids-methanol
H20 1.0479 0 0 0 LPVLE acids-water
CH1COO/ 1.0000 0 0 0 LPVLE acids-esters
CH,COO
TG 1.1000 0 0 0
CH,CO0 CH20H 1.0000 0 0 0 LPVLE alcohols-esters
CH3COO H.0 1.0000 0 0 0 LPVLE water-esters
CH,OH 1.0174 0 0 0 LPVLE alcohols-esters
CO; COOH 0.9592 0 -3.0382 -3.0382 HPVLE acids-CO;
CH4CO H.0 1.0000 0 0 HPVLE water-ketones
CH20H 0.979 0 0 0 LPVLE alcohols-ketones
CH;CO CHOH 1.0000 0 0 0 LPVLE alcohols-ketones
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6.3.4 Association parameters

In order to model association using the GCA-EoS model, it is necessary to determine the number of
associating groups, the number of active sites in each group and the values of the corresponding
association strengths. Carboxylic acids present a high degree of non-ideality even at low pressures,
which can be ascribed to the formation of oligomers in both, liquid and vapour phases. Generally, only
the formation of dimers is considered, and it is possible to find in the literature (Gmehling et al., 1977)
the values of the vapour phase dimerization constants for a number of carboxylic acids. In this work, a
new associating group (COOH) was defined as having one associating site that self-associates by

double hydrogen bonding (Figure 6.1).

Figure 6.1 Cyclic dimer representation.

Following the procedure adopted by Gros et al. (1996) for the hydroxyl (OH) group, the COOH
association parameters were determined by reproducing the fraction of non-bonded molecules
predicted by the SAFT equation for linear acids from propanoic to decanoic at saturated liquid
conditions (Huang and Radosz, 1990). The values obtained for the energy and volume of association
are e/k“°°" = 6300 Kand «“°°" = 0.02 cm®*mol, respectively. As expected, the COOH energy of
association is much larger than that of the OH group (akaH = 2700 K), which is in accordance with the
higher degree of association of carboxylic acids. Figure 6.2 shows the results obtained. Huang and
Radosz (1990) determined both association parameters from pure component properties (vapour
pressure and liquid density data).
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Figure 6.2 Fraction of non-bonded sites versus temperature: ® o GCA-EoS; — SAFT (Huang and Radosz, 1990).

114



Modelling of phase equilibria for associating mixtures using an equation of state

The cross-association parameters between the hydroxyl group and the acid group were calculated

using the following combination rules:

A _ Ecoon t Eon
COOHOH == 5

KcoonoH = vV KcoonKon

In this way, the cross-association parameters were estimated using the already existent self-

(6.19)

association parameters and no additional association parameters had to be calculated.

However, for the cross-association between the ester group and the OH or COOH groups, no
combination rule can be established since the ester group does not self-associate. It was decided to
set them as adjustable parameters. As the hydrogen bonding will be between a site O in the ester
group and a site H in the OH or COOH groups, as a first estimate, the values of the self-association
parameters values for the OH group were used. The cross-association parameters between the ester
group and the OH group and between the ester and the acid group were estimated using low pressure
vapour liquid equilibrium data (LPVLE) for esters and primary alcohols and for esters and acids,

respectively.

The ketone group has the same type of association, i.e., it can cross-associate with the OH group but
does not self-associate. The cross-association parameters between the RCOR group and the OH
group were estimated using low pressure vapour liquid equilibrium data (LPVLE) for ketones and
primary alcohols and HPVLE of water and ketones.

The corresponding self-and cross-association parameters obtained in this work are presented on
Table 6.7.

Table 6.7 GCA-EoS self and cross-association parameters.

Self-association

£ /K (K) % (cm® Jmol)
COOH 6300.0 0.0200
OH 2700.0 0.8621

Cross-association

i j &y /K (K) x, (cm® /mol)
COOH OH 4500.0 0.1313
COOR 3248.8 0.7786
OH COOR 2105.3 0.9916
RCOR 2485.0 0.5000
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6.3.5 Repulsive parameters

The critical diameter of components where the group described in the attractive term coincides with
the molecule (H,0, CH30H, CO,) is given, rigorously, by the expression (Skjold-Jorgensen, 1988):

,
T )3
d, = [0.08943 F; < J (6.20)
This expression is also valid for completely random mixtures, where «; =0,V,; . For the remaining

cases, the critical diameter is fitted to a point of the vapour pressure curve, usually the normal boiling

point.

6.3.6 Results and discussion

In this section some of the GCA-EoS correlations and predictions will be presented. For comparison,
the results obtained with the group-contribution model MHV2 are also shown. This model was chosen
as it also follows a group-contribution approach for which an extensive table of parameters is available
(Dahl and Michelsen, 1990; Dahl et al., 1991). Besides that, it does not take into account explicitly

association effects.

6.3.6.1 Self-associating mixtures of acids and alkanes

The correlation of carboxylic acid vapour pressures gave an average relative error of 4% within a

reduced temperature range between 0.55 and 0.90 (Table 6.8).

Table 6.8 Pure component vapour pressure correlation.

Component T(K) Error AP/P(%)*
Acetic acid 300-570 3.0
Propanoic acid 300-570 2.2
Butanoic acid 330-570 34
Pentanoic acid 325-575 5.0
Hexanoic acid 350-625 4.8
Heptanoic acid 380-570 5.3

Error=100 (Z i { [Pexp—Pcalc]fPaxp FZNP}. NP: number of experimental dala.

Table 6.9 compares experimental vapour compressibility factors (Z) at saturation (Miyamoto et al.,
1999) with GCA-EoS predictions. The low values of Z reflect the strong association of carboxylic acids
in the vapour phase, even at low pressures. It is interesting to notice that the GCA-EoS is able to
follow the slight increase of Z with temperature evidenced by the experimental data.
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Table 6.9 Z*** prediction.
Component T(K) 2% 2" eac Error(%)*
313 0.551 0.577 47
Acetic acid 323 0.569 0.583 25
343 0.579 0.595 2.8
363 0.595 0.606 1.8
323 0.611 0.646 5.7
Propanoic acid 343 0.627 0.657 4.8
363 0.638 0.668 47
383 0.664 0.678 2.1
343 0.687 0.746 8.6
Butanoic acid 363 0.706 0.752 6.5
383 0.720 0.757 5.1
403 0.741 0.761 2.7
363 0.793 0.847 6.8
Pentanoic acid 383 0.805 0.845 5.0
403 0.807 0.843 45
423 0.801 0.840 4.9

‘Error—‘{ [anic-Zexp]r‘Zexp }

Figure 6.3 presents the saturation vapour and liquid compressibility factor for acetic acid. As can be
seen, the GCA-EoS is able to correctly follow the shape of the curve: Z*” presents a maximum and
then decreases until it reaches the critical point value. However, the MHV2 model is not able to predict

this behaviour.
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Figure 6.3 Saturation compressibility factor versus temperature for acetic acid: A Miyamoto et al. (1999); — GCA-EoS
prediction; - - - MHV2 prediction.

The interaction parameters between the groups CH3/CH, and COOH were calculated using not only

pure carboxylic acids vapour pressures, but also low pressure binary VLE data of alkanes and acids.

Table 6.10 shows the average absolute deviation in composition 5y and the average relative deviation
in pressure SP/P for both models. The GCA-EoS (average errors: 8P/P = 3.7%; 8y = 1.5%)

i i [
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significantly improves the results obtained with the MHV2 model (average errors: 5P/P=6.2%;

8y=4.3%).
Table 6.10 Correlation results for VLE of acids and alkanes.
GCA-Eo0S MHV2

System NP T (K) P (bar) SPIP By OPIP By

(%) (%) (%) (%)

heptane +  propanoic acid 7 323 0.087-0.18 7.4 06 136 47
octane +  butanoic acid 13 398-434 1.0 3.5 27 100 28
octane acetic acid 17 378-397 1.0 3.6 22 104 48
octane + acetic acid 18 343 0.19-0.29 26 16 24 103
heptane +  acetic acid 15 303 0.071-0.091 3.0 0.8 20 105
heptane +  valeric acid -] 323 0.11-0.17 1.6 0.30 8.7 0.51
14 348 0.16-0.44 30 060 7.0 080
11 373 0.23-0.91 6.1 1.8 6.4 096

hexanoic acid +  octanoic acid 11 373-395 0.013 5.1 15 5.1 1.4
15 423-443 0.13 5.2 1.6 3.7 38

cyclohexane +  acetic acid 10 352-389 1.0 3.1 2.3 55 5.8
9 313 0.086-0.25 6.1 37 160 41

hexane + acetic acid 9 313 0.10-0.37 3.4 1.0 7.6 5.1
hexane +  propionic acid 9 313 0.041-0.37 43 038 22 24
cyclohexane +  propionic acid 9 313 0.032-0.24 39 085 93 16

Good results are obtained as can be observed from figures 6.4 to 6.7. A more accurate description of

the azeotropes is obtained by the GCA-EoS model compared to MHV2,
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. 8 348K 23 450 | 0 0.13 bar
g 08 x 373K 2 » X é N”O:.oo_cg o -
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04 aaa T 300 { AT
02| ¥ = % O n e e,
i e _'__,..—-.' ____ . ==y "
éj&e ) 360 , : : ;
B e o 00 02 04 06 08 10
0.0 0.2 0.4 0.6 0.8 ’ s b : i ’
heptane mole fraction hexanoic acid mole fraction

Figure 6.5 VLE of hexanoic acid and octanoic acid:
exp. (Gmehling et al., 1977); — GCA-
EoS correlation; - - -MHV2 prediction.

Figure 6.4 VLE of heptane and pentanoic acid: exp.
(Gmehling et al., 1977); — GCA-EoS
correlation; - - -MHV2 prediction.
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Figure 6.6 VLE of acetic acid and octane at 343 K:
exp. (Gmehling et al., 1977), — GCA-
EoS correlation; - - -MHV2 prediction.
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Figure 6.7 VLE of hexane and acetic acid at 313 K:
exp. (Miyamoto et al., 2000); — GCA-

The same parameters obtained by correlating low-pressure VLE of acids and alkanes are now going
to be applied to higher pressure mixtures. Figure 6.8 shows the solubility predictions of methane in
either lauric or palmitic acids. Satisfactory results are obtained. The interaction CH4-COOH was set
equal to the interaction CH3;-COOH for both models, GCA-EoS and MHVZ2,
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Figure 6.8 VLE of methane and a fatty acid: e lauric acid; A palmitic acid; exp. data (Shy et al., 1993); — GCA-EoS prediction;
- - -MHV2 prediction.

The model was also used to predict the VLE of nonanoic acid with ethane. Again, the interaction C;Hg-
COOH was set equal to the interaction CH;-COOH. Figure 6.9 shows that the predictions and

experimental data are in good agreement.
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Figure 6.9 VLE of ethane and several solutes: exp. (Weng and Lee, 1992; Peter and Jakob, 1991; Rodrigues et al.,
1968); — GCA-Eo0S prediction.

6.3.6.2 Cross-associating mixtures with groups OH and COOH

As mentioned before the cross-association parameters between the OH associating group and the
COOH group were obtained using the geometric mean of the self-association strengths. For these
systems, good predictions were obtained without further estimating interaction parameters (Figure

6.10).
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Figure 6.10 VLE of binary mixtures of an alcohol and an acid at 1 bar: (a) 1-butanol and propanoic acid; (b) 1-butanol and
acetic acid. Exp. data (Gmehling et al., 1977); — GCA-EoS prediction; - - - MHV2 prediction.

To improve the description of VLE for these systems a k; interaction parameter was estimated

between the acid group and each of the alcohol attractive groups (CH3OH, CH;OH and CHOH).

Figure 6.11 shows the results obtained for binary VLE systems containing acids and alcohols
(methanol, primary and secondary alcohol groups). Again the GCA-EoS model is able to describe

more accurately the azeotropic data.
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Figure 6.11 VLE of binary mixtures of an alcohol and an acid at 1 bar: (a) 2-butanol and acetic acid; (b) methanol and
propanoic acid. Exp. data (Gmehling et al., 1977); — GCA-EoS correlation; - - - MHV2 prediction.

Table 6.11 shows the average relative deviations in pressure (5P/P) and the absolute deviations in the
vapour phase composition (8y) obtained using the GCA-EoS model (both correlation and prediction
results) and with the MHV2 model for cross-associating mixtures containing alcohols and acids.

Table 6.11 Correlation results using the GCA-EoS and MHV2 models (alcohols + acids).

GCA-E0S GCA-EoS MHV2
prediction correlation

System NP T(K) P (bar) 5P/P By SPIP By SP/IP 5y
(%) (%) (%) (%R) (%) (%)
methanol + acetic acid 19 338-388 1.0 14.4 1.7 9.6 1.9 17.6 4.2
6 333 0.20-0.93 4.0 2.5 5.7 1.8 6.3 3.7
5 353 05112 73 5.9 5.1 5.9 6.9 1.5
6 363 06318 86 29 55 24 92 52
methanol + propionic acid 21 338-411 1.0 10.2 29 7.9 3.5 16.8 23
ethanol + propionic acid 18 354-400 1.0 13.3 0.9 8.4 1.1 18.4 4.5
1-propanol + propionic acid 18 373-411 1.0 7.5 1.0 4.6 1.1 13.6 4.2
1-butanol +  propionic acid 16 392-413 1.0 31 1.4 2.3 1.6 10.6 3.5
1-pentanol +  propionic acid 19 411-416 1.0 2.1 22 3 2.4 9.8 4.7
ethanol + acetic acid 16 353-388 1.0 13.1 14 T 12 16.2 55
1-propanol + acetic acid 19 371-390 1.0 8.7 1.4 6.4 16 131 36
1-butanol + acetic acid 19 392-396 1.0 29 22 4.0 2.5 9.3 36
2-propanol +  propanoic acid 18 358-412 1.0 15.0 0.9 6.1 1.2 17.6 4.5
2-propanol +  acetic acid ) T4 357-390 1.0 16.7 23 8.0 1.4 16.3 54
2-butanol + acetic acid 18 375-391 1.0 10.5 22 4.8 1.9 129 4.5

Average errors 9.5 1.9 6.1 1.9 14 4.1

The water/acid interaction was obtained by correlating binary VLE data shown on Table 6.12, using

one interaction parameter k;. The MHV2 results in slightly lower average errors for these systems.
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Figure 6.12 shows some correlation results obtained and Figure 6.13 shows the predictions for the
water-acetic acid system at several pressures.

Table 6.12 Correlation results using the GCA-EoS and MHV2 models (water + acids).

GCA-EoS GCA-EoS MHV2
prediction correlation
System NP T (K) P (bar) 8PP By SPIP 8y BPIP &y
(%) (%) (%) (%) (%) (%)
water + acetic acid 11 298 0.024-0.031 9.4 6.9 5.2 2.2 135 6.6
13 412 21-35 7.6 a 1.0 1.5 4.9 31
13 372 0.62-1.0 8.6 4.4 2.5 1.5 8.5 4.8
water + propionic acid 8 313 0.041-0.071 9.6 4.4 4.4 32 3.9 2.0
15 373 0.25-1.0 10.8 3.6 2.8 23 3.7 3.2
18 353 0.19-0.46 103 3.3 6.5 4.0 27 3.3
water + butyric acid 26 373-432 1.0 120 47 55 41 42 081
26 366-424 0.80 14.3 4.3 6.7 3.8 3.9 0.82
25 356-405 0.54 14.7 4.2 7.0 a7 4.2 1.0

Average errors 11 4.3 5.1 3.2 5.0 24
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Figure 6.12 VLE of water and propionic acid: exp. (Gmehling Figure 6.13 VLE of water and acetic acid. Exp. data: e

et al., 1977); — GCA-EoS correlation; - - -MHV2 (Ohtmer et al, 1952a), o X(Ermolaev et al.,
prediction. 1971); — GCA-EoS prediction; - - -MHV2
prediction.

6.3.6.3 Cross-associating mixtures with groups COOH and COOR

As mentioned before, two cross-associating parameters have to be estimated as the ester group does
not self-associate. The cross-association parameters were calculated using low pressure VLE data for
acids and esters. As a first estimate for the optimization step, it was assumed that the association
parameters between the COOR and COOH groups were equal to the ones from the alcohol group

(eon/k =2700K; xoy =0.8621 cm®/mol ). Furthermore, it was considered that K cy,co0/cH,coocoon = 1.0
and O cu,co0/cHyc00000H = %cooncHycooicrcoo = 0.0 The final values obtained for the cross-

association parameters are: ecooncoor /K = 3249K: K cooncoor = 0.7786 cm® /mol .

122



Modelling of phase equilibria for associating mixtures using an equation of state

Table 6.13 compares the correlation results from the GCA-EoS to the MHV2 results for mixtures

containing esters and acids. Again better results are obtained with the GCA-EoS.

Table 6.13 Correlation results using the GCA-EoS and MHV2 models (esters + acids).

GCA-EoS MHV2
System NP T (K) P (bar) sPIP 8y sPIP by
(%) (%) (%) (%)
methyl acetate + acetic acid 14 333-378 1.0 3.7 3.3 3.9 8.4
5 315-364 0.53 1.8 0.9 34 4.4
ethyl acetate + acetic acid 11 323 0.081-0.37 3.6 4.0 5.5 1.9
1 338 0.19-0.55 29 2.8 2.9 5.2
11 346 0.27-0.73 3.1 36 3.0 4.4
11 373 0.58-2.0 28 3.6 4.1 14
6 353-381 1.0 2.6 2.8 4.9 4.1
9 333-386 0.53 29 33 5.0 1.3
propyl acetate + acetic acid 29 375-391 1.0 14 0.8 6.3 4.9
butyl acetate + acetic acid 15 390-398 1.0 1.3 1.3 10 20
ethyl acetate + propionic acid 9 323.2 0.030-0.39 4.9 0.8 2.2 3.1
ethyl propionate + propionic acid 9 323.2 0.027-0.17 3.2 0.9 4.0 3.4
Average errors 2.7 22 5.0 59
Figures 6.14 and 6.15 show the good results obtained.
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Figure 6.14 VLE of ethyl acetate and acetic acid: exp. (Gmehling et al., 1977), — GCA-Eo0S correlation; - - -MHV2 prediction,
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Figure 6.15 VLE of an ester and an acid at 1 bar (temperature versus composition): (a) propyl acetate and acetic acid; (b)
acetic acid and butyl acetate. Exp. data (Gmehling et al., 1977); — GCA-EoS correlation; - - -MHV2 prediction.

6.3.6.4 Cross-associating mixtures with groups OH and COOR

For the cross-association between the hydroxyl and the ester associating groups, satisfactory results
were obtained (Figure 6.16). In fact, for the binary mixtures containing the CH,OH and CH,COO
groups, no additional attractive parameters had to be estimated. For the interaction CH,OH/CH,COO,

it was necessary to estimate a Ky,coocn,on- Table 6.14 compares the results obtained for mixtures

containing esters and alcohols. The MHV2 gives slightly better results than the GCA-EoS.

Table 6.14 Correlation results using the GCA-EoS and MHVZ2 models (alcohols + esters).

GCA-EoS MHV2
System NP T (K) P (bar) sPIP 8y SPIP By
(%) (%) (%) (%)
1-propanol  + metilpropancate 18 328 0.18-0.42 3.2 26 129 091
16 348 0.44-0.86 2.2 1.7 0.72 043
1-propanol  + metilbutanoate 17 333 0.21-026 19 1.8 234 099
17 353 0.51-0.60 1.6 1.3 135 043
1-butanol + metilpropancate 20 348 0.22-0.83 24 1.3 0.7 1.4
1-butanol  + metilbutanoate 17 348 0.19-0.40 29 1.3 26 7
17 368 0.46-0.79 2.6 1.0 0.9 0.7
ethanol + ethyl acetate Lh 328 0.44-0.54 25 1.7 21 0.6
1-propanol  + ethyl acetate 12 328 0.23-0.46 5.9 1.5 3.4 0.5
1-butanol  + butyl acetate 7 323-328 0.22 096 15 0.7 0.6

Average errors 2.6 1.6 1.6 0.8

It should be mentioned that as an alternative it was considered that no hydrogen bonding between
esters and alcohols existed. That is, the alcohols-esters mixtures were considered to have only the
OH self-associating group. It was verified that to have the same level of accuracy of the cross-
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associating model it was necessary to use temperature dependent parameters between the attractive

CH,OH and CH,COO groups: k; =0.910; k; =-0.278; «, =-10.307; «; =-16.045.
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Figure 6.16 VLE of an alcohol and an ester: (a) 1-propanol and methyl propanoate; (b) 1-propanol and methyl butanoate. Exp.
data (Gmehling et al., 1977); — GCA-EoS correlation; - - -MHV2 prediction,

For the water/ester groups no additional parameters were estimated. Figure 6.17 shows two examples
of the GCA-EoS predictions for these systems.

10 - 1.0
Y4 Y1 [ ]
0.8 08 [ ]
ol E — [ ]
| P — i |
06 . I' 0.6 . ot ‘
Ib .
04 L 04 é
|1 /
02 ! 02 |
0.0 | . —; S 00 . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 . 0.6 0.8 1.0
1

X4

Figure 6.17 VLE of an ester and water (vapor phase mole fraction versus liquid phase mole fraction): (a) butyl acetate (1)
and water (2) at 317 K; (b) water (1) and propyl acetate (2) at 353 K. Exp. data (Gmehling et al., 1977), — GCA-
EoS prediction; - - -MHV2 prediction.

6.3.6.5 Cross-associating mixtures with groups OH and RCOR

The cross-association parameters between the hydroxyl associating group (representing water and
alcohols) and the ketone associating group were calculated using binary VLE for systems containing
either water and ketones or alcohols and ketones. Again, as a first estimate for the cross-association
parameters, the values for the energy and volume of association for the hydroxyl group were used.
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An attractive interaction parameter between groups CH;CO and CH,OH was estimated, using binary
VLE data of primary alcohols and ketones (acetone and 2-butanone).

Table 6.15 presents the correlation results obtained. Similar results are reached using both models.

Table 6.15 Correlation results using the GCA-EoS and MHV2 models (water or alcohols + ketones).

GCA-EoS MHV2
System NP T (K) P (bar) 8PP Sy SPIP oy
(%) (%) (%) (%)
water + acetone 19 308 0.18-0.46 1.0 0.71 1.5 0.86
22 373 1.1-3.7 3 0.8 4.7 2.0
14 423 6.7-12 3.5 1.9 3.1 1.8
25 473 16-28 29 1.3 2.7 14
14 523 40-68 1.3 0.6 0.8 0.90
water + 2-butanone 25 347-373 1.0 1.8 1.5 2.9 26
19 385-406 34 5.0 3.5 3.6 2.5
18 412-435 6.9 4.7 3.2 34 2.5
18 453-474 17 3.9 1.8 3.0 1.2
ethanol + acetone 4 331-342 1.0 1.7 25 1.3 1.8
ethanol + 2-butanone 5 328 0.44-0.50 3.2 1.6 1.7 1.3
5] 348-350 1.0 1.1 1.6 21 1.3
1-propanol  + 2-butanone 15 353-368 1.0 17T 0.8 1.3 0.7
3-pentanone + 2-propanol 23 355-373 1.0 14 1.5 23 1.1
Average errors 2.7 1.6 2.7 1.6

For the water-acetone system, there is binary VLE data of water and acetone or 2-butanone over a

wide range of temperature (303 to 523K). The results can be seen on Figure 6.18. Figure 6.19 shows

some of the GCA-EoS predictions for systems containing 2-butanone and water.
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Figure 6.18 VLE of water and acetone: exp. data (Griswold
and Wong, 1952); — GCA-EoS correlation; - - -
MHV2 prediction.
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Figure 6.19 VLE of 2-butanone and water: exp. data
(Othmer et al., 1952b); — GCA-EoS prediction; -
- -MHV2 prediction.
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6.3.6.6 Interaction between groups COOH and CO,

The interaction between the acid group and carbon dioxide was calculated using binary VLE data of
CO; and acetic acid or butanoic acid. Figure 6.20 shows the satisfactory correlation results obtained.

For the MHV2 model, no parameters are reported in the literature for these systems.
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Figure 6.20 VLE of carbon dioxide and a carboxylic acid: (a) CO, and acetic acid; (b) CO; and butanoic acid. Exp. Data
(Byun et al., 2000); — GCA-EoS correlation.

6.4 Approximated approach

In this section, a different empirical approach is proposed to evaluate cross-association between the
acid and the hydroxyl associating groups. From the point of view of association, each carboxylic acid
molecule is considered to have two associating groups: one COOH group which self-associates
through a double hydrogen bonding, and a certain fraction of OH group that has a remnant association

capacity and can self-associate with another OH group (Figure 6.21).

LO--nnm- HO_
C. ©
OH--..-. 0

OH

Figure 6.21 Schematic representation of self- and cross-association in carboxylic acids.

In this way, the cross-association problem is replaced by the self-association between the OH group
from the alcohol or water, and the fraction of OH group present in the carboxylic acid molecule.
Following this methodology, the association of carboxylic acids and mixtures of carboxylic acids with
water and/or alcohols is represented by two self-associations in parallel: COOH/COOH and OH/OH.
The value of each self-association strength is calculated from the respective COOH and OH
association parameters e/k°°°" = 6500 K and x°°®" = 0.015 cm®mol, respectively. The fraction of

associating OH group provided by the carboxylic acid molecules was empirically determined by fitting
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vapour-liquid equilibrium (VLE) data for binary mixtures of acids with water or alcohols. A fraction of
OH group equal to 0.25 gave the best correlation for these data. The methodology proposed here has
the additional advantage of solving the association problem using two explicit mathematical
expressions for the fraction of non-bonded COOH and OH associating groups. This makes
straightforward the application of the GCA-EoS model to multicomponent mixtures of carboxylic acids,

water, alcohols and inert components.

6.4.1 Parameterization

For this approach the attractive-energy parameters for the COOH group and its interactions with the
paraffinic (CH; and CHy), alcohol (CHOH, CH,0H, CH30H), water (H,0), triglyceride (TG) and CO,
functional groups were determined. Tables 6.16 and 6.17 show the pure-group and binary interaction
parameters, respectively. The experimental information used to fit these parameters include: vapour
pressures (P*") of pure carboxylic acids; binary low-pressure vapour-liquid equilibria (LPVLE) for
mixtures of carboxylic acids with alkanes, alcohols and water; high-pressure vapour-liquid equilibria
(HPVLE) for binary mixtures of carboxylic acids with carbon dioxide; and infinite dilution activity

coefficients (y”) of alkanes in mixtures of triacetin with palmitic acid.

Table 6.16 Pure-group parameters

Group T (K) q g g g’ Experimental information
COOH 600 1.224 1211745.4 -.1105 0.0 Pvap and LPVLE acids-alkanes

Table 6.17 Binary interaction parameters

[ o ki Ki' ay a Experimental information

COOH CH; 0932 00 -2.946 -2.424 LPVLE acids-alkanes
CH; 0932 0.0 -2946 -2.424 LPVLE acids-alkanes
CO, 0892 00 -2370 -2.370 HPVLE acids-CO;
CHOH 1.069 0.0 2.366 -23.95 LPVLE acids-alcohols
CH;OH 1.096 0.0 2.366 -23.95 LPVLE acids-alcohols
CH3OH 1.150 0.0 2.366 -23.95 LPVLE acids-alcohols
H:0 1140 0.0 18.66 4.000 LPVLE acids-water
TG 1.062 0.0 0.0 0.0 v

With this approach, and using a single set of parameters, satisfactory representation was obtained for
pure component properties and phase equilibria in mixtures of carboxylic acids with inert compounds,
alcohols and water at low and high pressures, with the same accuracy as with the rigorous approach.
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6.5 Conclusions

Association effects were represented by a group-contribution approach. The GCA-EoS was extended
to mixtures containing acids, esters and ketones, with water, alcohols and any number of inert

components.

Two alternative approaches have been proposed to represent cross-association between the acid

associating group and the hydroxyl associating group:

* In the first case, the cross-association parameters are calculated using the geometric mean of

the self-association strengths as a combination rule.

« In the second case, an approximated solution was proposed where the cross-association

problem was represented by two parallel self-association problems.

Both approaches result in good representation of pure component properties and phase equilibria for
mixtures of carboxylic acids with inert compounds, alcohols and water at both low and high pressures.

Cross-association parameters between the ester (or ketone) associating group and either the acid or
the hydroxyl associating groups were estimated using binary low-pressure vapour-liquid equilibria
data. Again, very satisfactory results were obtained for these cross-associating mixtures.

The GCA-EoS model was compared to the group-contribution method MHV2, which does not take into
account explicitly association effects. The results obtained with the GCA-EoS model are, in general,
more accurate compared to the ones achieved by the MHV2 model with less number of parameters.

The group-contribution nature of the GCA-EoS allows its application to highly associated mixtures, for

which experimental information is scarce or not available in all density range.
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7. Application of the GCA-EoS model to the
supercritical processing of fatty oil derivatives

7.1 Introduction

The use of supercritical or quasi-critical fluids as solvents for numerous industrial processes has been

well recognized (McHugh and Krukonis, 1994).

These fluids that are at a supercritical state (conditions over their critical pressure P, and critical
temperature T_ ) or at near-critical conditions (P >P, and 0.9T, <T < T. ) have special properties as

solvents that lie between the ones from a liquid and a gas, namely, low viscosity, high density and
high diffusion coefficient. At these states, the solvent strength can be readily adjustable by small

changes in pressure or temperature.

Carbon dioxide is one of the most popular supercritical fluids as it has a low cost, it is non-toxic, not
inflammable, has a low critical temperature and a moderate critical pressure. It is often used with co-
solvents to enhance the solubility of high molecular components or polar solutes. Its low critical
temperature allows its use with thermo-degradable substances.

In this work, the focus is on the possible applications for the fatty oils industrial processing. Some of
the potential applications include the fractionation of a complex mixture of saturated and unsaturated
triglycerides composed of fatty acids from butanoic acid to octadecanoic acids (butterfat) using carbon
dioxide (Biernoth and Merk, 1985); recovery of monoglycerides and diglycerides from a mixture
containing monoglycerides, diglycerides, and triglycerides using carbon dioxide as extractant and
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propane or butane as co-solvents (Peter et al., 1992); the purification of polyunsaturated fatty acids
glycerides using carbon dioxide and a co-solvent like ethanol (Perrut et al., 2001).

The design of extraction, fractionation and purification processes involving fatty oils and their
derivatives, using near critical or supercritical fluids as solvents, requires the existence of
thermodynamic models that are able to represent these highly complex mixtures that include

high-molecular weight triglycerides and their derivatives with low-molecular weight solvents.

Usually, these natural products mixtures are described using cubic equations of state like the Peng-
Robinson (Peng and Robinson, 1976) or Soave-Redlich-Kwong (Soave, 1972). Yu et al. (1993) used
the Peng-Robinson EoS with the Panagiotopoulos and Reid mixing rules to correlate vapour-liquid
equilibria (VLE) of ternary mixtures of CO, + methyl oleate + oleic acid. Two interaction parameters for
each pair of components were estimated. De la Fuente et al. (1997) used the Soave-Redlich-Kwong
EoS with quadratic mixing rules to correlate vapour-liquid and liquid-liquid equilibria (LLE) data for
mixtures containing sunflower oil with ethane and propane. In order to predict the appearance of a
liquid-liquid split, binary interaction parameters for both the attractive energy parameter and the co-
volume were introduced. However, it was not possible to describe quantitatively both VLE and LLE
using only one set of parameters for the co-volume, which indicated the limitations of the van der
Waals repulsive term to describe these asymmetric mixtures. More recently, Araujo and Meireles
(2000), used the Peng-Robinson EoS with the quadratic mixing rules coupled with several sets of
combining rules (e.g. Kwak and Mansoori, 1986). As expected, two or three molecular interaction
parameters had to be estimated for each pair of molecules, depending on the set of combining rules.

Due to the scarcity of experimental data available for this kind of systems, it is desirable to use a
group-contribution method. Following this approach, Coniglio et al. (1996) applied several equation of
state-excess Gibbs (or Helmholtz) function models (e.g. MHV1, LCVM) for the prediction of the fluid-
liquid equilibria of CO, and fish oil esters and acids. New interactions between CO, and the
corresponding UNIFAC groups were determined. Satisfactory results were obtained, except in the

critical region.

Espinosa et al. (2000) extended the group-contribution equation of state to non-associating mixtures
containing carbon dioxide with higher molecular components. The GC-EoS model was compared to
the MHV2 and PSRK equations. All three models perform similarly for non-polar systems of low
molecular weight and similar size. However, the MHV2 and PSRK models present some limitations
when they are extended to very asymmetric mixtures. The Carnahan-Starling repulsive term of the
GC-EoS allows a better description of these non-ideal mixtures. Later, Espinosa et al. (2002) apply the
GC-EoS to describe the phase equilibria of the non-associating mixtures of triglycerides and fatty

esters with near critical fluids.

Which should be the model used for the description of mixtures containing not only highly size-

asymmetric mixtures but also, associating components?
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The group-contribution with association equation of state (GCA-Eo0S) developed in Chapter 6
constitutes a good option. Relative to other group-contribution models, the GCA-EoS contains the
Carnahan-Starling repulsive term to account for size differences and a specific association term to

account for hydrogen bonding effects.

In the next sections, the chemical composition of these mixtures (section 7.1.1) and their phase
behaviour (section 7.1.2) with the above-mentioned solvents is briefly described. Finally, on section
7.3, the GCA-EoS is applied to mixtures of fatty oils and their derivatives with supercritical solvents

like propane or carbon dioxide.

711 Chemical composition

The main components of fatty oils are triglycerides and, in smaller quantities, free fatty acids and

esters of glycerol (mono and di-glycerides). Their structure is shown on Figure 7.1.

1 i
CH,0—C—R ﬁ’ CH,0—C—R ﬁJ CH,0—C—R
HOCH R—C—OCH —C—OCH
CH,OH CH,OH CHZO—(I'T‘—R"
0

Figure 7.1 Mono-, di- and triglyceride schematic representation.

Usually, in nature, the fatty acids residues that compose these components have an even number of
carbon atoms. The radicals R, R' and R" are saturated or unsaturated aliphatic chains. The group-
contribution approach makes possible to characterize, using a few number of functional groups, a
large number of saturated and unsaturated oils and their derivatives.

Besides the aliphatic, ester, alcohol, acid groups, it was necessary to define a triglyceride (TG) group
to characterize compounds derived from the triple esterification of glycerol. This is shown on Figure
7.2.

0
CH,0—C”
CHO—c”
CH,0—C”

Figure 7.2 The triglyceride (TG) group.
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From the association point of view, three groups can hydrogen bond: the ester, the alcohol and the
acid group. Triglycerides are considered to have three esters associating groups.

7.1.2 Phase behaviour

At high pressures, these asymmetric systems present a complex multi-phase behaviour, difficult to

model. Peters (1994) presented a review on the multiphase equilibria for systems containing near

critical solvents (methane to butane and ethylene) and less volatile solutes, based on experimental

results. Amongst the solutes studied are n-alkanes, triglycerides, n-carboxylic acids and n-alkanols.

The different possible types of phase behaviour are usually classified using six different diagrams,
according to Van Konynenburg and Scott (1980). Figure 7.3 presents the pressure-temperature

projections for these diagrams.

Type | Type I
o] I=g . c, I=g
2 el U=
i w |
g bC, g bC,
U
\a\79
Temperature Temperature
Type IV Type V
| c, h=9, L=g =g b=
% h:[q S 5 - U
a 1=
\a"'\isg AU L
Temperature Temperature

Pressure

Pressure

Type Il c d
b
a =g
||=J
CI. "C;,
\2\0
Temperature
Type VI
: Cl |=g
L=l
G
A
4 \‘_\?:Q
Temperature

Figure 7.3 Pressure-temperature diagrams for the six types of phase behaviour obtained for binary systems (Van Konynenburg
and Scott, 1980): g: vapour; I: liquid; U: upper critical end point; L: lower critical end point; dashed lines correspond
to the critical locus, i.e., curve that connects all the critical points where two phases converge to one phase; Full
lines correspond to the pure components vapour pressure finishing at the pure component critical points C, and Cs.
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Type | diagram presents a continuous gas-liquid critical line representing all the critical points of the
several mixtures where the liquid and vapour phases become identical. This is the behaviour expected
for binary mixtures of components with a similar chemical nature and for which the critical properties

are similar in magnitude.

If these components exhibit liquid-liquid immiscibility at a temperature lower than the critical
temperature of the more volatile component a Type /I diagram is obtained. The LL line extends to the
upper critical end point (UCEP) where three phases are at equilibrium. The remaining LLG line

represents the projections for all the liquid-liquid-gas curves.

If the immiscibility of these components is large enough to displace the LL critical locus to a higher
temperature, greater than the critical temperature of the more volatile component, the liquid gas critical
locus is intercepted and one obtains a Type I/l diagram. The a, b, ¢ and d sequence of lines on this
diagram corresponds to an increase in the differences components, i.e., an increase of their

immiscibility.

Type IV can be considered a hybrid of Type Il and Type V, so the description of the latter will be done.
For Type V mixtures, the GL critical locus starts at the critical point of the less volatile component and
finishes at the lower critical end point (LCEP). Then, the LLV curve ends up at the UCEP that is

connected to the more volatile critical point ( C,) through a GL critical locus.

Type VI presents a continuous GL critical locus and a partial liquid miscibility curve with LCEP and

UCEP for temperatures lower than the critical temperature of the more volatile component.

Phase equilibria of binary mixtures of CO, with normal alkanes is an example of the sequence of these
transformations. For mixtures of carbon dioxide with alkanes, from methane to n-hexane, a Type |
diagram is obtained. From n-heptane to n-dodecane, the liquid immiscibility appears presenting a type
Il behaviour. For the CO, + n-tridecane mixture the LL critical locus intercepts the GL critical locus
resulting in a type IV mixture. Further increasing the size of the alkane, type Ill is obtained. The same
sequence of phase behaviour is observed for CO, with alcohols with increasing carbon number.

Another relevant example is given by the volatile and non-volatile alkanes binary mixtures. Type |
behaviour can be expected for methane with ethane to heptane (T.=540.2 K). For ethane, the highest
component that also shows type |, is n-heptadecane, and for propane it is the n-nonacosane. Further
increasing the size of the heavier component, a three phase region LLG appears, resulting in Type V

behaviour.

As an example of the type of information that can be drawn from these diagrams, Figure 7.4 presents
three projections (pressure versus composition) at three different temperatures Ty, T, and T3 derived
from the Type V diagram. As can be seen near the critical point of the more volatile component, at

temperature T,, a three phase liquid-liquid-vapour equilibrium exists.
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Figure 7.4 Pressure versus composition projections at three temperatures obtained from Type V diagram.

And what is the influence of the presence of functional groups like the alcohol or acid groups in the
solute? Figure 7.5 compares the three phase behaviour LLG for n-alkanes, n-carboxylic acids and n-
alkanols in propane, as a function of the carbon number.
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Figure 7.5 UCEP and LCEP for binary mixtures of propane with n-carboxylic acids, n-alkanols and n-alkanes (Source: Peters,
1994),
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As can be seen both acids and alcohols families present a LLG curve, corresponding to a Type V
behaviour, for lower carbon numbers when compared to the n-alkanes series. This can be ascribed to
the formation of dimers in the acids and higher oligomers for the n-alkanols. For example, n-
octadecanoic acid (CygH360,) is expected to have a similar behaviour to the n-hexatriacontane
(CagHza).

7.2 Previous work with the GC-EoS

Previous work (Bottini et al., 1999; Florusse et al., 1999; Fornari et al., 1999; Espinosa et al., 2002)
has shown the capability of the group-contribution equation of state (GC-EoS) developed by Skjold-
Jorgensen (1984) to describe simultaneously, i.e. with the same set of parameters, the vapour-liquid
equilibria (VLE) and the liquid-liquid equilibria (LLE) observed in supercritical gases + vegetable oil
mixtures. The group-contribution with equation of state is suitable for the modelling of these non-polar
or slightly polar mixtures with large size differences containing carbon dioxide, propane and

triglycerides. In these mixtures, no association effects are present.

The parameterization was made taking into account the following:

¢ Pure group parameters for the TG group, and binary interaction parameters between this

group and various non-associating groups functional groups.

* The repulsive molecular parameter (the critical hard sphere diameter, dc) for the high
molecular weight triglycerides was obtained from infinite dilution activity coefficient data of
alkanes in these triglycerides, since critical properties or vapor pressure data cannot be used
due the low volatility and thermal liability of triglycerides. Espinosa et al. (2002) have used
infinite dilution activity coefficients of alkanes in triglycerides to estimate the critical diameter of
the former. A correlation between the critical diameter and the van der Waals molecular

volume of high molecular weight compounds was obtained:
log(d, ) = 0.4152 +0.4128l0g(r,q,, ) (7.1)

More than 10 different triglyceride + supercritical gas mixtures were satisfactorily predicted (Bottini et
al., 1999; Florusse et al., 1999; Fornari et al., 1999; Espinosa et al., 2002) using the GC-EoS model,
covering temperatures from 300 to 450 K and pressures up to 30 MPa. Figures 7.6 and 7.7 show that
predictions are in good agreement with experimental data. Also, the model can predict the three phase
LLV equilibrium with reasonable values for the lower (LCEP) and upper critical end point (UCEP),
when compared with the experimental data (Coorens et al., 1988).
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Figure 7.6 VLE of CO; and methylpalmitate: exp. (Inomata Figure 7.7 VLE and LLE predictions using the GC-EoS for
ef al., 1989); — GC-EoS predictions. propane + tripalmitin mixture. Exp. (Coorens et
al., 1988).

What happens if polar components that are capable to hydrogen bond are added to these mixtures?

The purpose of this chapter is to extend the GCA-EoS model, developed in chapter 6, to represent
high pressure phase equilibria in mixtures of supercritical gases (carbon dioxide and propane) with
fatty oil derivatives, such as mono- and diglycerides and fatty acids. Self- and cross-association
between the associating groups present in these mixtures are considered through the association
term.

7.3 Predictions using the GCA-EoS

The parameters obtained previously (Chapter 6) are now used to predict the behaviour of high
pressure mixtures containing fatty oils and derivatives with solvents like propane and carbon dioxide.
The parameters have been presented in Tables 6.5, 6.6 and 6.7. Additionally, it was necessary to
estimate the interaction parameters between the acid and the triglyceride groups that are not available
in the GCA-EoS parameters table. As the experimental information is scarce for these systems, infinite
dilution activity coefficients were measured in order to fit those interaction parameters. The
experimental data obtained and the correspondent parameterization are described in Chapter 8.

7.3.1  Binary systems of CO, and fatty acids

Figures 7.8 to 7.11 show some of the GCA-EoS predictions for the solubility of CO; in several fatty
acids. Good results are obtained for the solubilities of carbon dioxide in the saturated fatty acids
(Figures 7.8 and 7.9). Figure 7.10 shows the model predictions for the unsaturated oleic acid for which
a qualitative agreement is obtained for the CO, solubility with temperature.
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Figure 7.8 Binary VLE of CO; and palmitic acid: Exp. data (Yau et al., 1992); — GCA-EoS predictions.
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Figure 7.9 Binary VLE of CO; and fatty acids. Exp. data: A  Figure 7,10 Binary VLE of CO; and oleic acid: exp, (Bharath
(Bharath et al, 1993); x (Byun et al., 2000). et al., 1992); — GCA-EoS prediction.

Model: — GCA-EoS prediction.

The model is also able to qualitatively distinguish between the oleic acid (9-octadecenoic acid) and

linoleic acid (9,12-octadecadienoic acid), as can be seen from Figure 7.11.
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Figure 7.11 Binary VLE of CO; and unsaturaded fatty acids at 313.15 K. Exp. data: e oleic acid (Bharath et al., 1992): o linoleic
acid (Chen et al., 2000). Model: — GCA-EoS predictions.
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7.3.2 Binary systems of propane and fatty acids

Similarly to the propane + triglycerides systems (Figure 7.7), the GCA-EoS model is able to predict the
three phase LLV equilibrium for propane + fatty acids systems. The fact that association is taken into
account, i.e., that fatty acids are capable of forming dimers, allows the model to predict the existence
of liquid-liquid equilibria in a range of temperatures similar to the one predicted for an alkane with

double size. The LCEP is estimated at a lower temperature ( TS = 358K) than the experimental one

(Tee = 363K).

It should be mentioned that all the parameters were estimated using vapour pressure data of n-
carboxylic acids (from acetic to decanoic acid) and binary low pressure VLE data for small acids with
alkanes (heptane and octane). And, for this, it is reasonable that the predictions at these high

pressures are less accurate.
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Figure 7.12 Binary VLE and LLE for propane and oleic acid. Exp. data (see Hixson and Bockelmann, 1942); — GCA-Eo0S
predictions.

7.3.3 Infinite dilution activity coefficients

In this section, the GCA-EoS model is used to predict infinite dilution activity coefficients of alkanes in
palmitic acid and mono- and dipalmitin. The d, values of the fatty compounds were obtained from a
vapour pressure data point (Formo et al., 1982). Table 7.1 shows a comparison between the model
predictions and experimental data (Foco et al., 1996). Predictions of the model are quite satisfactory,

taking into account the lack of vapour pressure data which is necessary to estimate the d. value for

the fatty oil derivatives.
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Table 7.1 Infinite dilution activity coefficients of heptane and ethyl acetate in palmitic acid, mono-, di- and tripalmitin, a
comparison between experimental data and model predictions.

Solutes
Heptane Ethyl acetate
Solvents T (K) exp. GCA-EoS Error (%) exp. GCA-EoS Error (%)
3565 1:61 1.20 20 1.36 1.25 8
palmitic acid 366 1.54 1.21 21 1.32 1.23 7
374 1.59 1.21 24 1.34 1.21 10
355 2.07 1.72 17 133 1.17 12
monopalmitin 365 2.02 1.68 17 1.28 1.17 9
375 2.02 1.64 19 1.5 1.18 ' 3
355 0.99 0.95 4 0.72 0.91 26
dipalmitin 365 0.96 0.91 5 0.69 0.87 27
375 0.96 0.88 9 0.68 0.85 25
351 0.61 0.63 3 1.23 1.37 11
tripalmitin 361 0.61 0.63 3 1.06 1.34 26
368 0.61 0.63 3 g EA | 1.31 18

7.3.4 Ternary systems of propane + oleic acid + cottonseed oil

Hixson and Bockelmann (1942) have proposed the use of liquefied propane to extract fatty acids from
natural oils, by selecting a temperature above the critical solution temperature of the triglyceride and
below that of the fatty acid, proposing a liquid-liquid extraction process. Previous work had shown the
capabilities of the GC-EoS model to describe with the same set of parameters, the LLE and VLE
observed in the systems propane-TAG.

The cottonseed oil can be represented by a pseudo-triacylglyceride molecule with the following group
composition: one triglyceride group and the average aliphatic group values given on the last row of
Table 7.2

Table 7.2 Glycerides composition (x;) and correspondent aliphatic groups (nciz and ncy-ce) decomposition for
cottonseed oil.

Fatty acid x; nez Ner=cH
palmitic acid 0.25 42 0
oleic acid 0.30 42 3
linoleic acid 0.45 36 6
average value 39.3 3.60

After this, the correlation between the critical diameter and van der Waals molecular volume (given by
equation 7.1) is used to estimate the critical diameter for this refined cottonseed oil. The following

value is obtained: d_ =11.71.
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Figure 7.13 shows the satisfactory GCA-EoS predictions for this ternary system.

Oleic acid

0.00, 1,00

>-0.00

Propane 1.00  cottonseed oil

Figure 7.13 LLE of CsHs-oleic acid-cottonseed oil at T = 371.65 K and P = 44 bar (compositions in weight fractions): —B- exp.
(Hixson and Bockelmann, 1942); — GCA-EoS.

7.3.5 Ternary system of CO, + oleic acid + methyl oleate

Yu et al. (1993) have studied the fluid-liquid equilibria of the ternary system supercritical carbon
dioxide with several mixtures of oleic acid and methyl oleate. Figure 7.14 shows the GCA-EoS
predictions at the two temperatures for which data is available: 313 and 333 K.

As can be seen, the GCA-EoS predicts the sharp increase in the solubility for both components as
carbon dioxide becomes supercritical: the solubilities for both components decrease with temperature
(at constant pressure) and increase with pressure (at constant temperature). The model is also able to
predict the higher solubility of the ester relatively to the acid at a given temperature and pressure. No
additional parameters were estimated for this system. For pressures higher than 30 MPa, the GCA-
EoS model predicts a curvature on the solubility of oleic acid which is not observed experimentally.
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Figure 7.14 Vapour-liquid equilibria for the system CO; + methyl oleate + oleic acid for several mixtures with overall fixed
mole fractions (R=oleic acid mole fraction on a CO; free basis). Exp. data: nxA (Yu et al, 1993); — (Inomata
et al., 1989); e (Bharath ef al., 1992). Model: — GCA-EoS predictions.

7.3.6  Ternary system of CO,+triolein+oleic acid

Carbon dioxide can be used as a solvent to remove fatty acids from oil mixtures. With this purpose,
Bharath et al. (1992) measured data on the systems CO,, oleic acid and triolein (OOO), which are
shown in Figure 7.15, together with the GCA-EoS predictions.
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Figure 7.156 Ternary VLE of CO;, oleic acid and triolein at P = 250 bar :~m- exp. (Bharath et al., 1992); — GCA-EoS
prediction.
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Even though the CO, solvent power predicted by the model is lower than indicated by the data
measured by Bharath et al. (1992), the selectivity is correct, i.e., the equation shows the higher affinity

of CO; for the fatty acid.

7.4 Conclusions

Phase equilibria of supercritical gases in fatty oil derivatives (fatty acids, fatty acid esters, mono- and
diglycerides) were predicted using the GCA-EoS model.

Association effects in these mixtures are represented by a group-contribution approach using three
different association groups: the hydroxyl group, the acid group and the ester group.

The parameters table obtained at low pressures (using binary mixtures of carboxylic acids, alcohols,
esters, water and alkanes) and at high pressures (CO, and acids) was applied to mixtures of fatty

acids and other fatty oil derivatives with supercritical fluids.

A satisfactory comparison with experimental data was obtained. The GCA-EoS model shows great
flexibility to represent phase equilibrium behaviour in very asymmetric mixtures with respect to size

and energetic interactions.

It is shown that the GCA-EoS is a powerful engineering tool for the optimization and design of
extraction and fractionation processes of fatty oil derivatives with supercritical fluids.
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8. Infinite dilution activity coefficients of solvents

in fatty oil derivatives

8.1 Introduction

The design and simulation of separation processes applied for the extraction and fractionation of fatty
oil derivatives from vegetable and animal oils require experimental information on thermodynamic

properties of fatty acids and triacylglycerides (TAGs).

That thermodynamic information is very useful to obtain molecular and group interaction parameters
for the group-contribution with association equation of state GCA-E0S. In this model the functional
groups characteristic of TAGs and fatty acids are, respectively, the triglyceride TG ((CH,COO),-
CHCOO) and acid (COOH) groups. The interaction parameters between the TG and COOH groups
are not available in the GCA-EoS parameter table. Also, the interaction between TG and the primary
(CH;OH) and secondary (CHOH) alcohol groups are missing. The purpose of the experimental work
carried out and presented in this chapter was to measure infinite dilution activity coefficients in order to

fit those interaction parameters to the experimental data.

Foco et al. (1996) and Bermudez et al. (2000) measured infinite dilution activity coefficients (y”) of a
series of organic solutes in palmitic acid, tripalmitin and triacetin. These data were obtained by inverse
gas chromatography, using the non volatile TAG or fatty acid as stationary phase and injecting the

volatile solute at infinite dilution into the carrier gas stream.
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The use of inverse gas chromatography to measure infinite dilution activity coefficients requires the
solvent in the stationary phase to be a non-volatile compound, so that the amount of solvent in the
stationary phase remains constant during the measurements. On the other hand, the solutes injected
into the gas carrier should give sharp and neat chromatograms. Solutes of low volatility and/or highly
retained in the stationary phase will give broad chromatographic peaks. In this case the values of the

retention times, and consequently the calculated ¥, would be uncertain.

All TAGs are low volatile compounds and can always be used as solvents in a chromatographic
stationary phase. Even the first member of the family, triacetin, has negligible vapour pressures at
temperatures up to 353 K (P* = 42 Pa). Unfortunately, carboxylic acids are highly retained in TAGs

stationary phases; this makes inverse gas chromatography an unsuitable technique to measure y* of

carboxylic acids in TAGs.

In order to obtain experimental information to fit the GCA-EoS interaction parameters between TG and

COOH groups, an alternative procedure was followed in this work. Stationary phases were prepared

using mixtures of TAGs with high molecular weight non volatile fatty acids. The y* of volatile solutes

in these mixtures were measured. With these values and the corresponding y* of the same solutes in

each pure solvent (TAG and fatty acid) it was possible to quantify the interaction between TG and
COOH. Mixtures of palmitic acid with two different TAGs (triacetin and tripalmitin) were prepared, and

the y” of a series of organic solutes in these mixtures have been measured.

8.2 Experimental technique

In this section a brief description of the experimental technique is presented.

8.2.1 Equipment

A Varian (Model Star 3400 C,) gas chromatograph with a FID detector and a Hewlett-Packard
integrator (model 3392) were used in the measurements. The column temperatures were measured

by Platinum Resistance Thermometers (Systemteknik S-1220) and the thermal stability was + 0.1 K.

The pressure drop inside the column (with magnitude 200 - 300 mbar) was read with a cathetometer
from a U-tube manometer with a resolution of + 0.13 mbar. The column outlet pressure was measured
with a quartz transducer (Paroscientific) with a resolution of + 0.1 mbar. Hamilton gastight syringes, 1
ul capacity were used to inject the solutes into the carrier gas stream. The retention times were

measured with resolution + 0.12 s.
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8.2.2 Stationary and Mobile Phases

The stationary phase of each column was prepared by dissolving in chloroform known masses of two
solvents (triacetin/palmitic acid or tripalmitin/palmitic acid) and of an inert support (Chromosorb W
60/80 mesh), in a ratio of 3 parts of chromosorb per part of solvent. The chromosorb was slowly
evaporated in a roto-evaporator (Heidolph) at 30 °C, in an inert atmosphere. The solvent mass in the
column was measured with resolution + 0.002 g. Stainless steel columns of 2 m length with 1/8 in

outer diameter, filled with known masses of stationary phase (about 2/3 g), were used.

The carrier gas was hydrogen, with a flow rate of about 35 cm®/min, measured with a soap film meter
with resolution + 0.7 cm®min. Methane was used as a tracer in order to obtain the reference retention
volume and was injected together with each one of the solutes. To ascertain the stability of
experimental conditions, during the experiments hexane was injected and the respective retention

time was controlled.

8.2.3 Chemicals

Triacetin, tripalmitin, palmitic acid, hexane, hexene, 1,2-dichloroetane, trichloroethylene, anisole and
ethylbenzene were purchased from Aldrich Chemical Co. Benzene, toluene, methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, 2-butanol and chloroform were obtained from Dorwill, Heptane, ethyl
acetate from Mallinkrodt and isooctane, cyclohexane from Sintorgan. All chemicals had a 99% purity.

They were used without further purification.

8.3 Experimental data

The specific retention volume V/, that is, the normalized carrier gas volume necessary to elute solute
i from a column containing a known mass of solvent w, at 273.15K, can be related to the retention

time of solute t; by the expression:

27315 P -P, 43
T P, w

o

Vo =(t, - t,)F (8.1)

where t, is the inert gas retention time; F is the saturated gas flow measured at temperature T, and

pressureP,, Py is the vapour pressure of water at T,, P, is the column outlet pressure and J3 the

James Martin correction factor for pressure gradient and gas compressibility inside the column
(Conder and Young, 1979).

The infinite dilution activity coefficient of solute i, (y* ) is calculated from the solute retention volume

using the following equation:
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(8.2)

S
In(y*) = In(273'15 R]_ Bi - viPi

M, PV RT

In this equation, the gas phase non idealities are taken into account using the virial equation; B, is the

second virial coefficient, v, the molar volume and P° the saturation pressure of component i at
| |

temperature T ; M,, is the molecular weight of the solvent and R is the universal gas constant.

Infinite dilution activity coefficients y* were measured for a series of organic solutes infinitely diluted

in the following mixtures:

+ mixtures of palmitic acid (PA) with triacetin (AAA) with mole fractions: 0.70 PA + 0.30 AAA and
0.50 PA + 0.50 AAA, at 353 K;

« mixtures of palmitic acid (PA) with tripalmitin (PPP) with mole fractions: 0.77 PA + 0.23 PPP,
0.50 PA + 0.50 PPP, at three different temperatures (353 K, 363 K and 373 K).

An overall uncertainty of 3 to 5% is estimated for the measured y* values reported in Appendix C

(Tables C.1to C.4).

Figure 8.1 represents the experimental y” of isooctane in mixtures of PA + AAA and PA + PPP, as a
function of the molar fraction of palmitic acid in the mixtures. The limiting values of y“ in the pure

solvents (palmitic acid, triacetin and tripalmitin) are also shown. It is interesting to notice the high y*

value of isooctane in pure triacetin (My = 218 g/mol), the first member of the family of triglycerides.
This indicates important energy interactions between the TG and paraffinic (CH,/CH;) functional
groups, which are responsible for the partial liquid miscibility found in isooctane — triacetin mixtures.
The effect of this strong interaction vanishes in the case of tripalmitin (My = 806 g/mol), due to the

TAG long hydrocarbon chains. Here the combinatorial effects are predominant, and the y* values of

isooctane in tripalmitin are lower than one. The addition of the long-chain palmitic acid to triacetin
increases the combinatorial effects and dilutes the TG - CH, and COOH — CH, interactions; these

combined effects lower drastically the y” values of isooctane. On the other hand, the addition of
palmitic acid to PPP decreases the average molecular weight of the mixture and increases the energy

interactions due to the presence of the COOH group in the mixture; this gives rise to higher y* values.
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Figure 8.1 Representation of y* of isooctane versus the molar fraction of palmitic acid at 353.15K: ® O experimental data.

In the narrow range of temperatures covered in this work, no temperature dependence of y* was

observed, with the exception of the alcohol's series. The y“ of these compounds decrease with

temperature, which indicates positive partial excess enthalpies in fatty acids and TAGs solutions.

Figure 8.2 shows the y™ of heptane, ethanol and trichloroethylene in an equimolar solution of palmitic

acid and tripalmitin, at the three temperatures measured in this work.
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Figure 8.2 Temperature dependence of y* for heptane, ethanol and trichloroethylene in a mixture containing 50 % palmitic acid

1 50 % tripalmitin.

148



Infinite dilution activity coefficients of solvents in fatty oil derivatives

8.4  Parameterization
The y” data obtained in this work were used to fit the binary interaction parameters between the

triglyceride group TG and the carboxylic acid COOH, primary CH,OH and secondary CHOH alcohol
groups. Table 8.1 reports the values of the calculated parameters.

Table 8.1 Binary interaction parameters

i I Ky kﬁ @y a; Experimental data used

TG CHOH 1443 0.0 0.0 0.0 v"* of alcohols in pure AAA (Bermudez et al., 2000)
CHOH 1.191 0.0 00 00

COOH 1.072 0.0 0.0 0.0 v* of alkanes in mixtures of AAA with PA (this work).

Figures 8.3 and 8.4 show the values of infinite dilution activity coefficients of heptane in mixtures of
palmitic acid and a TAG and the y” of alcohols in triacetin, respectively, calculated by the GCA-EoS

model.
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Figure 8.3 Representation of ¥ of heptane versus the molar fraction of palmitic acid at 353.15K: ® O experimental data
(Ferreira and Foco, 2003); — GCA-EoS correlation.
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Figure 8.4 ™ of alcohols in triacetin versus temperature: ¢ o experimental data (Foco et al., 2000);: —GCA-Eo0S
correlation.

8.5 Conclusions

In the experimental work proposed and presented in this chapter, y” of several components in

mixtures of TAGs with palmitic acid were measured. The y” of alkanes were used to quantify the

interactions between the triglyceride and the COOH functional groups.

The experimental data were properly fitted by using a single temperature independent binary
interaction parameter. More experimental information, for a wider range of temperatures and for
mixtures with lower palmitic acid concentrations, should be carried out in order to test the validity of

these parameters.
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9. Conclusions and future work

9.1 Conclusions

Several theories have been proposed in the literature to model association effects: the chemical
theory, the quasi-chemical theory and the perturbation theory. In some cases, it is possible to make a
numerical equivalence between them and to compare the different solutions obtained for the monomer
fraction for some simple cases of self- and cross-association mixtures. The expressions for mixtures
containing at most two cross-associating groups have been derived. It is possible to find one analytical
solution, when there are at most two associating components with different groups plus any number of

inerts.

Therefore, to follow a group-contribution approach presents a significant mathematical advantage in
the extension of the model to mixtures containing several associating components, thanks to the use
of associating groups to represent associating components. In this work association effects were

described by a group-contribution approach, introducing a specific term in two models.

The A-UNIFAC model has been successfully applied to calculate activity coefficients in associating
solutions containing water, alcohols, carboxylic acids, esters, alkanes, aromatic hydrocarbons and
alkyl chlorides. Two alternative approaches have been proposed: an approximated one with simplified
expressions for the monomer fraction and a lower number of parameters; and, the rigorous approach
that consists in a more flexible model. Both methodologies result in great improvements in the more

diluted range of compositions, where the non-ideality due to association is more pronounced.

However, the rigorous approach gives more accurate correlations and predictions for vapour-liquid
equilibria and infinite dilution activity coefficients when compared to the original UNIFAC model.
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The A-UNIFAC was successfully applied to mixtures of sugars with water and alcohols (from methanol
to t-pentancl) by defining a single hydroxyl group to account for all association effects in these
solutions. Water and alcohols have only one associating group and each sugar is considered to have
a different concentration of that associating group. In this way, the model is able to distinguish
between stereoisomers. Good correlation and prediction results are obtained in the description of
solid-liquid equilibria (sugars solubility in water or alcohols and in mixed solvents, freezing point) and
vapour-liquid equilibria (water activity, boiling point of aqueous solutions). Moreover, the model is able
to accurately predict the phase behaviour for some multicomponent mixtures of industrial interest: SLE
of D-xylose and D-mannose in water and in mixed solvents of water/ethanol; SLE and VLE of D-
fructose, D-glucose and sucrose in water; water activity of a synthetic honey and of synthetic juices.

The need for a model that can be applied up to the critical region led to the extension of the group-

contribution equation of state to mixtures containing several associating components.

The application of an equation of state to hydrogen-bonding mixtures motivated the appearance of
new expressions to account specifically for association effects or the introduction of more flexible
mixing rules. In general, a molecular approach is used which difficults the extension of these models

to mixtures containing several associating components.

The group-contribution with association equation of state (GCA-EoS) was extended to mixtures
containing acids, esters and ketones, with water, alcohols and any number of inert components. For
the cross-association between acids and alcohols or water associating groups, two alternative
approaches were proposed that resulted in satisfactory representation of pure component properties
and phase equilibria for mixtures of carboxylic acids with inert compounds, alcohols and water at both
low and high pressures. Very good results were also obtained in the correlation of cross-associating
mixtures capable of forming dimers (esters, ketones). The GCA-EoS model is more accurate than the

group-contribution method MHV2, which does not take into account explicitly association effects.

The flexibility of the GCA-EoS model was shown with the satisfactory prediction of phase equilibria of
supercritical gases (propane and carbon dioxide) in fatty oil derivatives (fatty acids, fatty acid esters,

mono- and diglycerides).

Infinite dilution activity coefficients measured by inverse gas chromatography are an important source
of experimental data that can be used to quantify the interactions between heavy compounds (in this
work, triglycerides or fatty acids) and different light solutes. The experimental data obtained in this

work were used to determine binary interaction parameters for the GCA-EoS.

These results demonstrate that the GCA-EoS is a powerful engineering tool for the optimization and
design of extraction and fractionation processes of fatty oil derivatives with supercritical fluids.
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9.2 Future work

The models developed in this work have shown the possibility of using a group-contribution approach
to represent association effects in mixtures containing water, alcohols, carboxylic acids, esters,

ketones, aromatic compounds, alkyl chlorides and any number of inerts.

The first task that immediately arises is the extension of the parameter tables of the A-UNIFAC and
GCA-EoS to a larger number of functional groups. In terms of associating molecules, amines, ethers,
glycols, assume particular importance. When present, proximity and isomeric effects between

molecules should also be taken into account.

In parallel to the modelling work, experimental data measurements should be carried out particularly
for the natural products mixtures studied here. The data will be used to extend the applicability of the
GCA-EoS and A-UNIFAC models.

These models can be applied in several other areas besides the case studies presented in this work.
For example, an important application is the environmental area where very often the components to

be removed are infinitely diluted and association effects are more pronounced.

In the growing field of green chemistry the use of supercritical reactors and separation processes is an
area of work with great interest. The models developed in this thesis can be applied for the phase
equilibrium engineering analysis of hydrogenation, hydrogenolysis, oxidation, hydroformylation and
many other gas-liquid processes, as well as the application of non-contaminant solvents in the

processing of natural products

In the area of product and molecular design the availability of more reliable predictions of infinite
dilution activity coefficients is of great interest in the development of Computer Aided Molecular

Design software for the identification of non-contaminant solvents.

As a major development of these models it is also possible to suggest the extension of this group-
contribution association term to model phase behaviour of associating polymers and biomolecules.
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A. A-UNIFAC software developed in this work

A.1 Introduction

This appendix reproduces the Help file created for the A-UNIFAC program. It describes the
management of the different input and output data files and the database files.

A.2 Input data files

A.2.1 Create a new input file
Select File-New-Input Data File on the main menu to create a new input file.
A.2.1.1 Selection of components

Select at least two different components from the database (Figure A.1). This is done by filling the
textbox and pressing the Find button. The search for the desired component can be made by one of
the criteria: Name or Formula. The search results will appear on the first table. Each table includes the
component identification number (ID), Name, Formula and Database condition. The 4" column

indicates whether the component has its pure component properties stored in the database.

Only components whose properties are in the database (4" column=YES) can be selected. In case
the user wants to add or update pure component properties, please see topic A.3.1.3. Then, transfer

the chosen components to the second table, by pressing » |
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2-BUTOXY-ETHANDL
2CHLOROETHANOL
METHANOL
2METHOXY-ETHANODL

ZETHOXYETHANOL
i <0 ‘.\ E!. v At

Figure A.1 Selecting components from the database.

After the transfer of a minimum of two different components to table 2, press the Next button.
A.2.1.2 Parameters initial values

On the upper table from Figure A.2, the user can view and edit the residual parameters values
associated with the residual groups, which define the selected components. If any of the selected
components have hydrogen bonding, then a second table appears with the corresponding association
group parameters.

| 50.4 0 3805
874 0 1582 707

| 483 912 0 167.3

| 1368 12723 2604 |0

Figure A.2 Set initial parameters values for the run.
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When the window is loaded, the tables contain the residual and association parameter values stored
in the database. The parameters can be changed for a specific run by moving the cursor on the table
cells and editing them.

A.2.1.3 Thermodynamic data

On the upper table, shown on Figure A.3, the vapour-liquid equilibria (VLE) data that exists in the
database for all possible binary systems composed by the previously selected components are
presented.

g

9560
8480
33680
8350
290
8050
90.50
8340
B3.40
8860
87.20

Figure A.3 Selection of experimental binary VLE systems.

If they exist in the database the user can view them in the textbox, by clicking on the corresponding
row. Only the sets of data that contain full experimental information (liquid and vapour phase

compositions, pressure and temperature) can be selected. This is done by pressing ﬂ It is also

possible to change the preset standard deviations for the liquid phase composition, vapour phase
composition, temperature and pressure. After selecting at least one VLE system the user can press
the Next button.
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A.2.1.4 Run

On the window (Figure A.4), the user chooses the type of calculation:

® Simulation of the model using the parameters defined in the second step, or:

® Optimization using the parameters defined in the second step as initial estimates.
In this case, the user must also define which variables are to be optimized:

® all variables;

® only the dependent variables (that is, the liquid phase composition and temperature are kept fixed).

Figure A.4 Set optimisation or simulation features,
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The user can select, in the tables, which parameters shall be optimized (residual parameters in the left
table and association parameters in the right one).

Finally, it is possible to set the scale factors for the different type of parameters. Now, the user can
press the Run button to start the calculations.

A.2.1.5 Output results
As the result of the calculations, two situations may occur:

1. The calculations finished without error. The following figure appears:

JYiew Output Results

Figure A.5 View output results in a text file or excel file.

Now, the user can choose to view the generated output text file and/or to create an Excel File in which
the results are presented in the graphical form.

2. The calculations finished with error, but an output text file was generated (Figure A.6) or the
calculations finished with error and no output text file was generated (Figure A.7).

. Yiew Output Resuits

Figure A.6 View Output Results in a text file. Figure A.7 No output results.
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A.2.2 Open an input file

The user should use this option to make slight changes in the input file in a faster way. Select File-
Open-Input Data File on the main menu to open an existing input file. After selecting the file, the user
can view and edit it in the textbox. Then, press the Run button to start the calculations. The program

will create an input file containing the text displayed in the textbox of Figure A.8.

50 CYCLOHEXANE
i . 83 HEXANE
|26.98540.300.263 4.2670.000.00 31 HEPTANE
|26.05671.000.257 0.0000.200.00 128 OCTANE
44.70604.000.207 30501.75450 141 PROPIONIC ACID
141 04
141 04
141 04
8 14 04
6.8514601206.470 223,136 CYCLOHEXANE ________

Figure A.8 Select an existing input file,

A.2.2.1 Output results

The same situation occurs as described before on section A.2.1.5.
A.3 Databases

A.3.1 Pure component properties

Select Database - Add/Update Data - Pure Component on the main menu to add or update pure
component properties. The following window appears (Figure A.9):
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, DataBase Components Selection

= h [ alab

Ieﬂw-ol Find l

(' Name € Formula

ID [Nama |Formula | DataBa & D | Name | Fomula | DalaBasa
Jal

11 ETHANDL C2HBO  YES n ETHANDL C2HEO  YES

38 2BUTOXY-ETHANDL C6H1402  NO » | 3 2-BUTOXY-ETHANOL CEH1402 NO

43 2.CHLOROETHANOL C2HSCLO  NO 2-CHLORDE THANDL C2H5CL0 NO

110 METHANOL CH4D YES

113 2METHOXY-ETHANOL C3HB0DZ2 NOD

273 2ETHOXYETHANOL C4H1002 ND 'I

'lI I L b

AddRecord | DeteRecod |

Done |

Figure A.9 Selecting components from the database.

A.3.1.1 Add a new component to the database

Press the Add Record button. The following window pops up (Figure A.10):

+ oAdd New Component X
MNem R
Empiical Fomua
v |

Figure A.10 Adding a new component to the database.

Fill in the empty boxes and press the Add button.

A.3.1.2 Delete record

Select the corresponding component row in the table and press the Delete button.
A.3.1.3 Add or update properties

The user can select a component from the database by searching it in the database (filling the textbox
and pressing the Find button) or adding a new component to the database (see topic A.3.1.1). The
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selected components are transferred to the right table by pressing =~ » | After moving the desired

components to the right table, select one of them by clicking the respective row and press the
Add/Update Properties button. The DATABASE column indicates whether the component has

already its pure component properties completely included in the database (update properties) or not

(add properties). Then, the following window appears (Figure A.11):

» +ETHANOL Properties

ReadfiomFie.. |

- Antone Constand -

A | 768117

logF{mmHg))= A = B

Pefeim) [~ 62 TelK [ 5162 Ze [ o2ea4 B 1332.04 Yy
RD 228 DMU 169 7 155 e [ s
~ Residual SubGroups Composition ~ Association Gioups Compostion
I——-—. = .
Table 1 e _, Table 2 i Table 3 Table 4
Group| SubGroup| Formda || <] | 1D | Fomula | Numbe |
1 1 CH3 1 OH 1
1 2 CH2
1 3 CH
1 4 C
2 5 CH2«CH
6§  CHeCH _l;l
K I | > »

Figure A.11 Setting pure component properties.

Following the traditional y - ¢ approach, the vapour phase fugacity coefficient is calculated using the

virial equation, with second virial coefficients estimated from the method of Hayden and O’Connell

(1975). To apply this method some pure component parameters must be known:

Pc and Tc: Critical pressure and critical temperature;

RD: Mean radius of gyration in A;

DMU: Dipole moments in Debye;

n: Association (for pure substances) and Solvation (for interaction between components in a mixture)

parameters.

S



A-UNIFAC software developed in this work

The vapour pressure of the components is calculated using the Antoine equation for which the A, B
and C constants must be given (Ghmeling et al., 1977).

After this, define the residual subgroups composition of the component by transferring them from table
1 to table 2 (Figure A.11). In the former table set the quantity of each subgroup. If the component has
self-association then define also the association groups composition, setting also the quantity of each
group. In case the user wants to add or update the residual subgroups or association groups please

consult the topics A.3.2 and A.3.3, respectively.

The Pure Component Properties (the data contained in the upper frame) may be entered manually or
by pressing the Read from File button. In this case, the file should be of the type shown on Figure
A.12.

« o Read from data file

CASAN - (64175]

: ETHANOL

: C2HBO
Antoine : log10 [P [mm Hg]) = A-B/(C+t [C])
P<1atmABC. ranget[C] : 820417 164289 230.341 -57 60

calc. boiling point [C]:  78.28
P>1amABC, ranget[C] : 7.68117 133204 193177 77 243
calc. boiling pont C]:  78.31

0 %
: © 31001 1002 1014
TelK], Pel. {ﬂf&cl{"ma:md]wm 13 1%21&2 g&m 167.0000 06350
atm| +]: v
nﬁomm : -‘1'145&

heat of fusion [cal/mol] ~ : 1199.200
| dipole moment [Debye] : 1.6900

Figure A.12 Selecting file containing pure component properties.

A.3.2 Residual groups parameters

Select Database - Add/Update Data - Residual Groups Parameters on the main menu to

add/update residual groups and subgroups data (Figure A.13).
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» oResidual Groups

Group | Formula | SubGroups Nu .
i ol | 2

1 CH2 4 i [ U A il
2 C=C 5 Groupl
3 ACH 2 e
4  ACCH2 3 ol i i Group2 0.0
[ | »
AddNewGrowp | Delete Group |  SavePaiameters

Done

Figure A.13 Set residual groups features in the database.

A.3.2.1 New interaction residual parameters

Here, the user can record in the database new values for the interaction residual parameters. Select

two different groups from the left table. First, search them on the table (filling the textbox and pressing
the Find button) and in case they exist, transfer them to the right table by pressing » | To create a

new group see topic A.3.2.2. On the right table, the corresponding parameters cells must be filled and

the Save Parameters button pressed.

A.3.2.2 Add new residual groups

First, define the formula of the new group and the number of subgroups. Then, for each subgroup k, fill
the data (Formula, Surface Area Ry and Volume Q) inside the frame and transfer it to the table, by

pressing » | Finally, press the Save button, once all the subgroups data are registered on the table

(Figure A.14).
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. Add New Group

Formula of Group Ich2
Nurmber of SubGroups | 4 i‘

—New SubGroups Data

Group CH2

Figure A.14 Definition of a new group and corresponding subgroups.

A.3.2.3 Delete residual groups
Select the corresponding group row on the table and press the Delete button.
A.3.3 Association group parameters

Select Database - Add/Update Data - Association Group Parameters on the main menu to
add/update association groups. The number of sites, the energy and volume of association can then

be defined for each associating group (Figure A.15).

» o Edit Association Groups

— Association Parameters
ID |Group Nisites Eassoc [Vassoc
1_|oH 2600 0,025
2 |COOH [ 1 6500 0.0012

Add N | Delete I Sm Parameters

Figure A.15 Set association groups features in the database,
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A.3.3.1 Update data

To update the association group parameters select the corresponding cells and edit them. Then press

the Save Parameters button.

A.3.3.2 Delete association group

Select the corresponding group row in the table, and press the Delete button.
A.3.3.3 Add new associating group

Press the Add New button. The following window appears (Figure A.16):

» Add Associating Group

Figure A.16 Definition of a new association group.

Fill all the empty boxes and then press the Add button.

A.3.4 Solvation parameters

Select Database - Add/Update Data - Solvation Parameters on the main menu to add/update the
solvation parameters (Figure A.17). To update the solvation parameters simply select the
corresponding cells and edit them. Then, press the Save Parameters button. To restore the original

values, as given by Hayden and O’Connell, simply press the Restore button.
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JEstimated solvation paran rs between groups of substances
=i 1 S

2

Figure A.17 Set solvation parameters values in the database.

A.4 View equilibria data

Select View - Equilibrium Data on the main menu to check the complete references of the binary
VLE experimental data that exists in the database (Figure A.18). Click on the file name to view it in the

textbox.

. . View Equilibrium Data

H20 WATER
C3He02  2METHOXY-ETHANOL

References:

?g &fllAVDNE-F!LHO 0. PROUST P.RASMUSSEN P_J.CHEM ENG.DATA

349y E;l:iENWA S.A KOMAROVA LF..GARBER YU.I.....2ZH PRIKL KHIM.(LENINGRAD)
GARBER YU.N..BOVKUN RA ZH.PRIKLKHIM. 37.831(1864)

|
‘ldqf»] '["“Hﬂl el data sel i' 3 |

|

|

|

|

760.00 3443 11683 VLEDDB
6985 3278 12835VLEDDB
3278 12336 VLEDDB

760.00 333 13632VLEDDB
3278 14681 VLEDDB

3278 14882 VLEDDE

Figure A.18 View the references files.
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A.5 Options

Select Options-Save Text Files on the main menu. Here the user can set the save procedure of the
input files and output files. The user can, in each case, define one of three options, as shown in the
next figure. The default options are shown on Figure A.19.

Figure A.19 Options window.
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B. Structures of some sugars

B.1 D-aldoses
H, 0
|
H—?—OH
CH,OH
D-glyceraldehyde
m?,,o H\(ﬁ,,o
H(li OH HO—(I.‘.- H
H—-?—OH H (I‘. OH
CH,0H CH,OH
D-erythrose D-threose
EE | —
H, .2 Ple; H _O H O
C '-{\C/ .3 o AN l
| | |
H—? -OH HO- LI‘, H H—SJ—OH HO-C—-H
H-C~OH H-C-OH HO-C-H HO—C—H
H-C—OH H-C-OH H-C~OH H ¢-0H
CH,OH CH,OH CH,OH CH,0H
D-ribose D-arabinose D-xylose D-lyxose
=% = ==| = Sl
H O H O H O H O H _O ple] H O 0
cr: \(|: \C \lc.r -cl;‘ H\c!:/ \lc./ H\c‘:
H Cf OH HO‘?‘H H--al‘pOH HO--?—H H—(E—OH HO—?—H H—C|:—0H HO ? H
H-C—OH H-C-0OH HO-C-H HO-C-H H-C-0OH H-C-QH HO-C-H HO—(I.‘.—H
| | | | | | |
H—(l?,—OH H-Cli-'OH H—(’:—OH H—(II—OH HO-C-H H0—|C—H HO—(IE—H HOv{I; H
]
H ? -OH H—g;—OH H ? -OH H—(F—OH H—(?—OH H—?—OH H—?—OH H—(f‘,— OH
CH,OH CH,OH CH,OH CH,0OH CH,0H CH,OH CH,0H CH,OH
D-alose D-altrose D-glucose D-mannose D-idose D-gulose D-galactose D-talose

Figure B.1 The D-aldoses family tree (Fischer representation).
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B.2

D-ketoses
(l‘.H,OH
H-(F (o]
CH,OH
Dihydroxyacetone
|
CIZH,OH
H-C=0
H-C-OH
CH,OH
D-erirulose
-
CllH,OH
H=C=0
H-C- OH
H-C- OH
CH,OH
D-ribulose
Il
(|3H,0H CliH,OH
H (I:—O H—(IZ -0
H- Q—OH HO-C H
H C OH H-G- OH
H-C- OH H-C-OH
CH.,OH CH,OH
D-psicose D-fructose

CH,OH
H-C=0
H c: OH

HO--LI'. H
H (])-OH

CH,OH

D-sorbose

{!3H,OH
H Cl.‘. (o]
HO-C H
H ¢ OH
CI,H,OH
D-xylulose

S |

(IIH,OH
H-C=0
HO (II H
HO—(IJ--H
H (:J OH

CH,OH
D-tagatose

Figure B.2 The D-ketoses family tree (Fischer representation).
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B.3 Disaccharides

Figure B.3 gives the characterization of the different disaccharides, in terms of chemical composition.

Sucrose

O-a

Trehalose

O- o -D-glucopyranosyl-(1—1) « -D-glucopyranoside

la(:z"se I HO... L}
S‘ : | o '
ol - N\
& -

O- 3 -D-galactopyranosyl-(1—4)- D-glucopyranose

Cellobiose )% ﬁ

O- [ -D-glucopyranosyl)-(1—4)-D-glucopyranose

Maltose = L’

O- & -D-glucopyranosyl-(1—4)- D-glucopyranose

Figure B.3 Disaccharides chemical structure.
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C. Infinite dilution activity coefficients data

C.1 Experimental data

Table C.1 presents, for a series of organic solutes, the infinite dilution activity coefficients y*
measured at 353 K, in mixtures of palmitic acid (PA) with triacetin (AAA) for the following mole
fractions: 0.50 PA + 0.50 AAA and 0.70 PA + 0.30 AAA. Tables C.2, C.3 and C.4 present the T
values obtained at 353 K, 363 K and 373 K, in two mixtures of palmitic acid (PA) with tripalmitin (PPP)
0.50 PA + 0.50 PPP, 0.77 PA + 0.23 PPP. The tables also show the y* of the solutes in the pure

solvents (palmitic acid, triacetin and tripalmitin).

From a propagation of errors analysis, an overall uncertainty of 3 to 5% is estimated for the y* values

reported in Tables C.1to C 4.
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Table C.1 Experimental y* in mixtures of triacetin and palmitic acid

Solute Palmitic acid  30.0% AAA  49.9% AAA  100% AAA
(354.75K) (353.15K) (353.15K) (353.15K)
Heptane 1.51 1.81 2.24 8.90
Hexane 1.43 1.75 213 7.03
Cyclohexane 142 1.28 1.63 4.81
Isoctane 1.60 1.89 2.54 9.93
Benzene 0.96 0.86 0.90 1.21
Toluene 0.99 0.93 1.02 1.59
1-Hexene 1.32 1.43 1.74 4.60
Ethanol 1.85 1.38 1.37 1.59
1-Propanol 1.65 1.47 1.29 1.69
2-Propanol 1.41 1.34 1.20 1.69
1-Butanol 1.58 1.47 1.30 2.06
2-Butanol 1.60 1.91 1.60 1.78
Chloroform 1.01 0.72 0.60 0.62
1-2 DCE 1.27 1.09 0.87 0.75
Trichloroethylene 0.89 0.93 0.90 1.30
Ethyl-ether 1.03 1.07 1.96
MTBE 1.23 1.30 2.69
Ethyl acetate 1.36 1.28 1.08 1.10
Acetone 1.60 1.42 1.07 0.98

Table C.2 Experimental y* in mixtures of tripalmitin and palmitic acid

Solute Palmitic acid 23.4% PPP  50.3% PPP  100% PPP
(354.15K)  (353.25K)  (353.07K)  (350.55K)
Hexane 1.43 1.05 0.89 0.58
Heptane 1.51 1.10 0.92 0.61
Isooctane 1.60 1.19 1.00 0.67
Cyclohexane 1.12 0.79 0.66 0.44
Benzene 0.96 0.64 0.52 0.33
Toluene 0.99 0.67 0.55 0.35
Hexene 1.32 0.94 0.79 0.52
Ethanol 1.85 1.59 1.64 1.23
1-Propanol 1.65 1.39 1.41 1.18
2-Propanol 1.41 1.26 1.33 1.19
1-Butanol 1.58 1.34 1.34 1.21
2-Butanol 1.60 1.10 1.09 1.04
Acetone 1.60 1.21 1.08 0.77
1,2 Dichloroethane 1.27 0.80 0.62 0.40
Trichloroethylene 0.89 0.59 0.46 0.31
Chloroform 1.01 0.51 0.38 0.25
Anisole 1.31 - - 0.46
Ethyl acetate 1.36 1.03 0.90 0.64
Ethyl-benzene 111 0.77 0.62 0.40
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Table C.3 Experimental y* in mixtures of tripalmitin and palmitic acid.

Solute Palmitic acid 23.4% PPP  50.3% PPP  100% PPP
(365.25K) (363.25K) (363.15K) (360.75K)

Hexane 1.47 1.06 0.88 0.57
Heptane 1.54 1.1 0.92 0.61
Isooctane 1.64 1.20 1.00 0.67
Cyclohexane 1.12 0.80 0.65 0.43
Benzene 0.97 0.65 0.52 0.33
Toluene 1.00 0.68 0.55 0.35
Hexene 1.35 0.96 0.79 0.52
Ethanol 1.76 1.49 1.53 1.06
1-Propanol 1.56 1.33 1.31 1.07
2-Propanol 1.38 1.21 1.23 1.07
1-Butanol 1.48 1.26 1.25 1.12
2-Butanol 1.18 1.04 1.03 0.90
Acetone 1.56 1.13 1.03 0.73
1,2 Dichloroethane 1.24 0.78 0.61 0.38
Trichloroethylene 0.90 0.59 0.46 0.30
Chloroform 0.84 0.50 0.39 0.24
Anisole 1.37 0.86 0.67 0.44
Ethyl acetate 1.32 1.01 0.87 0.63
Ethyl-benzene 1.18 0.77 0.60

Table C.4 Experimental y* in mixtures of tripalmitin and palmitic acid.

Solute Palmitic acid 23.4% PPP  50.3% PPP  100% PPP
(374.15K) (373.15K) (373.15K) (368.05K)
Hexane 1.50 1.05 0.88 0.57
Heptane 1.59 1.10 0.92 0.61
Isooctane 1.68 1.21 1.00 0.67
Cyclohexane 1.15 0.79 0.65 0.43
Benzene 0.99 0.63 0.51 0.33
Toluene 1.05 0.68 0.54 0.35
Hexene 1.39 0.96 0.79 0.52
Ethanol 1.73 1.40 1.38 1.11
1-Propanol 1.63 1.24 1.19 1.04
2-Propanol 1.35 1.14 1.13 0.98
1-Butanol 1.45 1.19 1.13 1.01
2-Butanol 1.16 0.98 0.95 0.86
Acetone 1.53 1.14 1.00 0.71
1,2 Dichloroethane 1.25 0.78 0.59 0.37
Trichloroethylene 0.93 0.61 0.46 0.30
Chloroform 0.87 0.51 0.39 0.25
Anisole 1.30 0.86 0.67 0.43
Ethyl acetate 1.34 1.00 0.84 0.61
Ethyl benzene 1.15 0.78 0.60 0.39
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