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ABSTRACT

ABSTRACT

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

The main purpose of this thesis was to recovelfringo-oligosaccharides (FOS) from
the sugar mixtures obtained by fermentation. Amitregcurrent downstream techniques
that are available, the separation method chosentke liquid chromatography. Two
different stationary phases were studied, namedyatttivated charcoal and several ion-

exchange resins.

A single activated charcoal column was used toysthd adsorption/desorption of FOS
contained in a fermentative broth mixture througlgradient of water/ethanol. After
optimizing the separation method, 74.5% (w/w) of F@ere recovered as well as
fractions with purity up to 97% (w/w). This methaas also efficient in the desalting of
the fermentative broth. The process using a siaglizated charcoal column was a good
starting point to obtain large amounts of pure FHB@S simple and economic way.
Nevertheless, the main goal of this thesis wast@lbp a separation process to be used
at an industrial level, thus economically attragetiVherefore, the Simulated Moving Bed

(SMB) chromatography was selected as the most atiegeparation method.

The SMB chromatography has the advantage of working continuous mode, using
water as eluent and homogeneous stationary pHase#g to very reproducible results.
Hence, several potential ion-exchange resins weidkesl in order to be used in a SMB

chromatography pilot plant.

The suitability of the resins in the separatiommaino- and disaccharides was evaluated
by adsorption equilibrium, kinetic and mechanicasistance studies. A Dowex
Monosphere 99K/320 resin, gel-type with 3@t of particle diameter, in potassium
form, was selected. The fermentative broth chrograjghic elution on a single column
was modelled and kinetic and adsorption parametegse identified. FOS were

successfully purified from 37.1 to 62.9% (w/w) ugithe SMB pilot plant. Furthermore,
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the FOS yield and productivity obtained in the iraife was 69.4% (w/w) and 82.1 g.L

! h!, respectively.

Until now, no scientific work has reported the reexy of FOS from fermentative broths
using SMB chromatography. With the vast expansibrthe FOS market in the last
decade, due to the increase of interest by consumédrealth foods, the results gathered
in this thesis are very promising for the food isly, in particular for the development

of new processes for the recovery of sugars pratibgdermentative processes.

KEYWORDS: Fructo-oligosaccharides, separation, chromatographtivated charcoal,

ion-exchange resins, simulated moving bed.
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RECUPERACAO DE FRUCTO-OLIGOSSACARIDEOS DE PROCESSOS DE FERMENTACAO

A presente tese teve como objectivo principal aperacédo de fructo-oligossacarideos
(FOS) de misturas de acucares obtidas por ferm@mt&ntre as técnicas de separacao
actualmente disponiveis, a cromatografia liquidaofanétodo escolhido. Duas fases

estacionarias foram estudadas, nomeadamente mciigado e varias resinas de troca

idnica.

A adsorcao/dessorcao de FOS contidos numa misaucaldo de fermentacédo, usando
um gradiente de agua/etanol, foi estudada numanaotle carvdo activado. Apos
optimizacdo do método foi possivel recuperar 74(pAp) de FOS em relagdo aos FOS
inicialmente contidos no meio de fermentacéo. Axhialmente, obtiveram-se frac¢oes
com graus de pureza até 97% (p/p). Este métodoronoser também foi eficiente na
dessalinizacdo do caldo fermentativo. O métodoegaracao usando a coluna de carvao
activado foi um bom ponto de partida para a obemgigrandes quantidades de FOS
puros de uma forma simples e pouco dispendiosa&ndmto, o principal objectivo desta
tese consistia no desenvolvimento de um processsep@racdo para ser usado numa
escala industrial, portanto, economicamente att@cAssim, a técnica de cromatografia
de leito movel simulado (SMB) foi seleccionada cosemdo 0 método de separacdo
mais adequado.

A cromatografia de SMB tem a vantagem de traballeaum modo continuo, usando
agua como eluente e fases estacionarias homogéleesasdo a resultados muito
reprodutiveis. Como tal, estudaram-se vérias resde troca ibnica com potencial

suficiente para serem utilizadas numa planta pdet&MB.

A adequacao das resinas na separacdo de monaaeatigdeos foi avaliada através dos
estudos de equilibrio de adsorcdo, cinética e déstéacia mecanica. A resina
seleccionada foi uma Dowex Monosphere 99K/320, gelp com 32Qum de didmetro

das particulas, em forma de potassio. Estabelexauss modelo matematico para
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descrever a eluicdo cromatografica do caldo feratimot em coluna e identificaram-se
0S parametros cinéticos e de adsorcdo. Os FOS fauafitados com sucesso de 37.1 a
62.9% (w/w), usando o SMB. Além disso, o rendimeni® produtividade obtidos para

FOS no refinado atingiu 69.4% (w/w) e 82.1 g, respectivamente.

Até agora, nenhum trabalho cientifico reportou euperacdo de FOS de caldos
fermentativos utilizando o SMB. Com a grande exgardo mercado de FOS na ultima
década, devido ao crescente interesse dos congesiigor alimentos saudaveis, 0s
resultados obtidos nesta tese mostram-se muitoiggores para a industria alimentar,
nomeadamente no desenvolvimento de novos procpasas recuperacao de agucares

produzidos por processos fermentativos.

PALAVRAS -CHAVE : Fructo-oligossacarideos, separacdo, cromatogkaigdo activado,

resinas de troca iénica, leito mével simulado.
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RECUPERATION DE FRUCTO -OLIGOSACCHARIDES DE PROCESSUS DE FERMENTATION

L’objectif principal de la présente thése est leup®ration des fructo-oligosaccharides
(FOS) de mélanges de sucres obtenus par fermemtaRarmi les techniques

actuellement disponibles, la méthode de séparagétactionnée a été la chromatographie
liquide. Deux phases stationnaires différentes @@t étudiées, le charbon actif et

plusieurs résines échangeuses d’ions.

Une colonne remplie de charbon actif a été utilizeéar étudier I'adsorption/désorption
des FOS contenus dans le milieu de fermentation amegradient d’eau/éthanol. Aprés
optimisation de la méthode de séparation, une é¥atipn de 74.5% (w/w) de FOS et
des fractions avec une pureté jusqu’'a 97% (w/w)ébdtobtenus. Cette méthode a aussi
éte efficace pour dessaler le milieu de fermentati@ procédé utilisant une colonne de
charbon actif a été un bon point de départ pougrobtle grandes quantités de FOS purs
d’'une maniere simple et peu colteuse. Néanmoirs,ti@rincipal de cette these est de
développer un procédé de séparation utilisable échélle industriel, donc
economiquement attractif. C’est pourquoi, la chatwmgraphie sur lit mobile simulé

(SMB) a été considérée comme la méthode de sépafatplus adéquate.

La chromatographie SMB a l'avantage de travaillercentinu, en utilisant de l'eau

comme éluant et des phases stationnaires homogesresettant d’obtenir des résultats
tres reproductibles. Par conséquent, plusieurs inegs échangeuses d’ions
potentiellement adéquates pour une utilisationwsu©quipement de chromatographie

SMB ont été étudiées.

L’adéquation des résines pour la séparation deomeindisaccharides a été évaluée a
travers des études de résistance mécanique, deomét d’équilibre d’adsorption. Une
résine Dowex Monosphére 99K/320, de type gel avediametre de particules de 320
um, dans sa forme potassium, a été sélectionnétution chromatographique sur une
seule colonne du milieu de fermentation a été niséktlet les paramétres d’adsorption et
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cinétiques ont été identifiés. Les FOS ont étéfigsrde 37.1 a 62.9% (w/w) en utilisant
'équipement SMB. De plus le rendement et la prdigité obtenus dans le raffinat ont
été 69.4% (w/w) et 82.1 glLh™, respectivement.

Jusqu’a présent, aucun travail scientifigue n’aorgp une récupération de FOS des
milieux de fermentation en utilisant la chromatqupri@ SMB. Avec la vaste expansion
du marché des FOS dans les dernieres décennigsaag a I'intérét grandissant des
consommateurs pour les aliments sains, les résyltésentés dans cette thése sont tres
prometteurs pour lindustrie alimentaire, en paiter pour le développement de
nouveaux procédés de récupération des sucres fwogar des processus de

fermentation.

MoTs-CLES : fructo-oligosaccharides, séparation, chromatogeapltharbon actif,

résines échangeuses d'’ions, lit mobile simulé.

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



Xi

TABLE OF CONTENTS

TABLE OF CONTENTS

1T aT=T = I [k (0o V1o 1[0 o IS 1
(@ gF=T o) (= g A 1 1 0T U Tox 1 o o USRS 7

Chapter 2 Purification of fructo-oligosaccharides from a femtative broth using an

activated charcoal COIUMN ... e 63

Chapter 3 Equilibrium studies for the adsorption of fructogaisaccharides on a Dowex

Monosphere CalCium FESIN .........cccoeeee e e e e e e e e ee e e e e eeeeeeeeee s 85.

Chapter 4 Adsorption equilibrium of fructo-oligosaccharidesh a fermentative broth

0N CatioN €XChANGE IESINS ......ceviiiiiiitieemmmmme e e e e e e e eeeeee s 113

Chapter 5 Comparison of adsorption equilibrium of fructoséjopse and sucrose on

potassium gel-type resins and macroporous sodinmexghange resins .141
Chapter 6 Fructo-oligosaccharides separation by SimulatediMpBed ................. 161

Chapter 7 Conclusions and future WOrk ...........coooccceeeiiiiien 217

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



Xii

LIST OF FIGURES

L IST OF FIGURES

CHAPTER 1

Fig. 1.1 Chemical structures of fructo-oligosaciles: kestose (G nystose (Gf and

frUCTOTUIANOSYINYSIOSE (G- ... oo i ittt et e e e e e e e e e e e e s e s e e et e e e e et eaaaeeeeaesaaasnnennrennnnees 13
Fig. 1.2 Haworth’s Structure Of QIUCOSE. ........uuiiiiiiiiiiiiiiiecee e e e e e e e 15
Fig. 1.3 Haworth’s Structure Of frUCIOSE. ...coeeeeiiiiiiieeiiiiie e 15
Fig. 1.4 HAworth's StruCtUre Of SUCTOSE. ...ttt 15
Fig. 1.5 Schematic representation of the reactigrhanism for FOS production with a fructosyl
transferase derived froAureobasidium pullulantadapted from (Junet al, 1989))........ceeeeveeiiiiiinannnnnnn. 25
Fig. 1.6 Schematic representation of operationallescused in membrane separation processes a) Cross-
flow filtration b) dead-end filtration (Roplant, Q). ... e 31
Fig. 1.7 Schematic representation of styrea@livinylbenzene copolymer. ........cccccvevioeee v 38
Fig. 2.1 FOS production b&ureobasidiunsp. Symbols®F, B G, AS, x Gk, )kGF;, andoGF,. ............ 70
Fig. 2.2 Adsorption profile o#F, mG, AS, OGF,, *kGF;, andoGF, from a fermentative broth, adsorbed
on activated charcoal, in a shaken flask at 25%1@0 rPM. ... 71

Fig. 2.3 Linearized data of (a) the pseudo-firgtesrkinetic model and (b) the pseudo-second-oroheatik
model for x Gk, *GF;, andoGF, adsorption onto activated charcoal. ..., 74

Fig. 2.4 Adsorption and desorption kineticsedf, BG, AS, x Gk, *GF;, andoGF, from a fermentative
broth on activated charcoal in a fixed column dgitine recirculation and washing phases (Step 12antb

Fig. 2.5 Desorption ratio of sugarsK, BG, AS, x Gk, *GF;, andoGF,) collected in each fraction......78

Fig. 2.6 Recovery sugars per fraction desorbedaf¢ respective percentage of sudglmr( GmSm
GR,E GF:H GF)) in each collected fraCtion. .........uuiiiiis ettt e e e e e e e e e e e e e e e e e e e 79

CHAPTER 3

Fig. 3.1 Adsorption isotherms for Gn the purified mixture using the parameters eated with the
HYBRID TUNCHON. ...ttt e e e e e e e e ekttt e e e e ab et e e e e anb b e e e e e e nnnnees 97

Fig. 3.2 Adsorption isotherms for Gkn the purified mixture using the parameters eated with the
HYBRID TUNCHON. ...ttt ettt e e e e e e e ekttt e e e e e b e et e e e e e nb b e e e e e e e nannees 97

Fig. 3.3 Adsorption isotherms for G the purified mixture using the parameters esated with the
HYBRID fUNCHON. ...ttt ettt e e e e sttt e e e s s bbbt e e e e e s bbb e e e e e e snbbeeeeeeennneees 98

Fig. 3.4 Adsorption isotherms for G the FOS-rich broth mixture using the parametstimated with
the DSt €ITOr FUNCHION. ...ciiiiiiiei e s e e e et e e s e e 02

Fig. 3.5 Adsorption isotherms for G the FOS-rich broth mixture using the parametstimated with
L0 TCI o =] {8 Yo 1o T PPN 103

Fig. 3.6 Adsorption isotherms for Gin the FOS-rich broth mixture using the parameéstimated with
the DESE @ITOFN TUNCHION. ...ciiiiiiiiie et e e e s e e e s s e e e e e 03L

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



Xiii

LIST OF FIGURES

CHAPTER 4

Fig. 4.1. Adsorption isotherms of: a) FOS-pure B)SFC&" onto Amberlite resin. Symbols represent the
experimental dataw GF,, A GF;, ® GF,. Lines represent the respective fitting with thetherm models:
) Linear and (- -) multi-component anti-LangmUil............cceeeireereeeeeeeiiesicccceeree e e e e e e e 125

Fig. 4.2 Adsorption isotherms of: a) FOS-pure b)SF& onto Diaion resin. Symbols represent the
experimental dataw GF,, A GF;, ® GF,. Lines represent the respective fitting with thetherm models:
) Linear and (- -) multi-component anti-LangmUil............cceeeiiereeeeeeeeiie e e e e e e e 126

Fig. 4.3 Adsorption isotherms of: a) FOS-pure b)SF& onto Lewatit resin. Symbols represent the
experimental datam GF,, A GF;, @ GF,. Lines represent the respective fitting with thetherm models:
() Linear and (- +) @nti-LanGMUIT. ...........scom ettt e et e e e e e e e e e e e e s s e ananbenb e eeeeeeeeeeeeas 127

CHAPTER 5

Fig. 5.1 Adsorption isotherms o#( fructose, ) glucose and,&) sucrose on Namacroporous and 'K
gel-type resins, at 25 and 40°C, with MONO-COMPDMBREUIES. .......eveeiiiiiiieiiaaaaaeee e e e e e e 149

Fig. 5.2 Adsorption isotherms o#( fructose, ) glucose and,&) sucrose on Namacroporous and 'K
gel-type resins, at 25 and 40°C, with multi-COMPUMAIXIUIES.........cooiiiiiiiiiiie e 150

CHAPTER 6

Fig. 6.1 Schematic diagram of a SMB unit With 4-@8N...........ccccooiiiiiiiiiii e 164
Fig. 6.2 Boundary condition MOEL. ......... oo e e e e e 175
Fig. 6.3 Schematic representation of the 4-zone Muaving Bed principle. .........ccocciiviiiiiiiiinnnen. 179

Fig. 6.4 Triangular diagram obtained from the dftiiim theory representing the separation regidrib®
(m,, mg) plane for a system described by the linear adgorfisotherm. ... 181

Fig. 6.5 Potassium, sodium and magnesium concantrptofiles obtained on the eluent collected dgyirin
the cation exchange procedure conducted to pre-theafermentative broth prior to the separation

Lo 0= 11 0 =T a1 £ EERPURRRR 185

Fig. 6.6 Elution profiles of single component psls#f blue dextran, F, G, S, gFGR and G on a
Dowex 50WX2 resin in Kform (21.4 x 16 mm) at a flow-rate of 2 mL.ifiand 21 °C. ..................... 186
Fig. 6.7 Elution profiles of single component pglse blue dextran, F, G, GF, gFGFK and GR on a
Dowex Monosphere 99K/320 resin (29.5 x 16 mm) #wa-rate of 2 mL.mift and 21 °C.................. 187
Fig. 6.8 Elution profile of a pulse of the fermenta broth on a Dowex Monosphere 99K/320 or a Dowex
50WX2 resin, both in Kform, at a flow-rate of 2 mL.mihand 21 °C. ..........ccccoevvvevieeeereeeeeene, 187

Fig. 6.9 Elution profile of a pulse of the fermeita broth on a Dowex Monosphere 99K/320 resirf).af

1, 1.5, 2 @00 2.5 ML ..ottt 191
Fig. 6.10 Elution profile of a pulse of the fermatite broth on a Dowex 50WX2 resin, at 0.5, 1, 2.and
2.5 ML, et 191
Fig. 6.11 Chromatographic resolution of the Dowegrdsphere 99K/320 and Dowex 50WX2 resins at
AIffEreNt flOW-TALES. .. e e e s e e e s s aabeeeae s 192

Fig. 6.12 Adsorption equilibrium isotherms of (a)dtose, glucose and sucrose, and (b), & and

GF, , onto a Dowex-Monosphere 99K/320 resin at 30.0C........cccoeeiiii i e e 194
Fig. 6.13 Calibration curves obtained for fructagleicose, sucrose and the mixture SGF............. 195

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



Xiv

LIST OF FIGURES

Fig. 6.14 Determination of the kinetic parameterstifie FOS and SGF mixtures. ..............coeeeun. 196
Fig. 6.15 Influence of the injection time on themarical SOIUtioN. ............cccooiiiiiiiiiiiieee, 198
Fig. 6.16 Shape of the boundary condition for FQ&ral numerical solution obtained for the fermewtat
o] (o)1 1 N o ) 1R PR 198
Fig. 6.17 Convergence test for the kinetic modéhviinite differences. ...........cccocveeiiiiiiininnn, 199
Fig. 6.18 Convergence test for the kinetic modé¢hwlope limiter. .........ccccccvvvveveeiiiieeeeeeeeee, 199
Fig. 6.19 Convergence test for the LDF model wiitlitd differences. ........ccccccvvvviviiiiiiccccce e 200
Fig. 6.20 Convergence test for the linear driviogcé model with slope limiter. ...........cccoceeeeeeeen. 200
Fig. 6.21 Identification results for the kinetic de with finite difference schemes........................ 204
Fig. 6.22 Identification results for the linearvdnig force model with finite difference schemes......205
Fig. 6.23 Separation region and operating poiriectsd for the SMB experiments. .............cce....... 206
Fig. 6.24 Average concentrations of a) FOpdnd b) SGF«) collected per cycle, in the raffinate and
extract streams, respectively, for the four (13 2nd 4) SMB experiments. .................. o e---nn..... 208
Fig. 6.25 Average sugar concentrations per cyclthénraffinate a) and extract b) streams for theBSM

L o= T 4T 1] o R SRR 210

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



XV

LIST OF TABLES

LIST OF TABLES

CHAPTER 1

Table 1.1 Physicochemical properties of sugarsliaebin FOS production. ...........ccccoeeeei e eeeeeeeenn. 12
Table 1.2 Equilibrium composition of D-fructose abdglucose in water (mole percentage) (Angyal,
L00L). oiiiiiieeeeem———— et eee et e e e e e e e e et e e Rt e e R et e s e e e e r e e anree s 16
Table 1.3 Fructans currently produced and availailee market*............cccoeoeeiiiiiiiiicinieeceeeeeee, 19
Table 1.4 Prices and purities of individual FOS esoles available for analytical purposes. .............. 20

Table 1.5 Studies on the adsorption equilibrium ofugars on ion-exchange
(=271 L3 PRSP 41

CHAPTER 2

Table 2.1 Coefficients of determination of the dneed pseudo-first and pseudo-second order maabels
the respective modeled and experimental ParameterS.........ccccvuuriiriiiiieiireere e e e e e e 74

Table 2.2 Volume and ethanol concentrations usedtép 3 to recover the sugars adsorbed onto the
activated Charcoal COIUMN. .........oi e et e e e e e e e e e e e e nnnees 87

CHAPTER 3

= o] LoTRC T0 A o g {01 T {0 1 92

Table 3.2 Physical and chemical properties ofdberex Monosphere Ca ion-exchange resin according to
L LTS ] 1= PSR 93

Table 3.3 Adsorption isotherm parameters obtainedsf in a mixture of purified FOS according to the
=T o] g 101 o3 1T0] o R PP 99

Table 3.4 Adsorption isotherm parameters obtainedsf; in a mixture of purified FOS according to the
LT (o] {0 aTox 1o ] o TP U PP PP PRI 99

Table 3.5 Adsorption isotherm parameters obtainedsf; in a mixture of purified FOS according to the
<] (o] g (0] aTox 1T ] o PP P PP O PPPPPROP 100

Table 3.6 Adsorption isotherm parameters obtaimedsH in a FOS-rich broth mixture according to the
=T o g (¥ Tox (1o o TR PO SR PP RPN 105

Table 3.7 Adsorption isotherm parameters obtaimedsf; in a FOS-rich broth mixture according to the
=T (o] g {0 aTox 1T o TR PP PPRP 106

Table 3.8 Adsorption isotherm parameters obtaimedsf, in a FOS-rich broth mixture according to the
=T (o] g (B aTox 1T o TR PP 107

CHAPTER 4

Table 4.1 Physicochemical properties of the ionhexge resins used in the current work ...........119

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



XVi

LIST OF TABLES

Table 4.2. Adsorption isotherm parameters of FO& moixtures onto ion-exchange resins with the error
analysis and FISNEr PAraMELEI. ....... .. . oottt et e e e e e e e e e e e e e s e ee e eeeees 128

Table 4.3.Adsorption isotherm parameters of FOS*Cand FOS-N& mixtures onto the respective ion-
exchange resins with error analysis and FiIShemp@lier. ... s 129

Table 4.4. Selectivity values for gFGR;, and G, contained in purified mixtures or mixtures frohet
fermentative broth, using Amberlite, Diaion and lBHVreSINS. ..........coooeiiiiiiiiciieens e e 132

CHAPTER 5

Table 5.1 Physical and chemical properties Of HBNIS. ..........ocuviiiiiiiiiiiie e 145

Table 5.2 Distribution coefficients, K (L.Ky, for Na macroporous and Kgel-type resins, obtained for
multi-component mixtures at 25 and 40°C. ......uce i e e e e e e 152

Table 5.3 Distribution coefficients, K (L.KY, for Na& macroporous and Kgel-type resins, obtained
formono-component MIXtUres at 25 @nNd 40 OC. cmmmmrrrrrrrerrerieeeeeeaeeeies i eserrrrer e e e eaeeeeaeeseesesannnnnns 153

Table 5.4 Selectivity values] for glucose, fructose, and sucrose adsorbed fonaroporous and K
Lo L= B Y =T (=1 1S 155

CHAPTER 6

Table 6.1 Physicochemical properties Of FESIMS. v . eeeeeiiiiiaaaae ettt 166

Table 6.2 Retention factorse(k separation factorsaf and adsorption constants;\Hor F, G, GF, Gk
GF;, GR, SGF and FOS using a Dowex Monosphere 99K/3200mveex 50WX2 resin..........ccccvvvveneee. 188

Table 6.3 Column efficiency (N; N and height of a theoretical plate (HETP) deteedifior SGF and
FOS from an injection of fermentative broth ont@®awex Monosphere 99K/320 or a Dowex 50WX2

L2 o PP PP PP 190
Table 6.4 Distribution coefficients for sugars @inéed in the fermentative broth mixturg)(and the
respective coefficient of determinatid®’( found for the linear approach. ..........cccceceveeveecvreeeeeeeceennns 194
Table 6.5 Kinetic parameters for the LDF and kimatiodels. (A: FOS; B: SGF) .....ccccvvvviivvmmmmennnnnns 197
Table 6.6 Performance parameters for the Kinetidaho...............ooiiiiiii s 201
Table 6.7 Performance parameters for the lineaindyiforce model ... 202
Table 6.8 SeNSItiVity @NaAIYSIS. ...t e e e e e e e e e e e e e e e 203
Table 6.9 Identification results for the kineticdatDF MOdElS. ..........eeeiiiiiiiiiiiiiiii e 204
Table 6.10 Cost function values at the start ambadrihe parameter identification. ..., 205

Table 6.11 Dimensionless flow-rate ratios seleftedhe experiences performed in the SMB plant.207

Table 6.12 Operating parameters of the experiepegfsrmed in the SMB plant: switching time; interna
flow-rates and operating pump flow-rates for feeaffinate, desorbent, eluent and recycling streams
LTI 11T T TR 207

Table 6.13 Performance of the SMB SEPAratiON...cuuc..eeiiiiiiiiieeeee s cceccerrrrr e e e e e e 209

Table 6.14 Percentage of sugars on the raffinadesatract collected at the steady state on theraxpat
4 and the respective percentage of SUQAr fEEM..........uuuiiiiiiiiiiiii e 210

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



LIST OF SYMBOLS

LIST OF SYMBOLS

UPPERCASELATIN LETTERS

SYMBOL

Cads
Ce
Ce
Cr
Cexp
CMOd
Csim
Dapp
Dij,
D
F value
Hi

J

K

KL

Ke

Kr

DESCRIPTION

Concentration

Initial concentration
Adsorbed sugar concentration
Concentration of sugar in the extract
Concentration of sugar in the feed
Concentration of sugar in the raffinate
Concentration obtained in the experiments
Concentration calculated by the model
Concentration calculated by the simulation
Apparent diffusion coefficient

Dilution of component in j: extract (E) or raffinate (R)
Diffusion coefficient

Fisher parameter

Henry constant of the componeént

Cost function

Distribution coefficient

Langmuir adsorption equilibrium constant
Freundlichisotherm constant

Redlich & Peterson isotherm constant

Toth isotherm constant

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011

XVii



Xviii

LIST OF SYMBOLS

L Column length

M Langmuir isotherm parameter

M; Mass of componeritinside the column after the equilibrium
N Number of experimental points

N; Number of theoretical plates for the component i

N. Efficiency per meter

P value Statistical parameter

Prij Productivity of componentin j: extract (E) or raffinate (R)
Pu; Purity of componenitin j: extract (E) or raffinate (R)

Q Flow-rate

Qs Flow-rate of the solid phase

Q;M*? Flow-rate of the SMB unit

QM® Flow-rate of the TMB unit

Q. Qi Qu, Qv Flow-rate of the zone |, II, lll or IV, respectiyel

Qo Flow-rate of the desorbent

Qe Flow-rate of the extract

Qr Flow-rate of the feed

Qr Flow-rate of the raffinate

R Coefficient of determination

R Resolution

SJTMB Number of subsections in tljth section of the SMB unit
\Y, Solution volume

Ve Column volume

Vyq Void volume

VjTMB Volume of theth section of the TMB unit

V Loop Loop volume

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



VSMB

XiX

LIST OF SYMBOLS

Volume of the fixed bed of the SMB unit

Yield/recovery of componemin j: extract (E) or raffinate (R)

L OWER LATIN LETTERS

SYMBOL

ko
k_rel

ke,

qexp
qmod
Ch

02

DESCRIPTION

Langmuir isotherm parameter

Redlich & Peterson isotherm parameter

Toth isotherm parameter

Pseudo-first order rate constant

Pseudo-second order rate constant

Relative mass transfer coefficient of comporiékihetic model)
Mass transfer coefficient of componént

Retention factor

Dried adsorbent mass

Dimensionless flow-rate ratios

Freundlich isotherm parameter

Number of parameters estimated

Equilibrium loading

Adsorbed equilibrium concentration

Adsorbed concentration obtained in the experiments

Adsorbed concentration calculated by the model

Amount of sugar adsorbed at equilibrium (pseudst-brder model)
Amount of sugar adsorbed at equilibrium (pseudmisé@rder model)
Amount of sugar adsorbed at tirne

Redlich & Peterson isotherm parameter

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011



XX

LIST OF SYMBOLS

t Toth isotherm parameter

t Switching time

to Column dead time

tq Time delay

t; Retention time of the sugar
t Injection duration

u Fluid velocity

W(1/2) Width at half height

z Axial coordinate

GREEK LETTERS

SvymBOL DESCRIPTION

o Separation factor

B Security factor

£ Void fraction

€ Porosity of the resin

€r Total bed porosity

d(t) Injection profile

y Distribution coefficient

T Time constant of the valve

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011



LIST OF SYMBOLS

ABBREVIATIONS

ABBREVIATION
ANOVA
ARE
COS
CvD
CA

DP

DP.,
DvB
EABS
ED

ERRSQ

FD
FOS
FOS-Nd

FOS-C&"

GAs
GF
Gk,
Gk
GF,

Gl

DESCRIPTION
Analysis of variance
Average relative error
Chito-oligosaccharides
Constant volume of diafiltration
Cellulose acetate
Degree of polymerization
Average of the degree of polymerization
Divinylbenzene
Sum of absolute errors
Equilibrium dispersive model
Sum square errors
Fructose
Finite differences
Fructo-oligosacharides
FOS contained in the cell-free fermentative broth
FOS contained in a fermentative broth saturated @alcium ions
Glucose
Genetic algorithms
Sucrose
Kestose
Nystose
Fructofuranosylnystose

Gastrointestinal

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011

XXi



XXii

LIST OF SYMBOLS

GOS Galacto-oligosaccharides

HDL High-density lipoprotein

HETP Height of an equivalent theoretical plate
HPLC High-Performance Liquid Chromatography
HYBRID Hybrid fractional error function

IMO Isomalto-oligosaccharides

LDF Linear Driving Force

LF Low frequency

LS Lactosucrose

LDL Low-density lipoprotein

MPSD Marquardt’'s percent standard deviation
MOS Malto-oligosaccharides

ODE Ordinary Differential Equations

PDE Partial Differential Equations

Pl Prebiotic index

PIzP Plasma polymerization

PS-DVB Sulfonated poly(styrer@-divinylbenzene)
RI Refractive index

RTM Retention time method

S Sucrose

SBA Strong base anion

SCA Strong acid cation

SCFA Short-chain fatty acids

SE Sum of the errors

SL Slope limiter

SMB Simulated Moving Bed

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



SOS

TMB

TOS

uv

VVD

WAC

WBA

X0S

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

Soybean oligosaccharides
True Moving Bed
Transgalactooligosacchariden
Ultraviolet
Variable volume of diafiltration
Weak acid cation

Weak base anion

Xylo-oligosaccharides

LIST OF SYMBOLS

UNIVERSIDADE DOMINHO, 2011

XXiii






GENERAL INTRODUCTION

Context AN MOTIVATION. . .. ce e e e e e e eenns 2
BT 2T: (e 1= 1 0 £ LR 3
OULIINE OF TN TNESIS .ot 4

References



GENERAL INTRODUCTIONTATIVE BROTH USING

CONTEXT AND MOTIVATION

The daily consumption of fructo-oligosaccharide®j is proven to promote the growth
of beneficial bacteria in the human gut improvirgsts health and well-being (Gibson
et al., 2004). Through modulation of the gut microflorasi possible to prevent and treat
overall number of gastrointestinal disorders raggnom discomfort or colitis to cancer

(Kelly, 2009). With the increased consumers intere$ood providing additional health

benefices, FOS have gained an important placeesifutinctional food market.

Moreover, besides the nutritional aspects, FOS laés@ great technological properties
resulting in improved taste, mouthfeel, texture ahelf-life of the products and enabling
also fibre incorporation in liquid foods. Since F@& less caloric than common sugars
and have great organoleptic properties, they haea lnsed as sweeteners substitutes or
in combination with other sweeteners in many fooodpcts (Franck, 2002; Crittenden
and Playne, 2002).

FOS are present in many edible plants and vegstahdsvever, they are season-limited
and their content is very low and probably not gioto produce the prebiotic effect.
Therefore, at large scale, FOS are produced froorose by microbial enzymes
(Sangeetheet al., 2005). FOS produced by fermentation are obtaitoggtther in a
complex mixture containing biomass and salts, thast be removed, and other small
saccharides namely, fructose, glucose and suckosall saccharides are metabolized by
humans. Therefore, in order to achieve a produss$ lealoric and cariogenic, with
increased dietary fibre content, allowing its usehealth, dietetic and diabetic foods,

mono- and disaccharides must be also removed.

Currently, isolated FOS are only available for gtiehl purposes and even pure FOS
commercialized mixtures are still very expensivénc8 few studies reported the
separation of mono- and disaccharides from FOSagwmed in fermentative broth
mixtures, it is important to investigate and depeloew and economically viable
separation processes to obtain pure FOS mixturésrge scales. The purification of
FOS is a challenge due to the physicochemical aiitids between the different

oligosaccharides and with smaller saccharides.| date no scientific work reported the
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separation of FOS from fermentative broths at lagmes, and therefore further research

in this field is needed.

RESEARCH AIMS

The main purpose of this thesis was the recovefy@% from sugar mixtures obtained
by fermentation. Isolated FOS are only availabledoalytical purposes and even pure
FOS commercialized mixtures are still very expeasifhe development of new

separation processes that enable the large scaieery of pure FOS fractions would be
extremely important for the food industry. Therefdhe specific aims of the current

thesis were:

* to select an adequate and inexpensive separaiaesy for the recovery of high
percentages of FOS from fermentative mixtures;

» to select the best liquid and stationary phase & used, based on
adsorption/desorption equilibrium parameters, ngroapacity and selectivity.

» to optimize the recovery of FOS from fermentatiuga mixtures based on the

selected and previously defined separation process.

The separation process developed, optimized andctieaized in this thesis is intended

to be applicable at an industrial scale and holgiseat promise for the food industry.
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OUTLINE OF THE THESIS

This thesis comprises seven chapters that coveretbearch aims stated above. The
thesis subjects are introduced in this chapterlew@ihapter 7 regards to the main
conclusions and recommendations drawn from theentinvork. A brief outline of the

other chapters is given below.

IN CHAPTER 1, an overview on FOS, namely kestose {GRystose (G§) and fructo-
furanosilnystose (Gf}, its occurrence, physicochemical properties, netdyical
functionality, commercial products, functional peofles and production, is given. Also,

the most recent and currently available methodsh®iFOS purification are discussed.

IN CHAPTER 2, a process to purify FOS from a fermentative bro#iing a single

activated charcoal column is proposed. The adsorfkinetics onto activated charcoal
of the sugars contained in the fermentative brothstudied and modelled. Adsorption
time, flow-rate, volume of treated fermentative throand volume and ratio of

water/ethanol used in the desorption step are dgeohn

IN CHAPTER 3, adorption equilibrium of FOS from a purified mixé and a fermentative
broth on a Dowex Monosphere Calcium resin is stlidixperimental isotherms data are
analysed using linear, Langmuir/anti-Langmuir, Fdlich, Redlich & Peterson, and
Toth type models. Estimation of the isotherm patanse using linear and non linear

correlations for the minimization of several erfanctions, is provided.

IN CHAPTER 4, adorption equilibrium of FOS from a pure mixtaed a fermentative
broth on three different ion-exchange resins, Léw@&@2568) (macroporous resin in
sodium form), Amberlite (CR1320Ca) (gel-type resm calcium form) and Diaion
(UBK530) (gel-type resin in sodium form), is studlieThe effect of the counter-ion,
resin structure and the liquid phase containing B@S mixture in the adsorption

behavior is evaluated. Multi-component anti-Langnand linear isotherm models to fit
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equilibrium data are analyzed and compared. Resapacity and selectivity are
compared.

IN CHAPTER 5, the adorption equilibrium of fructose, glucosel anicrose on a gel-type
resin in potassium form, and on a macroporous riessodium form, is studied. The
influence of the cation, effect of the resin stumetand temperature for mono- and multi-

component mixtures is evaluated.

IN CHAPTER 6, the separation of FOS from fructose, glucosesarmlose contained in a
fermentative broth mixture by Simulated Moving B€8MB) chromatography is
evaluated. The selection of the stationary phade/dsm two ion-exchange resins, a
Dowex Monosphere 99K/320 and Dowex 50WX2, both he potassium form, is
addressed according to the separation performamtestability when operating in the
SMB pilot plant. Equilibrium and kinetic studieseatonducted with the selected resin.
Also, a model of the chromatographic elution onirggyle column is developed and
kinetic and adsorption parameters are identified.
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INTRODUCTIONUCTO-OLIGOSACCHARIDES PURIFICATION FR@ A FERMENTATIVE BROTH USING

1.1 THE GASTROINTESTINAL TRACT

The gastrointestinal (Gl) tract contains a subghntumber of diverse bacteria that plays
an extremely important role in human health. Mor@nt400 different species of bacteria
colonizing the human large bowel have been idedtifiCrittenden and Playne, 1996;
Gibson, 1999). Therefore, the colon is considehednost metabolically active organ in
the human body (Gibson, 2004).

Among the colon microflora there are a certain nemdd pathogenic bacteria, as well as
predominant content of beneficial bacteria thatticbuate to the global well-being of the
host by reducing the risk of disease. The modulatibthe large bowel microflora by
promoting the specific growth of the beneficial tesi@, named probiotic, and keeping a
low level of pathogenic species is therefore esaletdt improve human health through

the prevention and treatment of Gl disorders rajpfiiom discomfort or colitis to cancer.

Carbohydrates are the main substrate for growirtgbgateria (Gibson, 2004). These
sugars are metabolized by the bacteria via ferntientéo several end products such as
gases (hydrogen, carbon dioxide and methane), rgands (lactate, succinate, and
pyruvate), ethanol and short-chain fatty acids (8Cfacetate, propionate and butyrate),
which further contribute to generate energy fortibst (Gibson, 1998; Gibson, 2004).

1.2 PREBIOTICS

The concept of prebiotic was initially introduceg Gibson and Roberfroid (1995) as “a
non digestible food ingredient that beneficiallfeats the host by selectively stimulating
the growth and/or activity of one or a limited nuenlof bacteria in the colon, and thus
improves host health”. This concept was updatedOiod (Gibsonet al, 2004) and a

series of new criteria was established in ordecdasider any food ingredient as a

prebiotic. Therefore, a prebiotic should fulfiletfollowing criteria:

» ‘“resistance to gastric acidity, to hydrolysis by mmaalian enzymes, and to

gastrointestinal absorption;
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» fermentation by intestinal microflora;
» selective stimulation of the growth and/or actiwtiythose intestinal bacteria that

contribute to health and well-being”.

Most recently, Roberfroid (2007a) suggested a nefindion for a prebiotic as "a

selectively fermented ingredient that allows speathanges, both in the composition
and/or activity in the GI microflora that confergnefits upon host well-being and
health”. It is expected that in the near futureside variety of food will be characterized

as functional food due to its scientifically proveeneficial effects (Roberfroid, 2007b).

Prebiotics, probiotics and synbiotics are considlefanctional food compounds
(Roberfroid, 2007b). Synbiotics are foods that comakboth prebiotics and probiotics
(Crittenden and Playne, 1996).

A broad range of carbohydrates with potential pebiactivity has been studied in the
recent years, such as fructans (inulin and frutigesaccharides (FOS)); galacto-
oligosaccharides/transgalactooligosacchariden  (®OS); gluco-oligosaccharides;
isomalto-oligosaccharides (IMO); malto-oligosacathes (MOS); xylo-oligosaccharides
(XOS); soybean oligosaccharides (SOS); lactosucfioSg and lactulose; raffinose and
stachyose (Manning and Gibson, 2004; Gibsbal, 2004; Torrest al, 2010; Aachary
and Prapulla, 2011). These oligosaccharides amssifited according to the types of
monosaccharide units that compose them and toefpeed of polymerization (DP). The
monosaccharides include glucose, fructose, gakacamsl xylose. Additionally, other
carbohydrates have also been investigated baseékeanprebiotic potential. However,
evidences of their activity are still scarce. Ex#&spof such carbohydrates include
germinated barley foodstuffs; gentio-oligosacchesidmannan oligosaccharides; chito-
oligosaccharides (COS); oligosaccharides from nuddy pectic oligosaccharides;
oligodextrans; palatinose; polydextrose; glucoreadaglutamine and hemicelluloses-
rich subtracts; lactose; resistant starch andatss/atives; and sugar alcohols (Manning
and Gibson, 2004; Gibsaet al, 2004).

Among all the carbohydrates reported only fructand GOS/TOS fulfill all the above

mentioned criteria required to be considered pteds¢Roberfroid, 2007a):
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» Fructans cannot be hydrolysed nor adsorbed byregihacreatic or by brush
border digestive enzymes in the upper intestiradttof humans (Pool-Zobel et
al., 2002).

» Fructans are specifically fermented by probioticctbaa, asBifidobacterig
promoting the growth and activity of this partiaufopulation and inhibiting the
growth of pathogenic bacteria (Gibson, 2004; Fearet al., 2008). The effects
on the growth of other colon microorganisms ars Emsistent (Kelly, 2008).

» FOS are able to change the microflora compositibrthe colon inducing
beneficial effects in the host (Kolida and GibsadQ7).

1.3 FRUCTANS

Fructans are a category of carbohydrates that decinulin and oligofructose. They
consist in fructose molecules linked to each othat can or cannot have glucose residue
in their initial configuration. Therefore, fructarme mixtures of both GFand FR
molecules, with n > 2; where G and F stand for gbacand fructose, respectively, and

represents the DP.

Inulin is naturally found in plants and industnijals extracted mainly from the chicory
root. The inulin DP varies between 2 and 60 uniith \&n average (DF) of 12 units.
Oligofructose are short chain molecules, includi@S from hydrolysed inulin, that can
be a mixture of GfFand FFR molecules (2 < DP < 7, QP= 4), and FOS enzymatically
synthesised from sucrose, that are all, 8fpe (2 < DP < 4, DR = 3.6) (Roberfroid,
2007Db).

Independently of the type of fructans in a giverxtome, it is important to take note that
all have the same nutritional effects. However, tidehnological properties can vary
accordingly to their DP (Roberfroid and Delzenr@98).
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1.3.1 OCCURRENCE

FOS are naturally present in more than 36000 plants vegetables (Havenaair al,
1999). Most of the species belong to empositaeor Liliales families (Peters, 2007).
In industrial processes, chicory is the most comignased plant from which inulin is
extracted. Chicory contains about 15 to 18% ofim(Peters, 2007). Other examples of
plants, fruits and vegetables that contain FOSughl onions, honey, wheat, bananas,
rye, garlic, leeks, Jerusalem artichoke, dahlia bhet agave (Manning and Gibson,
2004; Peters, 2007). In 2007 the World productibmolin was estimated to be about
350 000 tons (Peters, 2007).

However, the FOS content in these foods is very &wl probably not enough to
produce a prebiotic effect in the host. Furthermahese FOS-containing foods are
season-limited. Therefore, for a large scale FQ&lyetions, microbial enzymes with

transfructosylation activities are used (Roberfr@a00).

1.3.2 PHYSICOCHEMICAL PROPERTIES

FOS obtained by transfructosylation consist mainly3(1— 2)-D- fructosyl—fructose
linkages starting with ana-D-glucose. As previously mentioned, FOS are,GF
compounds namely a-D-glucopyranosyl-¢-D-fructofuransoyl).,-Sfructofuranoside
characterized by a DP between 2 and 4 (Giledal, 2004).

Humans are only able to hydrolyze alpha glycodlidicages. Therefore, due to the beta
configuration of the anomeric,@n the fructose monomers of fructans, that foreh
(2-1) glycosidic linkages of the molecules, frudatannot be hydrolysed by humans
(Roberfroid, 2002). Consequently, FOS are non-diigiesoligosaccharides.

FOS compounds are named kestose,(Giiystose (Gf and fructofuranosylnystose
(GFy). The chemical structures of the FOS compoundpr@sented in Fig. 1.1.

FOS are very hygroscopic and their viscosity iatre¢ly higher than that of sucrose at

the same concentration level. The thermal stabdfty-OS is also superior to sucrose.
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They are extremely stable in the normal pH rangendoin food (4.0 — 7.0) and at
refrigerated temperatures over the course of a. yida solubility, freezing and boiling

points, and crystal data of FOS seem to be veriasito sucrose (Yun, 1996).

Some physicochemical properties of the sugars weeblin FOS production are
summarized in Table 1.1.

Table 1.1 Physicochemical properties of sugarshuagbin FOS production.

FOS Molecular Molecular Melting point (°C) Solubility
formula weight
Water Alcohol Ether
F CeH 1206 180 95-105 Very 8 (at 18°C)
soluble
G CGH1206 180 146 ¢-D-Glucose) 82(t17.5cc) Slightly Insoluble
150 @-D-Glucose) soluble
GF CoH0.1 342 170-186 17@%toc) 0.9 Insoluble
Gk, CigH306 504 199-200

Gk CoaHidO21 666
GF, CooHs2026 828

Data from (Lileyet al, 1997) andqCrittenden and Playne, 1996).
(*Solubility is given in parts by weight of the sarg per 100 parts by weight of the solvent).

The caloric content of a digested carbohydrateh sag glucose and fructose, is 3.75
kcal.g* (Cummingset al, 1997). On the other hand, the caloric contertheffermented
byproducts (SCFA, lactate and gases) derived fr@8 Fary between 1.0 and 2.0 kcal.g
! depending on the chain length (Roberfr@it al, 1993; Cummingset al, 1997).
Therefore, FOS have only 25 to 50% of the calodlue of a digested sugar molecule
(Roberfroidet al, 1993; Gibson and Roberfroid, 1995). The relatweetness of FOS,
estimated on the basis of 10% (w/v) sucrose salutorresponding to 100%, is 31, 22,
and 16%, for G GF; and GR, respectively (Yun, 1996).
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Monosaccharides are the elementary units of dliataydrates. Typically their molecules
contain a linear saturated chain of five or sixboar atoms, each of them carrying a
hydroxyl substituent. One of these is oxidized gr@up of aldehyde or ketone. Fructose
and glucose are hexoses containing the same matdonmula but each as a different

structure. Fructose is a ketose while glucose al@ose.

As a liquid solution glucose and fructose can besent in at least five different
tautomeric formso- and 3-pyranosea- and3-furanose and open chain (Fig. 1.2 and
Fig. 1.3). However in glucose the pyranose forndasninant, while in fructose the
dominant form is the furanose form. Fructose hdwghaer solubility than other sugars

and therefore it is difficult to crystallize fronm @aqueous solution.

Sucrose is a disaccharide and results from the icatidn of a unit ofa-D-glucose and
a unit of 3-D-fructose, linked by a glycosidic bond between @ilthe glucosyl subunit
and C2 on the fructosyl unit (Fig. 1.4). Sucrosealiso named3-D-fructofuranosyl-

(2—1)-0-D-glucopyranoside. Since sucrose contains no anom@H groups it is

classified as a non-reducing sugar compound.
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The OH sugar groups are polar and form hydrogend®onith water. The steric
orientation of the OH group determines the abidifysugars to form hydrogen bounds
and complexes with other substances. The OH graupsaxial-equatorial (eq-ax)
oriented incis-diol groups. The stability of the complex formeglthe sugars depends on
the eqg-ax sequences. The number of pairs of thaxegrented OH groups and its
relative composition in D-fructose and D-glucose jresented in Table 1.2. Sucrose has

no pairs of eg-ax oriented OH groups.

Table 1.2 Equilibrium composition of D-fructose abdglucose in water (mole percentage)
(Angyal, 1991).

T Pyranose Furanose
Sugar
C) qa #Pairs [ #Pairs  « #Pairs [ #Pairs
D-Fructose 30 2 1 70 2 5 0 23 1
D-Glucose 27 388 1 609 O 014 1 015 O

Sugars are highly polar due to the presence of n@Hygroups and non soluble in
organic solvents. However, when certain confornmatiare adopted, oligosaccharides
can generate apolar surfaces which are capableterfaicting with non polar solutions
and adsorbents. The hydrophobicity of sugars isrdehed by several factors such as
CH-surface area, hydration effect of the OH groapd molecular planarity and rigidity
(Yanoet al, 1988). As the hydrophobicity is related with thaent of the CH and -CH
moieties, it increases with the extension of thairchlength, provided that the
configuration and the glycosidic link stereochemyisare favorable (Sundari and
Balasubramanian, 1997). Therefore, the hydrophiybimi di- and higher saccharides
increase with the number of monosaccharide unis tonstitute the oligosaccharide
(Yanoet al, 1988).

1.3.3 TECHNOLOGICAL FUNCTIONALITY

FOS are the most studied oligosaccharides and @ébeilmplemented in the European

market. These compounds are used as food ingrediaitonly for their nutritional
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value, but also for their great technological prtips, such as the improvement of the
organoleptic quality of the products (Franck, 20@2¢nerally FOS are added to food in
a dose that varies between 2 and 50% (Franck, 2@02)etailed description of the
technological functionality of FOS has been preslgudescribed by several authors
(Crittenden and Playne, 1996; Franck, 2002).

FOS improve the taste, mouthfeel and texture (ndsp and expansion) of the products.
Since they provide a high moisture-retaining cayagreventing excessive drying, and
reducing the water activity content, the microldalvelopment decreases, and thus an
increase of the products shelf life is achievalilet{enden and Playne, 1996).

In the food industry, FOS have been used as loarieasubstitutes for sugar in dietetic
and diabetic food (Cummingd al, 1997). However, as the pure FOS sweetening power
is lower than sucrose they have only partially besed as a sugar substitute. Typically,
FOS are combined with other sugars or sweetenelfs gher sweetener intensity,

without a significant increase to the final prodsicialoric content (Coussement, 1999).

Furthermore, FOS can be used to modify the freemgperature of frozen foods, and to
control the amount of browning due to Maillard rg@acs in heat-processed foods
(Crittenden and Playne, 1996). Since FOS are veaiybke, they enable fibre
incorporation within liquid foods.

The DP of a given fructan determines its water [@bity, viscosity, water retention

capacity as well as the capacity to form a cre&ma-dexture (Roberfroid and Delzenne,
1998). For example, due to its long chain, onlylim{fructan) can be used as a fat
replacer. Typically, 0.25 g of inulin replaces lfgat (Coussement, 1999). On the other
hand, FOS are much more soluble than inulin (Nin&899). Consequently, FOS are
mainly used as sugar substitutes, due to the sirtelzhnical properties compared to

glucose, fructose and sucrose.

FOS have been commonly used as ingredients initunattfood such as biscuits; baking
products; fillings, drinks; yoghurts; dairy prodsictbreakfast cereals; tablets; frozen
desserts; infant formulae; fruit preparations; etiet products; meal replacers; and
sweeteners (Crittenden and Playne, 1996; Fran€l2;20anning and Gibson, 2004).
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1.3.4 COMMERCIAL OLIGOSACCHARIDES

Nowadays, consumers have the tendency to seektfiabdaan provide some additional
heath benefits. Therefore, food products are irstngdy supplemented with prebiotics,
resulting in a large commercial interest in FOS.

In Japan, synthesized FOS using enzymes have beeimei market since 1984
(Crittenden and Playne, 1996). The first FOS indisproducer was the Meiji Seika
Kaisha, Ltd. with the product named “Meioligo” (Olat al, 1984; Crittenden and
Playne, 1996). FOS produced by Meiji were namedoSugar’ (Okuet al, 1984).
Meioligo products are commercialized as severabpeco types with different purity
level. Currently in Japan, FOS can be found in ntba® 500 food products (Macfarlane
et al, 2008). In 2007, the retail FOS market was estihab be about US$200/kg
(Macfarlaneet al, 2008).

Other companies also commercializing FOS synthdsiseng enzymes are GT Nutrition
in the United States with NutraFIGtaCheil Foods and Chemicals in Korea with Oligo-
Sugar; and Victory in China with Beneshind=OS are commercialized with a purity

level above 95%data obtained from the suppliérs

In Europe, FOS synthesized using enzymes are amtyrercialized by Beghin-Meiji
Industries. These FOS are produced from sucroskebgompany TEREOS sugar group
in France. Beghin-Meiji commercializes FOS for timdustry segments: the Actilight
for food industry, and the Profeégdor animal feed industry. Actiligfitis available in

powder and liquid form, with a fibre content rangiinom 55% to 95%.

Inulin and oligofructose extracted from the chicaopot are produced in Europe by
Beneo-Orafti, Cosucra and Sensus. Cosucra comieesiét by the name of Fibrulifie
and Fibrulos&; Beneo-Orafti as Oraftiingredients; and Sensus as Frufafitulin and
Frutalos& oligofructose. By varying the contents in dietdigre and sugar, these

companies can offer more than one type of product.

In Mexico, Nutriagaves de Mexico S.A. de C.V. (Nanproduces and commercializes
inulin and oligofructose extracted from the desartculent blue agave hearts of the
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Tequiliana Weber variety under the brand name OUERINE. A summary of the

fructans currently produced and commercially avd@as presented in Table 1.3.

Table 1.3 Fructans currently produced and availeblbe market*.

Company Country Product name Type of Fructan
Meiji Seika Kaisha Tokyo, Japan Meioligo FOS
GTC Nutrition Golden, NutraFlor& FOS
Colorado, US
Cheil Foods and Seoul, Korea Oligo-Sugar FOS

Chemicals

Victory Biology
Engineering

Beghin-Meiji Industries

BENEO-Orafti

Cosucra

Sensus

Nutriagaves de Mexico

S.A. de C.V.

Shangai, China

Paris, France

Brussels,
Belgium

Warcoing,
Belgium

Roosendaal,
Netherlands

Ayotlan, Jalisco,

Mexico

Beneshine™ P- FOS

type
Actili§ht
Profeed

Orafti®

Fibruline®
Fibrulos&

Frutafit® inulin

Frutalos& oligo-
fructose

OLIFRUCTINE-
SP

FOS

Inulin and oligofructose

Inulin and oligofructose

Inulin and oligofructose

Inulin and oligofructose

*data obtained from a survey of the major worldwk®S manufacturers

Individual FOS molecules obtained from the purifica of commercial FOS mixtures

are only available for analytical purposes. A cdatmn of the principal companies

supplying GE, GF; and Gl and their respective prices is summarized in Table
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Table 1.4 Prices and purities of individual FOS ecales available for analytical purposes.

Company FOS Purity Quantity (mg)  Price (€)
Sigma Aldrich Gk > 98% 25 27.7
100 76.8
GFR; > 98% 25 35.4
100 98.7
Megazyme GF = 95% 100 141.0
Gk = 95% 100 141.0
Gk, = 95% 40 141.0
Wako Chemicals GF, 99% 500 1 Set containing
GmbH GF; 99% 500 GF,, GRand GE:
GF, 80% 500 307.0

*data obtained from the suppliers at April of 2011

1.3.5 SAFETY

As mentioned previously, fructans naturally ocaumany edible fruits and vegetables;
consequently they are regularly ingested by hunasna part of a normal diet. Hence,
these sugars do not pose any safety concerns sumans. Furthermore, mairy vivo
and in vitro studies have proved along the years the prebabtaracteristics of FOS
(Gibsonet al, 1995; Gibsoret al, 2004; Yeret al, 2011).

In most European countries natural occurring FOSracognized as food ingredients
and in United States, Australia, Canada and Japey have a recognized GRAS
(generally regarded as safe) status (RoberfroidCaizenne, 1998; Franck, 2002).

Synthetic FOS have been designated as a “novel {&dd Regulation on Novel Foods
and Novel Food Ingredients 258/97) by the ad hothaailies of the European
Commission (Roberfroid and Delzenne, 1998). Althosgfe, when consumed in high
levels, FOS can cause some digestive problemsadile tosmotic effect. This increases
the water content in the bowel, leading to a higrel of flatulence and bloating causing
abdominal discomfort (Coussement, 1999). The recenmtied daily intake of FOS
seems to vary. The tolerance towards these carlbategddiffers from person to person.

It is associated with the type of oligosaccharit is being consumed, the type of food
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in which it is incorporated as well as the numbktimes that it is consumed per day
(Coussement, 1999; Bruhwylet al, 2009).

The long-chain of oligosaccharides present a slafigestion compared to the short-
chain ones, hence they appear to be more tolethted the smaller oligosaccharides
(Roberfroidet al, 1998). In addition to this, fructans incorporatadiquid foods are
always more likely to not be tolerated than in ¢dbods (Roberfroid and Delzenne,
1998).

Many studies have been conducted to set the adeqloste of the daily intake of
fructans. The values that have been suggestedinaamy3 to 40 g/day (Yamashiet al,
1984; Gibson, 1999; Pereira and Gibson, 2002; Bylamwet al, 2009; Gibson and
Shepherd, 2010).

According to Roberfroid and Delzenne (1998), a leintD g daily dose of FOS in a

liquid product is well tolerated, while a singleilgadose of 20 g may cause some
discomfort in most people. Nevertheless, very tasitsconsumers may tolerate up to 30
g per day in a single dose. Besides, if the dosglisalong the day and consumed with

meals, daily doses of 20-30 g are well toleratemb@®froid and Delzenne, 1998).

A recent study with three types of inulin-fructansth different chain lengths, suggested
that the intake of 20 g/day distributed in thresafwas well tolerated by healthy young
people regardless of the fructan consumed (Bruhvetlal, 2009).

1.3.6 DOSE AND THE PREBIOTIC ACTIVITY

The average daily intake of natural FOS has betmated to be between 1 and 4 g in
the United States (Moshfegt al, 1999), and between 3 to 11 g in Europe (Quemeter
al., 1994).

The effect of a prebiotic depends on the numbeBifddlobacteriathat is colonizing the
colon before initiating the prebiotic supplement ftine diet (Roberfroid, 2007a).

Therefore, a recommended daily intake of a prebican be senseless. Instead, a
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prebiotic index (PI) should be used. The Pl ismdi as "the increase in the absolute
number ofBifidobacteria expressed divided by the daily dose of prebiatigested”
(Roberfroid, 2007a).

Moreover, the effective dose to induce a bifidogesffect also seems to vary depending
on the type of oligosaccharide ingested (Crittended Playne, 1996). The minimum
daily dose that has been suggested to produceidodmhic effect in adults varies
between 2.5 to 5 g (Gibsaat al, 1995; Bouhniket al, 2006). It was also reported that
an intake up to 10 g per day does not translateanyy significant improvement of the
therapeutic effect (Kelly, 2008).

1.3.7 HEALTH CLAIMS

Several health claims have been made on behaleoptebiotic activity of fructans.
Present claims concerning the risk of diseasesnisining are very promising. Many
studies have been doirevitro with successful results; however more clinicalsriare
needed to prove the benefits in humans. Severaédwsvhave been written about the
health benefits of fructans (Roberfroid and DelzntO98; Roberfroid, 2007b; Kelly,
2009; Qianget al, 2009; Delgadet al, 2010; De Pretest al, 2011).

Bifidobacteriaconstitutesup to 25% of the total population in the gut of adult and
95% in newborns (Gibson and Roberfroid, 1995). tamg are selectively fermented in
the colon by theBifidobacteriasp. promoting the growth of this specific populatio
Most of the health benefits associated with théydatake of fructans are linked to the
end products formed during their fermentati@ifidobacteriaproduce strong acids as
SCFA, acetate and lactate that lower the pH otdten producing an antibacterial effect
(Gibson, 1999). The selective fermentation of FQBHiidobacteriawith consequent
inhibition of pathogenic growth has been extengiv@nfirmed in many human studies
(Gibson and Roberfroid, 1995).

Conducted Clinical investigations concerning theltme claims related with fructans

intake may be divided in four main categories:
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* Blood sugar regulation;

» Blood lipids;

* Mineral absorption and biomarkers of bone health;
= Gl health.

The effect of fructans has been reported to be flomlefor glucose levels in the
bloodstream both in animal models and humans (Yhitgast al, 1984; Causeyt al,
2000). However, the recent reviews suggest thattdns do not appear to lower

significantly the serum glucose in normo- glycefmignans (Kelly, 2009).

For individuals possessing high levels of lipiddias been suggested that inulin reduces
triglyceride, serum/plasma total cholesterol, lognsity lipoprotein(LDL)-cholesterol
and increases high-density lipoprotefhiDL)-cholesterol (Yamashiteet al, 1984;
Davidsonet al, 1998; Causet al, 2000; Williams and Jackson, 2002; Pereira and
Gibson, 2002; Russet al, 2008; Ooi and Liong, 2010; Bonstial, 2011).

The low pH caused by the SCFA production is resipimdor the increase of the
minerals solubility. As a result, calcium absorpti@s well as bone calcium accretion
and bone mineral density, also appears to incrdaseto the daily intake of fructans,
which consequently reduces the risk of osteopor@ibolz-Ahrens and Schrezenmeir,
2002; Coxam, 2005; Franck, 2005; Abraetsal, 2005). In a recent study conducted
with adolescent girls, the daily consumption ofctans did not benefit the calcium
absorption or retention. Nevertheless, the autbonsluded that this result can be related

to their highly efficient calcium absorption (Martt al, 2010).

Concerning other minerals, several studies sugtiest there is no impact on the
absorption of iron and zinc due to the intake otfans, but it might induce a positive
effect on copper and magnesium absorption in soapilptions (Scholz-Ahrens and
Schrezenmeir, 2002; Azorin-Ortued al, 2009).

The daily intake of fructans has been shown toadess obesity by promoting satiety and
reducing food intake, consequently lowering theybaatight gain (Cankt al, 2006;
Abramset al, 2007; DiBaiseet al, 2008).
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The increased production of SCFA and butyrate endblon by theBifidobacteriahas
also been linked to the potential anti-carcinoggmmperties of fructans (Pool-Zobet
al., 2002; Taper and Roberfroid, 2002; Pool-Zobel,22Fbtiadiset al, 2008; Munjalet
al., 2009). Munjal and co-workers (2009) state th&kese fermentation products are
shown to be protective in different stages of caceset since they regulate the colonic

epithelial turnover and inducing apoptosis in cadmienoma and cancer cell lines”.

Potential health benefits of the daily intake aictans may also be related with the
decrease of the risk of intestinal infectious ds&sa(Gibson, 1998; Gibsat al, 2005;
Guarner, 2007), constipation (Kleesseh al, 1997; Sabater-Molinaet al, 2009),
diarrhoea (Cummingst al, 2001; Duggaret al, 2003) and inflammatory bowel disease
(Welterset al, 2002; Lindsayet al, 2006; Casellast al, 2007).

Furthermore Bifidobacteriais also thought to stimulate the immune systerndpce
vitamin B, reduce blood ammonia and help the rehefdhe normal gut microbiota
after antibiotic therapy (Gibsaoet al, 1995; Crittenden and Playne, 1996; Jenkinal,
1999; Bouhniket al, 2006).

1.4 PRODUCTION

Guio et al. (2009) have recently reviewed the patents relatigldl FOS production and
applications. The different production processeB@& have been extensively reviewed
by several authors (Yun, 1996; Prapuka al, 2000; Sangeethat al, 2005).
Additionally, the microbial production of fructossdnsferase was reviewed by Maiorano
and collaborators (2008).

FOS can be produced by chemical glycosylationdadovosynthesis using glycosidase
and glycosyltransferase activities (Barretedal, 2006). The chemical FOS synthesis
using this method is a laborious multi-step endaavaises hazardous/expensive
chemicals and provides low vyields (Palcic, 199%pRHa et al, 2000). Therefore, its
implementation on an industrial scale does not seéenbe economically feasible
(Barreteatet al, 2006).
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Industrially, FOS are produced by transfructosglatof sucrose. Fructosyl Transferases
(FTase) are the enzymes responsible for the FO@uption from a consecutive set of

disproportionation reactions (Juegal, 1989; Kimet al, 1998):
GF, + G, — GFy.1 + GRy.y (Withn =1, 2, 3) (1.1)
and in part from,

GF,+ GF— GF., + G 1.2)

By transferring between one to three moleculesreftbse to the fructose residue in
sucrose, FTase produces firstly £sEhen GE and finally GR. The FOS production

mechanism is schematically represented in Fig. 1.2.

8 GF

4G
4 Gk

2GF
2GF;3

GF,
GF,4

Fig. 1.5 Schematic representation of the reactienhranism for FOS production with a fructosyl

transferase derived frofdureobasidium pullulangdapted from (Junet al, 1989)).
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Many microorganisms have been reported to produ@sé: Mostly are fungi strains,
such asAspergillussp.,Aureobasidiunsp.,Fusariumsp., Penicillium sp., among others
(Yun, 1996; Chen and Liu, 1996; Sangeethal, 2004; Parket al, 2005; Prataet al,
2010). Additionally, there are some bacteria thavehalso been reported as FTase
producers, such aArthrobacter sp., Zymomonas mobili&nd Bacilus maceransand
yeasts such a&luyveromycesCandida and Saccharomyces cerevisig&un, 1996;
Sangeethat al, 2005; Caicedet al, 2009).

The enzymes used for the industrial FOS synthesss paoduced by the fungA.

pullulansandAspergillus nigef(Maioranoet al, 2008).

There are two main reasons for which FOS are sgrgbé by microorganisms (Yun,
1996):

» jt allows the elimination of free fructose that fasunfavorable effect in
the microorganism growth when present in high cotregions;
* jtis a way to store glucose in an oligosacchafaen, that can be used

when there is no more free glucose available.

FOS can be produced using the whole cells of angimé&roorganism, suspended or
immobilized (Sangeethat al, 2004; Caicedeet al, 2009; Mussatteet al, 2009), or,
more frequently, using the extracted enzymes ire fog immobilized conditions
(Sangeethat al, 2005).The enzymes involved in FOS production lwareither intra or

extra cellular.

The maximum theoretical yield obtained for FOS,duwed by microbial FTases, is
around 55-60% based on the initial sucrose coragor (Yun and Song, 1993;
Sangeethaet al, 2005). This yield cannot be increased due tohigh amounts of

glucose co-produced during the fermentation whighihbits the transfructosylating
reactions (Yun and Song, 1993). Therefore, at thed & the fermentation, FOS are
obtained with high levels of other contaminant sagenostly glucose, but also fructose

and non consumed sucrose.
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1.5 PURIFICATION

Most of the commercialized FOS products are noe mue to the low yields of the
industrial production process. Additionally, FOSogucts also have small chain
saccharides in their composition. Hence companipplyg several types of products with
different FOS contents. Typically commercial progumontain about 5% of other sugars,

although products with 55 to 99% of purity can berfd in the market.

The presence of other sugars in the mixture deesedlse prebiotic, caloric and
cariogenic values of the final product, preventthg inclusion of these mixtures in
health, dietetic and diabetic foods. Moreover, pU®S are essential when
pharmaceutical applications are envisaged. In @dipure FOS are also needed to
evaluate their individual functional propertiesg(ein vitro prebiotic activity) and to
determine their physicochemical properties. As joesly mentioned, apart from their
nutritional value, FOS also have great physicockamiproperties that allow
improvement of the organoleptic quality of fooddkck, 2002; Crittenden and Playne,
2002).

Currently, the isolated FOS are only availabledoalytical purposes and their prices are
prohibited. Indeed, even pure FOS mixtures aré\aily expensive. Besides, relatively
few reports are available regarding the FOS puatittm. Therefore, the isolation and
purification of FOS is nowadays a challenging amgpartant task for the scientific

community.

Several downstream techniques that are currentfiladle could be used for the
isolation and purification of FOS from an indudtfermentative process. Some of these

techniques will be discussed further below.

1.5.1 INCREASE OF THE FERMENTATION YIELDS

The presence of glucose in the final fermentatixa@hbof a FOS production process
inhibits the transfructosylating activity of the Bproducing enzymes (Yun and Song,

1993). Therefore, in order to achieve higher feragon yields, many authors have
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studied the impact of the continuous removal otgie and residual sucrose from the
fermentative broth during the FOS conversion. Cqueatly, by increasing the
fermentation yields a purer final product could di#ained. The use of enzymes and
membrane reactors has been proposed for the glacmssucrose removal. Purification
of FOS from commercial mixtures could also be agtieusing the same approach.

Several authors used mixed enzyme systems pittuctofuranosidase and glucose
oxidase to increase the FOS production yields iméatative processes (Yun and Song,
1993; Yunet al, 1994; Shewet al, 2002). The fermentation can be conducted with
enzymes or microorganisms containifigructofuranosidase and/or glucose oxidase
enzymes. Lin and Le@008) used calcium alginate-immobilized myceliaAspergillus
japonicus (B-d-fructofuranosidase producer) aAd niger (glucose oxidase producer).
The enzyme-fructofuranosidase has the ability to synthesi@SHrom sucrose, while
glucose oxydase enzymes are able to convert gluodsegluconic acid that can be
afterwards removed from the broth by adsorptionoomin-exchange resins or
precipitation with calcium carbonate solutions ($het al, 2002). Therefore, the
combination of the two enzymes has been succegsfséd and contents in FOS up to
98% have been achieved (Yen al, 1994). Nevertheless, Yuet al. (1994) found a
significant difference with respect to the compositin the FOS produced by the
combined enzymes as compared to that produced dseftranosidases. They found
that a higher content of GRvas accumulated and only a trace amount of B&s

detected when using the combination of the two erezsy

Reactor systems using nanofiltration membranesugiiravhich glucose permeates but
not sucrose and FOS, can also be used to remowesglcontinuously during FOS
production. Studies showed an increase of FOS ptmfuup to 90% (Nishizawat al,
2000; Nishizawaet al, 2001).

Another way to increase the fermentation yieldsdyspreventing the occurrence of
oligosaccharides hydrolysis during the enzymatiutisgsis. Based on that, an activated
charcoal column connected to the fermenter has bsed to remove oligosaccharides
from the fermentative broth during the enzymatiategsis (Ajisakaet al, 1987,

Nunouraet al, 1997; Boonet al, 2000). Depending on their molecular weight, ssgar
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can be adsorbed differently onto activated charc®agjars with high molecular weight

are more adsorbed than small saccharides.

1.5.2 MICROBIAL TREATMENT

S. cerevisia@andZ. mobilisare able to ferment some common mono- and disedelsa
but do not possess carbohydrases able to hydratyast of the oligosaccharides.
Therefore, the use of these microorganisms to eéiei small saccharides from broth
mixtures with oligosaccharides has been studiedsdyeral authors (Crittenden and
Playne, 2002). The two microorganisms mentioned/@monvert glucose, fructose and
sucrose to ethanol and carbon dioxide. During secri@rmentation by. mobilis a
minimal amount of by-products, such as sorbitol BQE can also be formed. In a study
conducted with a commercial FOS mixture (Meioligd, Gontaining 57% of FOS in
total sugars, no degradation of FOS was observeé@laicose, fructose and sucrose were
completely fermented b¥. mobilis without the formation of by-products (Crittenden
and Playne, 20025tudies conducted wit8. cerevisiashowed that the yeast is able to
completely remove fructose, glucose and sucrose &anixture of sugars. Some authors
achieved also a complete removal of galactose guhe fermentation (Yoot al,
2003; Hernandeet al, 2009). However, for high concentrated mixturde ethanol
produced during the fermentation may inhibit itssiaslation, thus only a slight
reduction of galactose is observed (Gowtal, 2007). On the other han§l, cerevisiae
do not ferment disaccharides with D-galactose atibn reducing-end and/or those with
B-glycosidic linkages. Furthermore, oligosaccharidés four or more monosaccharide
units were not fermented by the yeast (Yebml, 2003; Goulat al, 2007; Hernandez
et al, 2009).

Microbial treatment seems to be a good alternativiecrease the percentage of FOS in a
mixture by removing mono- and disaccharides. Moeepthe process can even be used
during the enzymatic synthesis of FOS. Howeverpugeof microbial treatments implies
a further step of purification for removal of biogsaand the metabolic products formed
during the fermentation, in order to obtain a FO&Jpct with few contaminants. Also,
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the use of yeast treatment was found to modify dihgosaccharides composition of
honey (Sanzt al, 2005).

1.5.3 ULTRA AND NANOFILTRATION

Membrane technology, mainly ultrafiltration and o#ltration, has been used by several
authors to fractionate and purify oligosacchari@i@émelo et al, 2009). In the area of
food applications, the membrane technology was lyigetended with the development
of nanofiltration membranes that are more selec(ientalier et al, 1999). The
membrane technology for purification of oligosaaaikes produced with enzymes was

recently reviewed (Pinelet al, 2009).

The separation by membrane filtration relates t® skructural and physicochemical
properties of sugars with the theory of membrargaisgion, taking into consideration
the operational modes and operational conditionherseparation efficiency.

Physicochemical properties of sugars that influenoambrane separation processes
include the solubility, viscosity, substitution abdanching (defined as the existence of
monomers chains attached to a monosaccharide im#we chain). The solubility is
directly determined by the chemical structure, bythilicity and hydrophobicity ratio,
glycosidic linkages and special orientation of factional groups. The concept of
molecular weight cut-off loses significance whea #olubility of the sugar is taken into
account, because the -cut-off values of sugars caange depending on the
solubility/hydrophobicity of the solute (Pinelet al, 2009). The physicochemical
properties of FOS, fructose, glucose and sucrose weeviously discussed in section
1.3.2.

Different operational modes can be used in the mengbseparation processes. The
most commonly used for the oligosaccharides puatiticmn are the cross-flow filtration,

dead-end membrane filtration and free/immobilizedymes in a membrane reactor
(Fig. 1.6). The operational conditions affectingmieane separation performance are

the membrane type, temperature, feed concentratidrpressure.
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Fig. 1.6 Schematic representation of operationallesaused in membrane separation processes a) cross-

flow filtration b) dead-end filtration (Roplant, @0).

Leiva and Guzman (1995) used cross-flow filtratiorconcentrate GOS produced from
the enzymatic hydrolisys of lactose. The retentiactors obtained were 15.4% for
glucose and galactose, 37% for lactose and 74. 7% @S. Sarnewt al. (2000) also
used cross-flow filtration for the recovery of @gpccharides from human milk. Goulas
et al. (2002) used cross-flow filtration, in a continuodgfiltration module, for the
separation of a model sugar solution containingrmage, sucrose and fructose and a
commercial GOS mixture. Higher yields were obtaif@draffinose and GOS, 81 and
98% respectively. Monosaccharides and disacchapdesented lower yields, 14-18%
and 59-89%, respectively (Goulas al, 2002). Later, the same authors studied the
fractionation of several commercial oligosaccharidixtures using diafiltration in a
'dead-end’ filtration cell and the same yields web¢ained after four filtration steps
(Goulaset al, 2003).

On both works performed by Goulat al (2002; 2003), a constant volume of
diafiltration (CVD) was used. One characteristictbé CVD operation mode is the
excessive consumption of the dilution water solut{iBarbaet al, 1998). In order to
reduce the dilution water, a variable volume offilration (VVD), during which
dilution water flux is different to that of permeatwas introduced by L&t al. (2004;
2005). In these works, the purification of FOS layaofiltration under different operation

modes was studied. Results showed that the reddtijprbetween purity and yield was

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



32

INTRODUCTIONUCTO-OLIGOSACCHARIDES PURIFICATION FR@ A FERMENTATIVE BROTH USING

independent of the dilution ratio. Consequentlg, same purity of FOS was obtained for
both operational modes. However, the water consuometer VVD was found to be
almost half as much as that of CVD. Hence, the afs¢VD enabled the saving of
dilution water (Liet al, 2004; Liet al, 2005).

The dead-end filtration can be used to purify comumaé FOS mixtures or FOS from a
fermentative broth. In this system, the sugar m&tontained in a tank is pumped to the
separation module where small saccharides are dedtluvhile oligosaccharides are
concentrated and recycled again to the feed tankulkafiltration step, operating in the
same way, can be previously performed to eliminatger molecules from the broth
(e.g. proteins and insoluble substances), andveltbby the nanofiltration step. Kamada
et al. (2002b) reduced from 9.0 to 2.6% the contentwdtiyse, glucose and sucrose from
the commercial product Raftiline (oligosacchariffesn chicory) using nanofiltration in
a dead-end module. The collected permeate containgd6.3% of oligo-fructose in
total sugars (Kamadeat al, 2002b).

Several types of membranes have been used to sepaligosaccharides by
nanofiltration. Recently, a low-pressure plasma ifiedl cellulose acetate (CA)
membrane was used by Gulet al. (2010) to separate highly concentrated sugar
mixtures (40%, w/v) of lactose, glucose and galset@A membranes were modified by
means of plasma polymerization (PlzP) using lowgdiency (LF) excitation. Very high
retention (>94%) was obtained with the LF/PIzP-rfiedi CA membrane for lactose,
while the retention for monosaccharide was ratber (<73%) at the same reaction time
(Gulecet al, 2010). Botelho-Cunhat al. (2010) studied the nanofiltration potential for
fractionation of GOS mixtures by CA membranes sttaaito annealing treatments. The
study researched the effect of temperature, tramdbmrane pressure and total
concentration of solutes in the feed. From a 150 gugar feed solution, trisaccharides
were totally retained. Using a more concentrated flution (300 g.1), trisaccharides
retention decreased for all the studied pressueashing 90% (Botelho-Cunhet al,
2010).

Other related works reported the use of membractentdogy for the recovery of non-
digestible saccharides from yacon rootstock (maiR)S and inulo-poysaccharide)
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(Kamadaet al, 2002a), and the concentration of oligosacchariides soybean extracts
(Matsubaraet al, 1996), caprine milk (Martinez-Ferezt al, 2006), rice husks xylan
(Vegaset al, 2008) and unwanted compounds coming from laatid eecovered from

fermentative broths derived from apple pomace (@uét al, 2011).

1.5.4 ACTIVATED CHARCOAL

Activated charcoal, also called activated carboradivated coal, is a form of carbon
that was submitted to a sequence of chemical andrtal processes in order to develop
a large surface area (between 500 and 206§“)nconducting to a good sorption
capacity (Ungeeet al, 2005). The surface area developed in the poreseotarbon is

actually much higher than the external surface afethe particles, and most of the

sugars adsorption occurs on the pore’s surface.

Sugars are physically adsorbed onto the activatadcoal. The adsorption is due to Van
der Walls’ forces and is a reversible process (Heingl, 2005). The major surface area
of the activated charcoal is non polar or hydroptiobherefore, when the solute is more
hydrophobic more adsorbed it will be (Abe et a883). Since the hydrophobic character
of the sugar is related with the extent of the Cidug@s, sugars will be adsorbed
accordingly to their molecular weight, provided tanfiguration and the glycosidic link
stereochemistry are favorable (Sundari and Balasodénian, 1997). Hence, FOS are
more adsorbed onto the activated charcoal thamoter small saccharides as sucrose,
fructose and glucose enabling their separation.

After the adsorption step, sugars can be selegtietsorbed using different percentages
of water/ethanol. Monosaccharides have been reedvesing water or very small
percentages of ethanol. For the recovery of disaadés, a percentage between 5 and 10
% of ethanol in water is used. Finally, oligosacates have been recovered using 15 to
50% of ethanol in water (Whistler and Durso, 19H@jakaet al, 1988; Swallow and
Low, 1990; Kaplan and Hutkins, 2000; Satzal, 2005; Moralest al, 2006).

The most common process used to purify oligosaabémrwith activated charcoal is
divided in three steps. Firstly the activated cbalds loaded with the oligosaccharide
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mixture. Afterwards, the non retained compoundsveaished with pure water. Finally,

the adsorbed sugars are selectively recovered asimghanol gradient.

In addition to the good characteristics of adsorptithe activated charcoal is cheap and
easily regenerated (Chinn and King, 1999). Theesfrhas been largely used by many
authors to purify oligosaccharides. The activatedrcoal has been used in slurry or in

packed columns as a single adsorbent or in combmuaitith Celite.

Whistler and Durso (1950) were the first to proptise use of an equal part by weight
mixture of charcoal:Celite to separate sugars. epgifit mixtures of sugars including
glucose, maltose, raffinose, sucrose and melibreme successfully separated using a
single column packed with the charcoal:Celite. Tpm®cedure used consisted in
successive elutions of sugars with water, 5% ar¥d 5 ethanol (Whistler and Durso,
1950). Uchiyamaet al. (1985) extracted FOS froin radiatebulbs and used a charcoal-
Celite column to separate GFSF;, pentaose and hexaose in different fractions. ISuga
were successively eluted with water, 5%, 7.5% a@® Jof ethanol. However, each
fraction was found to be contaminated with otheyass(Uchiyamaet al, 1985). Samain
et al. (1997) recovered COS from a culture medium usiegetable powder activated
charcoal and Celite. Sugars were recovered by @vite elution with ethanol, and a
62% recovery of COS could be obtained in the 30k@retl faction (Samairet al,
1997).

Activated charcoal has been widely used to chanaetehe composition of honey
(Swallow and Low, 1990; Weston and Brocklebank,%t3®anzet al, 2005; Moraleset
al.,, 2006; Moraleset al, 2008). The identification of oligosaccharides haney by
chromatographic techniques is very difficult duehe lack of commercial standards, the
low and large contents in oligo- and monosachayicespectively, and the similarity of
the sugar structures (Moralesal, 2006). Therefore, the separation of monosaccésirid
from honey before the oligosaccharides identifaragprocess is essential. Swalletval
(1990) and later Westoet al. (1999) used the procedure of Whistler and Dur€®Q)
with few modifications to purify and concentrategoksaccharides from honeys. In this
procedure, 99% of monosaccharides were removed Wit% of ethanol solutions and
honey oligosaccharides were recovered with 50%tledrel (Swallow and Low, 1990;
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Weston and Brocklebank, 1999). Later, Morakdsal. (2006) replaced the use of
charcoal:Celite columns by a stirred system coirigithe activated charcoal and the
water/ethanol solutions mixed with honey sampldse ®ptimized process consisted in
stirring 0.5 g of honey with 3 g of activated chlaalcand 100 mL of the water/ethanol
solution, for 30 min, at ambient temperature. Aflee adsorption/desorption process,
sugars were recovered by filtration. An ethanolocamtration of 10% was found to be
optimal in order to recover mono- and disacchariilesn the mixture. On the other
hand, oligosaccharides were recovered with 50%nethd& his process proved to be
simpler and less time-consuming than the charcelteCcolumns used in the official
method (Morale®t al, 2006). This method was later used to detect dudterations of
honey with added sugar syrups preparations (Morelezl, 2008). Hernandeet al
(2009) also used this same procedure, with few fivadions, to remove mono- and
disaccharides from a commercial GOS product. Ireotd find the optimal ethanol
concentration to recover GOS with maximum purityl aninimum losses, the authors
dissolved the samples, mixed them with charcoal,.esed different ethanol solutions (1,
5, 8, 10 or 15%). GOS were recovered from the danwith a 50% ethanol solution. In
this work, it was found that using up to 1% of etblasolution the non monosaccharides
are adsorbed. However, it was not possible to cetalyl remove the disaccharides using
any of the ethanol concentrations studied. Dedp#eesidual recovery of disaccharides
using the 15% ethanol solution, only 20% of triseracdes GOS were recovered.
Therefore, the 10% ethanol solution was chosemadést compromise between purity
and the amount of GOS recovered. With this ethaohltion it was possible to recover
50% of trisaccharides, 90% of tetrasaccharides,183d of disaccharides (Hernandsiz

al., 2009).

Activated charcoal columns have been also usediifydOS mixtures. FOS produced
by A. niger were purified and fractioned by Hidale al. (1987) using a preparative
activated charcoal column (8.0 x 43 cm). A volurh@é@0 mL of fermentative broth was
purified by successive elutions with water and etiha Results showed that
monosaccharides were totally eluted with the washvwater; GE, GF; and GE were

collected with ethanol elutions at 5, 10 and 208spectively. Amounts of 9, 16 and 8 g
of GF,, GF; and Gl were recovered with purities of 70, 69 and 44%peetively. Pure
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FOS solutions were recovered with fractions of; @Rd GE. However, with the GF
fraction, 22% of the collected sugars were sucibfidaka et al, 1988). Kaplan and
Hutkins (2000; 2003) purified FOS from a commerciaixture by removing
monosaccharides and disaccharides with water anétB&ol, respectively. FOS were
further recovered with a 15% ethanol solution (Kapand Hutkins, 2000; Kaplan and
Hutkins, 2003).

Sanz and co-workers (2005) compared nanofiltratyegst treatment and activated
charcoal regarding their potential to separate rmaocharides from oligosaccharides in
honey, having concluded that activated charcoal thasmost efficient method. In
another study, Hernandez et al. (2009) comparddtdition, yeast treatment, activated
charcoal and size exclusion chromatography for G@Stionation. Although size
exclusion was the best technique to fractionate G®&n analytical scale, activated

charcoal was also the most appropriated methoenh@ve mono- and disaccharides.

Kuhn and Maugeri (2010) recently studied the pecatiion of FOS from a fermentative
broth using an activated charcoal fixed bed columiihh ethanol as eluent. Operating
conditions such as temperature and ethanol comtimrwere evaluated using & 2
central composite design. Results showed that ¥6& ethanol at 50 °C, 80% recovery
of FOS with about 97.8% purity could be obtaineé@véltheless, a poor efficiency for
separation of FOS from sucrose was found. Althaighprocess seemed promising, the
authors also found that column efficiency variesplg with the type of charcoal used.
Thus, a different pore distribution and pore volusiee may be obtained as a function of
the initial pyrolysis and activated procedures usédnsequently, the method did not
demonstrate a very good reproduction between ftfiereit batches conducted (Kuhn
and Maugeri, 2010).

Other related works also reported the use of aetivaharcoal for the recovery of GOS
from fermentative broths (Sai Prakagt al, 1989); horse milk oligosaccharides
(Urashimaet al, 1991) and goat colostrums (Urashimtaal, 1994); oligosaccharides

from human milk (Priem et al., 2002); XOS produtgdthe auto-hydrolysis of almond

shells, in this case, lignin-related products wéne highest adsorbed compounds
(Montaneet al, 2006); XOS from fermentative broths (Zlet al, 2006; Yanget al,
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2007); and two new oligosaccharides obtained byéatation of fruits and vegetables

in a fermented beverage (Kawaziel, 2008).

Synthesised FOS by microorganisms are obtainedturas containing not only small
saccharides, but also large amounts of salts that e removed to guarantee certain
quality parameters in the final product. One adagetof using activated charcoal to
purify FOS from fermentative broths, rather thaheotseparation techniques, is the
potential that charcoal has to simultaneously desdlitions. Whistler and Durso (1950)
concluded that the presence of sodium chlorideiusodhicorbonate and sodium acetate,
in various concentrations, do not affect neithex #dsorption nor the desoprtion of
sugars onto activated charcoal. Salt present instigar mixtures were completly
eliminated with the water effluent while washingettbaded column (Whistler and
Durso, 1950). Samaiet al. (1997) desalted a culture medium using vegetaldeow
activated charcoal and Celite. The slurry contgnthe adsorbent and the culture
medium was filtered and washed with distillated evatand the salt found was
completely removed during the washing stage. Paeked. (1998) demonstrated that
graphitized carbon can be used for desalting cligasarides mixtures released from
glycoproteins. Results showed that during the wasglstage, neutral monosaccharides
and salts were completlty eluted with the wateckieaet al, 1998).

1.5.5 |ON EXCHANGE CHROMATOGRAPHY

Several authors have studied the potential of ugamgexchange resins to separate
carbohydrates. Chromatography separation is basetthe molecular differences of
carbohydrates instead of macroscopic propertiegrefbre, this method allows the
separation of very similar carbohydrates, suchsamers, and shows high potential to

separate FOS.

At an industrial scale, ion exchange resins hawn lapplied as adsorbents in Simulated
Moving Bed (SMB) chromatography. The adsorbentsl usechromatography must be
non-toxic and must have a good mechanical, chemamalbiological stability to allow a
long lifetime. lon exchange resins of sulfonatedy(styreneeo-divinylbenzene) (PS-
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DVB) have been largely used due to their chemiocartness, higher capacity and
selectivity (Okada, 1995; Stefansson and Westeyli@€6; Tiihoneret al, 2002; Luzet
al., 2008). PS-DVB resins are obtained by cross-ligkime linear chain of the styrene
polymer with DVB (Fig. 1.7). This cross-linking ireases the molecular weight of the
average polymer chain length, which decreases ¢dhaner solubility and increases its
mechanical stability (Fritz and Gjerde, 2009). &gle resins normally contain less than
12% of DVB, while macroporous resins have DVB catdegreater than 20%.
Macroporous resins are characterized by a permameliideveloped porous structure
and do not shrink. Since these resins have a logtent in DVB, they are resistant to
degradation caused by osmotic shock and oxida@wnthe other hand, gel-type resins
are soft, compressible and are able to swell vhth @ppropriated solvent. However,
these properties may restrict their use in chrogragghic applications in which the back

pressure may reach high values (Abrams and Mil@9;7; Sherrington, 1998).

00 00C
O—
00 0OC

Fig. 1.7 Schematic representation of styreaaivinyloenzene copolymer.

PS-DVB resins can be functionalized with countersiovhich are attached to the

polymer. Functionalized resins become consideraidye polar, consequently, for the

softer resins (such as the gel-type ones) are teghe¢c have different behaviors in the

presence of polar or non-polar solvents. In thesgmee of polar solvents these resins
tend to swell, while with non-polar solvents terad dehydrate and shrink (Fritz and

Gjerde, 2009).
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Counter-ions are able to form complexes with the @élips of sugars. The strength of
the complex formed will depend on the hydration emic radius of the counter-ion, and
the number and orientation of the OH group (Angy&89; Tiihonenet al, 2002).
Therefore, the sugar conformation and the couwnterinvolved determine the cation-
sugar affinity, and consequently, the degree obgu®n. The stability of the complex
formed depends on the number of pairs of eg-axntmteOH groups. Since fructose has
more pairs than glucose (Table 1.2), it is expettetbe more adsorbed. Sucrose and
FOS have no eg-ax oriented group, so they are @adlirom the resin. As a result, the

separation of the high molecular size sugars oauaisly by size exclusion.

The separation mechanism involved in sugar putiboawith ion exchange-resins is
mainly based in three phenomena: size exclusiatitipa and ligand exchange based on

complex formation (Churms, 1996; Stefansson andt&vesd, 1996).

The water contained in the resin is present in farons: as hydration water (water
contained in the hydration shell of the counter-#mailable for complex formation) and
as hygroscopic water (free water inside the resailable for partition). The total
amount of water contained in the resin is thereftgpendent on the resin type, cross-
link density and ionic form.

As discussed above, the gel-type resins are abssvél. Hence, their water retention
capacity is greater compared to the macroporoumsiesesulting in faster kinetic
diffusions (Abrams and Millar, 1997; Sherringto®98). The cross-linking of the resin
decreases its elasticity. Therefore, the abilitgueell and retain water for partition also
decreases. On the other hand, the amount of iangopene of unit water increases with
the DVB content. Hence, the adsorption by complesmbtion may increase. The
hydration number of the counter-ion increases \wh#h ionic valence (Tiihonest al,
2002). Consequently, univalent cations only formakvecomplexes with sugars.
Therefore, for these resins the separation meamaisisnainly based on the combination
of size exclusion and restricted diffusion effedtscontrast, ions with increasing ionic
valence may form strongest complexes with sugaesveNheless, the water uptake

decreases with the increase of ionic valence (et al, 1999).
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Several studies have been carried out to evalbatpdrformance of ion-exchange resins
in the separation of sugars. The characteristicesihs as stability, resistance, selectivity
and adsorption capacity have been investigatedli€dwere conducted to evaluate the
influence on the adsorption of the resin type, gofurm and cross-link density. The
influence of temperature and additional sugarshenmixture has been also studied. A
summary of the most relevant and recent studieglgorption equilibrium of sugars on

ion-exchange resins is presented in Table 1.5.

RESIN TYPE

The strong acid cation (SAC) resins are the mostneonly used for the industrial sugar
separations. Therefore, SAC are the best well etutipe of resins (Luet al, 2008;
Pedruzziet al, 2008; Nobreet al, 2009; Leiet al, 2010). Recently, Saaei al (2010)
evaluated the use of weak acid cation (WAC), weadelbanion (WBA), and strong base
anion (SBA) ion-exchange resins for the separatbbrsugars from lignocellulosic
biomass hydrolysates. Results showed that SBA geinSQ* form could be an
alternative to separate xylose and rhamnose fraiméss hydrolysates (Saaet al,
2010). WBA resins in Clform have also been used to separate lactic aoich f
oligosaccharides found in fermentative broths deatifrom apple pomace (Gullét al,
2010) .

Among the SAC resins, gel-type resins have beeremapplied in sugar separations than
macroporous resins, therefore just few works ingatt the two different resin types.
Gramblicka etal. (2007) studied the adsorption equilibrium of F@®@¢ctose, glucose
and sucrose on two Naesins with different structures. In this work,sbd on the
GFy/sucrose selectivity, the gel-type resin was mdfectve in FOS purification than
the macroporous one (Gramblicka and Polakovic, ROR&cently, Nobrest al. (2009)
compared the adsorption equilibrium of fructoseijcgbe and sucrose onto a gel-type
(K") and macroporous (Npresins. Based on selectivity results, the geétg’) resin

was found to be the best choice for the separatitine three sugars.
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| ONIC FORM

The separation of glucose from fructose is the masli-known sugar separation
process. As (A cations are able to form strong complexes witlctfise enabling the
isomers separation, &aresins are the most reported (Howatdal, 1988; Saskat al,
1992a; Bestet al, 2000; Luzet al, 2008; Nowalet al, 2009). However, the separation
mechanism of monovalent counter-ions provides highdsorption kinetic rates
compared with resins that form strong complexes wiigars. Therefore, counter-ions
such as Kand N& have been studied for sugar separation procegeaseet al. (2005)
studied the influence of K Na" and C&", as the counter-ions of a SAC resin, in the
adsorption equilibrium of mono- and disaccharided are relevant for the separation of
oligosaccharides. Results showed that'Gasin provided the highest selectivity values
for fructose/oligosaccharides separation, due & dbmplexes formed with fructose.
While for glucose/oligosaccharides separation,redlins studied presented the same
selectivity. However, with the Kresin, a higher capacity compared to* ad C3&'
resins could be obtained. Therefore, the r€sin seems to be most suitable for the
envisaged separation. Accordingly, Noleteal. (2009) and Dendenet al. (1995) also
found better results for the separation of mona+ disaccharides, with a resin in thé K
form rather than with a Nane. Furthermore, Pedrugi al. (2008) elected a resin in'K
form for the separation of lactobionic acid froorméture of sugars, instead of resins in
H* and C&" form. Nevertheless, the resin in dorm showed higher selectivity to
separate sorbitol/lactose and fructose/sucrose stady conducted with four commercial
resins in N& and C&' forms, for FOS purification, Gramblicket al. (2007) found
almost no selectivity of sucrose/kestose foi Nesins. On the other hand, Caesins
presented higher selectivity values. Recently, istualy on the separation of glucose,
xylose and arabinose, the adsorbance of sugane t@sins varied in the ordef & C&*

> Fe*, however CH resin was elected due to its higher selectivii @t al, 2010).

CROSS-LINK DENSITY

The effect of the cross-link density was also itigesed in the same study. Results
showed that the choice of DVB content depends erstlyar molecules involved. A 6%
DVB was more suitable to separate arabinose/xylWwhkde 8% DVB was more suitable
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for the xylose/glucose separation (legial, 2010). Pedruzzet al. (2008) found that a
4% DVB resin was better to separate lactobionicl/&mstose instead of an 8% one.
However, the resin with lower DVB content presentiégher selectivity values for the
separation of sorbitol/lactose and fructose/sokbitbe effects of the DVB content and
ionic form of cation-exchange resins on the chrameatphic separation of MOS was
evaluated by Adactet al (1989). In this study, the resin with higher D¥Bntent gave
the smaller coefficient of distribution. Also, dsetradius of the hydrated ion became

larger and the distribution coefficient was redu@&dachiet al, 1989a).

TEMPERATURE

The high concentration of sugar leads to an ineeasscosity of the liquid phase, with a
consequent increase in pressure drop and a dedreaskibility of sugars. As a result,
many authors have used temperatures above 7090nwie a decrease of viscosity and
an increase of solubility (Azevedo and Rodrigué¥X)12 Luzet al, 2008). Besides, the

use of high temperatures also avoids microbial gnqBesteet al, 2000).

The temperature effect in sugar adsorption equulibronto gel-type resins, using single-
component mixture of sugars was investigated byynaarhors (Dendenet al, 1995;
Pedruzziet al, 2008; Nobreet al, 2009; Mostafazadelkt al, 2011). These works
reported a decrease on the adsorption capacitighttémperatures. Studies conducted
with multi-component sugar mixtures are scarcethis case, the temperature effect
seems to vary according to the resin, sugar angerahtemperatures tested. Nowatk
al. (2009) studied the influence of temperature onatlte&orption of a mixture of sucrose,
glucose and fructose on a Lewatit MDS 1368 if*@arm. Experiments were conducted
at 60°C and 80°C. Results showed no temperaturendepcy of the adsorption of
glucose and sucrose. A decreased adsorption ofofeicwas found for increasing
temperatures (Nowakt al, 2007; Mostafazadekt al, 2011). However, Bestt al.
(2000) studied the temperature effect (25°C to B@9CGhe adsorption of a mixture of
fructose and glucose onto the same resin, and eneased adsorption behavior of
glucose was found increasing the temperature. Regpthe adsorption of fructose, the
authors reported a decrease in temperatures ugP@, &nd an increase to 80°C. On the
other hand, in a study conducted with a gel-typ8 @ad a macroporous (Raesin with
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a mixture of fructose, glucose and sucrose, thgeéeature increases conducted to an
increased adsorption, however with decreased satgdbr the K' resin (Nobreet al,
2009).

MULTI-COMPONENT MIXTURES

Nowaket al.(2007) also studied the competitive loading otfase, glucose and sucrose
onto a gel type resin in €aform, at 60°C and 80°C, by adding the individusjass to a
mixture. Results showed that the presence of additisugars in solution conducted to a
synergistic effect in the adsorptiong. the increased concentration of one sugar
conducted to the increased adsorption of the athfasordingly, Nobreet al. (2009)
also found a synergistic effect at 40°C; howevar aflower temperature (25°C) a reverse
effect was found. Nonetheless, Vankataal. (2010b) reported a competitive effect for
all sugars except fructose in the adsorption ofalyinmixtures of fructose, glucose,
sucrose and FOS, working at 60°C, with a diffegatitype resin in Ca form.

SM B CHROMATOGRAPHY

PS-DVB resins have been largely and successfuld us SMB plants for sugar
separations (Bestt al, 2000; Coelheet al, 2002; Luzet al, 2008). SMB has been used
for the separation of glucose from fructose (Bedtal, 2000; Azevedo and Rodrigues,
2001; Lee, 2003), sugarcane molasses (Neuzil, 1988kaet al, 1992b) and high-
fructose corn syrups (Toumi and Engell, 2004). Skidomatography consists in
multiple chromatographic columns connected in seaigd a complex valve arrangement
that allows an appropriated shift of injection amadlection points. The system works in
continuous counter-current motion of the solid gheatively to a liquid phase, without
the real motion of the adsorbent. Instead, the mave: of the adsorbent is simulated by
the valves that move the position of two inlet ¢feeend eluent) and two outlet streams
(raffinate and extract) by switching one columrthe direction of the liquid phase flow,
at a fixed interval of time (Charton and Nicoud9%%

The main advantages of this separation methodhatdattworks as a continuous system

and enables very difficult separations (even widimponents presenting low selectivity).
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Compared to elution chromatography, higher prodiiss are obtained with lower
solvent consumption and it becomes less expensivialige scale separations (Mazzotti
et al, 1997; Gomeset al, 2006). However, the design, operation, optimaratand

control of the process are complex requiring lorigee for the start up.

The number of reports on oligosaccharides adsormio ion-exchange resins for SMB
applications is very limited. lon-exchange resios MOS purification were extensively
studied by Adachet al. (Adachiet al, 1989a; Adachet al, 1989b; Adachet al, 1995).
Kawaseet al. (2001) studied the simultaneous production andrsgjon of lactosucrose
from glucose in a SMB reactor. Grambliclks al. (2007) selected, among four
commercial resins, the Amberlite CR1320 resin if*@arm for FOS purification, based
on the adsorption equilibrium studies of fructogleicose, sucrose and FOS. Later, the
same authors studied the adsorption equilibriunbin&ry mixtures (Vankoveet al,
2010b) and modelled a fixed-bed adsorption of theggars onto the same resin
(Vankova et al, 2010a). In another work, the separation of FO&@nfrmono- and
disaccharides using a single-column was optimix&hkova and Polakovic, 2010). A
recovery of 86% of FOS, with purity increasing fr&@h.7 to 82%, was obtained for a
column load of 2% and superficial velocity of 5.0¢1 m.s'. This work also
demonstrated that the scale up was feasible, a¥d@0FOS vyields and purity could be
obtained using a larger column. Geisseal. (2005) were the only authors reporting the
separation of a complex mixture of oligosaccharigiag a SMB plant. The separation
of lactose from the human milk oligosaccharidestorix was studied. Results showed
that an almost complete lactose separation wasiedacinder stable conditions (Geisser
et al, 2005).
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1.6 CONCLUSIONS

An increased commercial interest in FOS has emengdbe last decade due to their
prebiotic activity. Many authors have investigatibeir technological properties and
health benefits. Also, a great amount of reseaashiddeen carried out in FOS production
by microbial enzymes from sucrose. The FOS obtaibgdiermentation consist of
mixtures of FOS but also fructose, glucose andasggrmainly due to the low yields of
the fermentation process. The presence of theskbesraagars in the mixture decreases
the prebiotic, caloric and cariogenic values offihal product. Therefore, many studies
have been conducted to obtain a product with ise@&OS purity.

Some authors have proposed the continuous remdvaglucose or FOS from the

fermentative broth during the production processaasay to increase the production
yields. Fermentations carried out with mixed enzymeeactor systems using
nanofiltration membranes and charcoal columns odedeto the bioreactors have been

successfully used.

The recovery of FOS from mixtures of sugars haskeehallenge for the scientific
community. Several separation techniques with giatiefor FOS purification have been
evaluated namely, microbial treatment, ultra- arahdfiltration, activated charcoal

systems and ion-exchange chromatography.

Microbial treatment witls. cerevisia@andZ. mobilishas demonstrated high potential to
eliminate mono- and some disaccharides. Howeverpthesence of metabolic products,
formed during the fermentation, as well as the lassnrequires a further purification

step.

Membrane technology, mainly nanofiltration, in diént operational modes has also
been used to purify FOS. However, membranes netxlegparate very concentrated
mixtures are not stable at elevated temperaturdeaatto diluted products. Furthermore,
the choice of the membrane is very challenging avahy authors could not purify

oligosaccharides using nanofiltration systems.
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On the other hand, activated charcoal systems pemeen to be an easy and efficient
method used to recover large amounts of oligosaittds Also, compared to other
downstream processes, the activated charcoal wasd feo be superior and more
versatile for the recovery of different saccharidétevertheless, charcoal has a
heterogeneous surface and its efficiency variel thi¢ type of charcoal used. Activated
charcoal was found to be the only downstream psottest promotes the desalting of the

mixtures during FOS purification.

Several types of ion-exchange resins have recdr@gn evaluated for further use in
SMB chromatography systems. The SMB chromatograpdrks in a continuous mode,
does not require organic solvents and resins angstable. Therefore, although it is a
complex system, its application at an industrialesds advantageous compared to the
batch activated charcoal columns. This method heEsady proved to be suitable to
separate binary sugar mixtures and some complgesaiccharide mixtures efficiently.
Hence, it is expected that SMB will play an impatteole on the large scale purification
of FOS.
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ACTIVATED CHARCOAL COLUMN

ABSTRACT

In this study, a simple and efficient process toifpuructo-oligosaccharides
(FOS) from a fermentative broth was proposed usangingle activated
charcoal column. The FOS adsorption onto the aeivacharcoal was
modeled by a pseudo-second order model. Severabmed and
concentrations of water/ethanol were studied toinopé the selective
desorption of sugars from the broth mixture at 25Rxtures containing
50.6% (w/w) of FOS (FOS content in the fermentabveth) were purified to
92.9% (w/w) with a FOS recovery of 74.5% (w/w). Mover, with the
proposed process, fractions with purity up to 97%w) of FOS were
obtained. This purification process was also fouadbe efficient in the

desalting of the fermentative broth.
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2.1 INTRODUCTION

Fructo-oligosaccharides (FOS) have gained large noenrmial interest due to their
beneficial properties in the human health as ptesio FOS, namely, kestose ($F
nystose (Gf) and fructo-furanosylnystose (@Fare non digestible food ingredients that
are selectively fermented in the colon, increashgynumbers of beneficial bacteria by
modulation of the gut microflora (Kolida and Gibs@007).

Although FOS occur naturally in many common foodshsas fruit, vegetables, milk and
honey, they are present in low concentrations aadsaason-limited. On a large scale
FOS can be produced by fermentation using micrausgas, such a8ureobasidium sp.
(Gibson, 1998; Sangeethat al., 2005). These fungi produce enzymes with
transfructosylation activities that convert sucrose FOS (Sangeethat al., 2004). At
the end of the process, the fermentative broth amosit FOS together with
microorganisms, salts and sugars with low molecwarght, such as fructose (F),
glucose (G) and sucrose (S). These small sugansotioneet the requirements to be
considered as prebiotics since they are metabobyedumans. Therefore, to obtain a
mixture with high prebiotic activity these smallgsus must be eliminated or reduced.

Additionally, salts and microorganisms must alsodrmoved.

Several methods have been developed to purify sdigcharides from sugar mixtures
(Sanz and Martinez-Castro, 2007), such as the tisenoexchange resins, activated
charcoal, size exclusion chromatography, solveatipitation, nanofiltration and yeast
treatments (Goulast al., 2003; Kuet al., 2003; Liet al., 2004; Sanz and Martinez-
Castro, 2007). Sanz and co-workers (2005) compdhede of these methods -
nanofiltration, yeast treatment and activated abalrc regarding their potential to
separate monosaccharides from oligosaccharidesoneyh The authors found that
activated charcoal was the most efficient methoderwha pure mixture in
oligosaccharides is envisaged. Therefore, amonegr attethods that have been studied,
the adsorption onto activated charcoal persisteoras of the most suitable methods.
Activated charcoal is cheap and has a large sudees and pore volume, conducting to
a good sorption capacity. In addition, this sorbsrgasily regenerated (Chinn and King,
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1999) and has the potential to desalt solutionskétat al., 1998; Whistler and Durso,
1950). Other advantages consist in the simplicitthe system, the low cost of the
process, and its capacity to separate large amaintdigosaccharides using only a

single small column (Capek and Stanek Jr, 1975sWéniand Durso, 1950).

Since Whistler and Durso (1950) reported the usacti’ated charcoal in combination
with Celite to separate sugars by elution with éasing ethanol concentrations, several
researchers used this method with different contimna of adsorbent and ethanol
concentrations to purify sugars from honey (Moradesl., 2006; Swallow and Low,
1990; Weston and Brocklebank, 1999); oligosacclearidom human milk (Prierat al.,
2002); galacto-oligosaccharides from reaction nmegu(Ajisakeaet al., 1987; Booret al.,
2000); and FOS from sugar mixtures (Hidakaal., 1988; Kaplan and Hutkins, 2000;
Kuhn and Maugeri, 2010).

The isolated FOS (GFGF; and GE) are only available for analytical purposes arairth

prices are prohibitive. Indeed, even pure FOS medware still very expensive. Hence, it
is crucial to optimize the FOS purification procesgor large scale applications. In this
study, a simple and efficient process to purify Fo®n a fermentative broth using a
single activated charcoal column is proposed animmed. FOS were produced by
fermentation of sucrose usidgireobasidium sp. The adsorption kinetics onto activated
charcoal of the sugars contained in the fermergatiroth was studied and modelled
using pseudo-first and pseudo-second order moddis. purification process was

conducted in three steps: 1) adsorption of sugais the activated charcoal column; 2)
column washing with water; 3) desorption of sugeith an ethanol gradient. Finally, the

effectiveness of the activated charcoal on the unéxtlesalting was also evaluated.
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2.2 MATERIALSAND METHODS

2.2.1 FOSPRODUCTION

A 10 mL pre-culture ofAureobasidium sp. stored in glycerol was added to 75 mL of
inoculation medium, in a shaken flask (inoculatiedium: 100 g.L* of sucrose, 10 gL

1 of NaNQ;, 0.5 g.L™* of KCI, 0.35 g.I* of K,SO4, 0.5 g.L* of MgSQ,.7H,0, 7.89 g.[*

of KH.PO, and 0.01 g.I* of FeSQ.7H,0). The inoculum was grown for 3 days at 28 °C
and 140 rpm and afterwards transferred &l aioreactor - Model micro DCU system,
equipped with Twin and MCU-200 controllers (B. BmauBiotech International,
Melsungen, Germany) using a working volume 4f of culture medium (culture
medium: 200 g.L* sucrose, 20 g:£ NaNQ; and the same salt concentrations as the ones
used in the inoculum medium). Fermentations wergethout at 28 °C, 300 rpm and pH
5.0. Several samples were taken at different paintisne in order to evaluate their sugar
profile. After detecting the production of the heglh FOS molecule (GJ by High-
Performance Liquid Chromatography (HPLC), the fartagon was stopped and cells
were removed by filtration with a paper filter, ltmled by a microfiltration with a 0.2
pum cut-off cellulose acetate filter. Residual prgewere removed by filtration with a
centrifugal filter Amicon Ultra-15 (50 NMWL) from Mipore, at 4000 g for 10 min.
Afterwards, the cell free fermentative broth wamretl at -18°C for further purification.

All chemicals used were of analytical grade.

2.2.2 ADSORBENT

The adsorbent used in all the purification expentaavas extra pure activated charcoal,
supplied by Merck (Darmstadt, Germany) in a granfem, with 1.5 mm of mean

particle diameter.
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2.2.3 ADSORPTION KINETIC STUDIES

According to previous studiesigta not shown), a volume of 35 mL of fermentative
broth was added to 18 g of activated charcoal costiain a shaken flask. Adsorption
was held for 5.5 h, at 25 °C, and 140 rpm of agmatSamples were collected during the
adsorption process and sugars from the liquid phasee analyzed by HPLC.

Experiments were carried out in duplicate.

The concentration of sugars adsorbed onto the,regfined as the loadingj) was
determined according to the following equation:

(G =O)xV (2.1)
- m
whereC, andC are the initial concentration and the concentratiat timet or at the

equilibrium, respectivelyy is the volume of solution and the dried activated charcoal

mass.

2.2.4 ACTIVATED CHARCOAL COLUMN

Before filling the column, activated charcoal waasied and autoclaved to remove
particles and air from the pores. Next, 180 g cfoasldent was loaded into a column glass
(33 x 4.5 cm internal diameter), previously filleith Milli-Q pure water. Milli-Q pure
water was pumped from the bottom of the column gusinperistaltic pump (Watson
Marlow) in order to equilibrate the charcoal instie column. To remove the fines, the
pump needs to work at a higher flow-rate than the which was used to purify the
sugars (25 mL/min), although this flow-rate showldt be too high to prevent the
charcoal elution. To avoid air entrapment in tharcbal bed and reduce the formation of

preferential channels, the system was operated updlow regime.
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2.2.5 FOSPURIFICATION

Activated charcoal column was loaded with 455 mlfasfnentative broth at a flow rate
of 25 mL/min. The first 200 mL of the outlet streamas discarded. The broth was re-
circulated until the equilibrium between the sotbe&md the moving phase was obtained.

Samples were collected from the column outlet tmyass quantification by HPLC.

To remove the non adsorbed sugars, 7 L of Millii@®epwater was passed through the
column. Samples were continuously withdrawn from ¢blumn outlet and analyzed by
HPLC to guarantee that all the non adsorbed sugars removed. The retained sugars
were then recovered by elution with a gradient tifarol (up to 50% (v/v)). All

experiments were performed at 25 °C.

Fractions collected in the desorption phase weap@nated at 60 °C, to remove ethanol
and concentrate sugars using a rotavapor (B. BBaotech International), and further

freeze-dried (Heidolph lyophilizer).

The sodium, magnesium and potassium ions conciemtratas determined by flame
atomic absorption spectrophotometry (Varian Spe&#&a400) in the final fractions and
compared with the initial fermentative broth.

2.2.6 SUGARSANALYSIS

Samples were analysed by HPLC using a Jasco degigpped with a refractive index
detector and a Prevail Carbohydrate ESuh 250 x 4.6 mm) (Alltech). The mobile
phase consisted of acetonitrile (HPLC grade; Charloa) and water (70:30 v/v), with
0.04% of ammonium hydroxide in the water (HPLC gradbigma). Elution was
conducted at 1 mL/min flow rate and at room temfueea(Diaset al., 2009; Nobreet
al., 2009).

FOS standards used to determine the calibratiomesuwere purchased from Wako,
Chemicals GmbH, (Germany). Sucrose, fructose andoge (analytical grade) were

obtained from Merck.
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2.3 RESULTS& DISCUSSION

2.3.1 FOSPRODUCTION

The sugar profile obtained in the fermentation wérese into FOS is illustrated Fig.

2.1. Operation parameters were previously optimizedrder to obtain the maximum
production yield of FOSuppublished data). A mass yield of 56% of FOS in total sugars
was achieved at 50 h of fermentation, which is ecoadance with the results from
Sangeetha and co-workers (Sangeetla., 2004). These authors reported a yield up to

57% (w/w) of FOS using a culture broth homogenat&upeobasidium sp.

However, it is important to notice that when theximaum vyield is reached, the last sugar
being produced, Gkis usually present in residual amounts. Therefasea process for
the purification of the whole FOS mixture is enged, the fermentative broth was
collected after this point and before GBtarts to be degraded with consequent
production of high contents of glucose. Based ) the fermentation was stopped at 98

h of operation.

200 4

Vel
,

150 - &

100 A

Concentration (g.L™1)

Fig. 2.1 FOS production byureobasidium sp. Symbols®F, BG, AS, x Gb, *GF;, andoGF,.
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2.3.2 ADSORPTION

2.3.2.1 Adsorption assays

In order to evaluate the activated charcoal padéas an adsorbent for the purification
of FOS from a fermentative broth mixture, equilitm and adsorption kinetic studies

were conducted in shaken flasks.

Adsorption curves demonstrated that sugars aretsaly adsorbed according to their
molecular weightsHig. 2.2). Therefore, the sugar retention increased inféHewing
order: GR> GR>GFR,>S >G> F.

i ]
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§ o fopfd
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o 1&g 7 1L 1 1 &
0,4 —.. ....... L | R
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Fig. 2.2 Adsorption profile o#F, mG, AS, [OGF,, *kGF;, andoGF, from a fermentative broth,
adsorbed on activated charcoal, in a shaken fla2&°& and 140 rpm.

The adsorption behavior of each adsorbate (in tlise each sugar) to a specific
activated charcoal depends on the micropores deanustribution of the granular
activated charcoal (Hidaket al., 1981). The strength of the interaction betwedss t
adsorbate and activated charcoal increases witekasimg molecular weight and size of
the adsorbate molecules. According to Hung and axkevs (2005), an adsorption

dependence on the molecular weight and size odoutsighly agitated batch reactors,
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such as the system used in the current work. Thexefit is expected that
oligosaccharides adsorb more than the smaller aadels (e.g. glucose or fructose)

present in a given mixture.

In addition, a major portion of the carbon surfat¢éhe activated charcoal is non polar or
hydrophobic (Hunget al., 2005). Accordingly, the more hydrophobic the gtais, the
more retained it will be in the charcoal (Abeal., 1983). Moreover, the hydrophobic
character of the sugar is related with the extéth@ CH groups surface area present in
the saccharide structure (Sundari and Balasubramanil997). Therefore, as
oligosaccharides have an increased chain of CHpgtat is likely that they are more

adsorbed to the activated charcoal than other ssaatlharides.

The type, position and orientation of the functiomgoups that contact with the
adsorbent are also relevant for the retention m®¢Koizumi, 1996). Although glucose
and fructose have the same molecular weight, giugass found to adsorb more onto
activated charcoal than fructose, which may betedlavith the accessibility of the CH
groups of glucose (Sundari and Balasubramaniary)1@&cordingly, other authors also
reported a higher adsorption of glucose in compari® fructose (Abest al., 1983;
Whistler and Durso, 1950). However, it is importémtnote that glucose is present in
higher concentrations in the fermentative brotmthractose, and charcoal is known to
retain according to the amount of adsorbent in ky#teis glucose is expected to be more

adsorbed than fructose.

In the current work, the adsorption process wag V¥ast and the equilibrium was
reached for the monosaccharides during the firghitiutes. The remaining saccharides
present in the mixture reached the equilibriumradteund 2 h of contact. Therefore, for
the following studies conducted in the activatedrcbal column, a 3 h contact time was
selected. For the shaken flask experiments, thdimgqum loading ) calculated for
FOS and mono- with disaccharides adsorbed ontuatetl charcoal was 223 and 150

mg, respectively, per g of activated charcoal.
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2.3.2.2 Adsorption kinetic models

Different kinetic models such as pseudo-first ordexgergren, 1898) and pseudo-second
order (Ho and Mckay, 1999) have been used to prélokcmechanism involved in the
adsorption processes. In the present study theécapph of the pseudo-first and pseudo-
second order models were tested for the sorptidfQ8 from a fermentative broth onto

activated charcoal.
The pseudo-first order model is defined accordinthé following equation:

dq, (2.2)

dt =k1(q1 — q¢)

whereq; andq; are the amount of sugar adsorbed at tirmed equilibrium, respectively,

andk; is the pseudo-first order rate constant.
The pseudo-second order equation is defined biotloaving equation:

dq;

at =ky(q2 — Qt)z

(2.3)

where g, is the amount of sugar adsorbed at equilibrium lgni$ the pseudo-second

order rate constant.

Plots representing the linear equations of thé-fasd second-order model (Egs. 2.2 and
2.3) are shown in Fig. 2.3. Values of the adsorptates k; andk; - and the respective
loading equilibrium -q; andq, - were calculated from the slopes and intercepthe

linearized models (Table 2.1).

The pseudo-second order model seem to better dedtie FOS adsorption mechanism
since the coefficients of determinatioR’ obtained are higher compared to the ones
obtained for the pseudo-first order model. Moreptbe pseudo-second order model
predicted the adsorption behavior for the wholegeaaf contact time studied, while the
pseudo-first order model was only applicable fa thitial contact time. Accordingly,
Ho and McKay (1998) reported that in most cases gbeudo-first order model is

generally applicable only for the initial contaiché.
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Fig. 2.3 Linearized data of (a) the pseudo-firgtesrkinetic model and (b) the pseudo-second-
order kinetic model for x GF>* GF;, andoGF, adsorption onto activated charcoal.

Table 2.1 Coefficients of determination of the dneed pseudo-first and pseudo-second order
models and the respective modeled and experimeatameters.

Sugar Pseudo-first order Pseudo-second order Experimental
th Ky R? o ko R? (o8
(mg.g)  (min’) (mg.g)  (g.mg".min’) (mg.g")
GF, 12.7 1.50x16 0.978 75.8 2.68x1d 1.000 74.0
Gk 25.9 1.40x16 0.975 126.6 1.53x1D 0.999 125.6
GF, 3.8 2.10x16 0.934 234 1.28x1d 1.000 23.0

Finally, the pseudo-second order model was fourdkszribe perfectly the adsorption of
FOS onto activated charcoal as tRe values for all sugars are very high and the
equilibrium capacities,,, determined by the model, are in agreement witd th

experimentade values.
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2.3.3 FOSPURIFICATION

Several experiments were previously conducted demoto determine the best operating
parameters for purifying FOS using a fixed bedvatéd charcoal columrddta not
shown). Parameters to be used in the process, sucbwagsdte, recirculation time, water

volume, ethanol volume and percentage, were rigyaiudied.

Since the adsorption process is exothermic (Ingiszand Poulopoulos, 2006), the use
of high temperatures can reduce the degree of piilsior Based on that, and envisaging
a lower impact on the process costs, a 25°C roompegeature was used in the current

work.

The fermentative broth used in the column experimbad the following composition in
mono- and disaccharides: 23.74 §.bf F, 58.34 g.[! of G and 9.87 gt of S.
Moreover, the FOS composition of the fermentatikettbwas: 41.88 g.L of GF, 47.98
g.L" of GR and 4.16 g.I* of GF. Hence, the initial percentage of FOS in totalasag
was 50.6% (w/w).

2.3.3.1 Column adsorption (Step 1)

After conditioning the column, the charcoal wasdea with sugars by recirculation of
the fermentative broth. To avoid dilution of theothr, the first 200 mL of the outlet
stream containing the water from the dead voluntkethe first eluted sugars in very low
concentrations, were discarded. In this step, W) of the FOS present in the initial

mixture were lost.

The broth was kept in recirculation until the eduilbm between the concentration of
sugars in the liquid and solid phases was reachgdhown inFig. 2.4, the ratioC/Cy

stabilizes after 1.5 h of contact time. These tssate in accordance with the ones
previously obtained in the shaken flask experimdatsorption assays). However, to
assure that the maximum amount of sugars were laeldaturing the loading phase, the

fermentative broth was kept in recirculation durBig
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* Adsorption

Washing

c/co

Time (h)

Fig. 2.4 Adsorption and desorption kinetics«f, mG, AS, x Gk, *)GF;, andoGF, from a
fermentative broth on activated charcoal in a figetbmn during the recirculation and washing
phases (Step 1 and 2).

The ratiosC/Cy obtained in the adsorption phase, at the equilibyiwere 0.5% 0.02 for

F; 0.46% 0.03 for G; 0.1% 0.01 for S; 0.14 0.01 for GF; 0.10+0.01 for GF; and 0.34

+ 0.02 for GR. As expected, th€/Cy ratio increased as the molecular weight of the
sugar decreased, except for,GFhe amount of GFin the fermentative broth was very
low (Co = 4.16 g.L%), thus the concentration in the equilibrium wasoavery low and
difficult to measure. Therefore, ti@ calculated for GFmay have been overestimated

leading to the higlC/Cy ratios observed.

Results show that the least adsorbed sugars frenfietimentative broth were fructose
and glucose. Only 53.2% and 62.5% (w/w) of thetfsrae and glucose contained in the
initial broth were adsorbed. Furthermore, 83.9%9% 90.4% and 95.1% (w/w) of the
S, Gk, GR; and GR from the fermentative broth, respectively, weresatled onto the

activated charcoal column. In summary, only 24%Mwdf the total sugars contained in
the fermentative broth were not adsorbed and wetially discarded. Also, 77% (w/w)

of them constitute the small sugars (mono- andcdisarides) that should be eliminated
in a FOS purification process. Losses of 7.0% (WdtMrOS from the fermentative broth

were estimated in the adsorption step, namelyearmrehirculation.
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The equilibrium loadingd) determined on the column assay was 222 mg of p&S)
of activated charcoal which is in accordance wiih tesults obtained previously on the

shaken flask experiments (adsorption assays).

2.3.3.2 Column washing with water (Step 2)

A washing stage was included in the procedure @rajuee that all the non adsorbed
sugars were removed and the adsorbed monosacchavele eluted. Therefore, the
washing stage was carried out until no sugar wasctkd in the mobile phase. During
this step, the outlet concentration was monitorgdHPLC (Fig. 2.4). After 2 h of

washing, the outlet concentration indicated tha liquid phase was free of sugars.

Furthermore, to assure a total cleansing, the wwgstontinued for an extra 2 hours.

In this step, the desorption ratio representingatm®unt of sugar desorbed per adsorbed
sugar was: 96% (F), 93% (G), 25% (S), 13% {GF% (GRE) and 1% (Gk) (w/w).
Almost all the adsorbed monosacharides (step 1¢ weamoved during the washing step.

Moreover, FOS losses were estimated to be only §wi®%).

2.3.3.3 Desorption (Step 3)

As previously demonstrated by the kinetic studseijon 3.2) and the adsorption onto
the column (section 3.3.1), sugars were selectiaglyorbed onto activated charcoal.
FOS were adsorbed more strongly than mono- anctahssides. Thus, an adequate
desorption strength should be used in order tcBeddy recover the sugars.

Several authors used water or very small perceatage ethanol to recover
monosaccharides. As for disaccharides recoveryepeiges between 5 and 10 % of
ethanol in water have been used. Oligosacchariades been recovered using 15 to 50%
of ethanol in water (Hidaket al., 1988; Kaplan and Hutkins, 2000; Moraksl., 2006;
Sanzet al., 2005; Swallow and Low, 1990; Whistler and Dur$650). Therefore, the
volume and percentage of ethanol/water used in etegh the desorption process was

critically evaluated. Taking into account previddata not shown) and current data, the
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optimized volume and percentage of ethanol werabshed for the desorption process
(Table 2.2).

Table 2.2 Volume and ethanol concentrations usedep 3 to recover the sugars adsorbed onto
the activated charcoal column.

% Ethanol (v/v) 1 2 3 4 5 10 20 30 40 &0
Volume of elution (L) 05 05 05 05 05 1 2 2 1 0.5

Since FOS are only desorbed when ethanol concemsatare between 10 and 40 %
(v/v), a greater ethanol volume was used duringellidon at these concentrations in
order to recover all adsorbed FOS. The ethanol exdnation that yielded the highest
amount of sugars recovery was 20% (v/v). Non-obgobarides need a lower strength to
desorb, thus, a lower gradual increase of ethaontentrations was used, up to 5%
(v/v). The gradient allowed the removal of more Bnsaccharides at low ethanol

concentrations, thus reducing the loss of FOS athighest ones. In the end of the
desorption step, and to assure that all sugars weserbed, a 50% (v/v) ethanol

concentration was used.

Fig. 25 shows the desorption ratio of each sugar, reptiegethe percentage of sugar
desorbed in step 3 per sugar adsorbed in stepdlthancorresponding composition of

the ethanol solution used to collect each fraction.
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Fig. 2.5 Desorption ratio of sugareRK, mG, AS, x Gk, *GF;, andoGF,) collected in each
fraction.
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Fig. 2.6 illustrates the amount of sugars recovered i déaction (total mass of sugars

per fraction), and the corresponding individualaaugpmposition percentage (% w/w).

From both figures (Figs. 2.5 and 2.6), a peak eaoliserved during the desorption step
showing that ethanol efficiently desorbs the sugatained in the column. S and the
remaining monosacharides (F and G) were desorbethanhol percentages bellow 5%
(v/v). The fraction that yielded the highest petege of FOS (97% (w/w)) was eluted

with 30% (v/v) of ethanol. Fractions rich in FOSre@btained with ethanol percentages
between 10 and 40% (v/v). The purity of FOS in ¢hizactions was found to be 92.9%
(w/w) representing 74.5% (w/w) of FOS from the fedmentative broth. Furthermore,

32.7 g of FOS were recovered from these rich foasti

100%
80%

70% -+
60%

50% —
40% -+
30% -+
20%

10% -+ [ |

0% - -l

% Sugar per fraction (w/w)
=
o
Total mass of sugars per fraction (g)

1 2 3 4 ) 10 20 30 40 50
% Ethanol (v/v)in each collected fraction

Fig. 2.6 Recovery sugars per fraction desorbed #n)l respective percentage of sugar
HF GmuSm GRm GRE GF) in each collected fraction.

Through the analysis of the desorption ratios is &0 possible observe that S,,GF

GF; and GR were preferentially desorbed with 5, 10, 20 anth3hanol, respectively.
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2.3.4 DESALTING

As previously discussed, the culture medium usedhe microbial production of FOS
contains high amounts of salt. Consequently, iretiak of the fermentation process many
ions are present in the solution. Desalting theétative broth constitutes an important
step to guarantee certain quality parameters. Tdrereas sodium, potassium and
magnesium are the main cations present in the faatien culture medium, their
amounts were determined in the recovered pure F&28dns. Results showed that these
pure FOS fractions were free of ions, confirming #ifectiveness of activated charcoal
in the desalting of the fermentative broth, whishin accordance with several studies
that have been reported (Packeal., 1998; Whistler and Durso, 1950).

2.4 CONCLUSION

Adsorption kinetic experiments show that sugarsevesiectively adsorbed and that FOS

adsorption onto activated charcoal was well desdritly a pseudo-second order model.

The fermentation of sucrose Byireobasidium sp. to produce FOS resulted in a sugar
mixture containing 56% (w/w) of FOS. This fermentatbroth was further purified
using an activated charcoal column. After the omation of the ethanol volume and
concentration used in the global desorption stédpr®l solutions ranging from 10 to
40% (v/v) were used to recover FOS. These ethaoligns enabled a FOS recovery of
74.5% (w/w) with a 92.9% (w/w) of purity, thus lead to a FOS product with a higher
market value. Moreover, with the proposed procdiss;tions were recovered with
purities up to 97% (w/w) of FOS. Activated charcoals also found to be very efficient

in the desalting of the fermentative broth.

In summary, this work described a simple and effitiprocess to purify FOS from a
fermentative broth using a single column filledlwdommercial activated charcoal that

can be easily applied at a larger scale.
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DOWEX MONOSPHERE CALCIUM RESIN

ABSTRACT

Fructo-oligosaccharides (FOS), namely kestose, osgstand fructo-
furanosylnystose, are prebiotics that can be obthiny fermentation. The
resulting fermentative broth is a complex mixtusnt@ining also salts and
other sugars that must be removed. Adsorption ibguin studies were
conducted using the static method in batch modesodadion of FOS
contained in a fermentative broth and purified mmigs onto Dowex
Monosphere calcium resin was evaluated at 60°Ceiixental isotherms
data were analyzed using linear, Langmuir/anti-lmanig, Freundlich,
Redlich & Peterson, and Toth type models. Isothgranameters were
estimated using linear and non-linear correlatitorsthe minimization of
several error functions. The non-linear correlaiarere found to provide the
best isotherm parameters for the models. The expetal adsorption data of
FOS contained in purified mixtures were well fittetth the anti-Langmuir
isotherm, while FOS in a fermentative broth wertdsditted with Toth and

Langmuir isotherms.
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3.1 INTRODUCTION

Nowadays, the production of fructo-oligosaccharidg<€DS) has gained a large
commercial interest due to its beneficial propertia the human health through
modulation of the microbiota. Based on these festuFOS such as kestose {GF
nystose (Gp) and fructo-furanosylnystose (@Fare named prebiotics (Gibson, 2008).

For large scale production of FOS, fermentativecesses appear to be a good
alternative due to the possibility of increasing tproduction yields and obtaining
differentiated products. In these processes, F@Spanduced from sucrose through
fructosyltransferase that is present in severalrooiganisms (Prapulla et al., 2000).
However, the fermentative broth obtained in sudtesses is a complex mixture of salts
and sugars, among other minor components. These sugtures include FOS, but also

mono- and disaccharides that must be removed #Hiegehave no prebiotic effect.

Among many techniques that have been reportech®ofractionation of carbohydrates
(Sanz and Martinez-Castro, 2007) Simulated Movirgl BSMB) seems to be the most
efficient at an industrial scale. The main advaeatafjthis continuous process is that it
can be used for difficult separations, besideddhethat it presents low selectivity, high
productivities and low reagents consumption (Gostes, 2006).

In the sugar industry, the SMB chromatography heenbmainly used for the separation
of glucose from fructose (Azevedo and Rodrigue$)120sugarcane molasses (Neuzil,
1982; Saskat al., 1992b); and high-fructose corn syrups (Toumi &mdyell, 2004);
using sulfonated poly(styrenes-divinylbenzene) (PS-DVB) as adsorbent. The gektyp
resins of calcium (CG3) are the most popular among the PS-DVB resins irsetie
sugar industry, especially due to the strong corgtien of calcium with fructose
(Howard et al., 1988; Bestest al., 2000; Nowaket al., 2007; Luzet al., 2008). The
different interaction between calcium and the hygitgroups of the sugars enables their

separation.

The isotherm parameters of the individual suganstitute important information for the

design of the SMB equipment. Few works addressedtiindy of the adsorption of FOS
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onto ion exchange resins for SMB applications (Keewet al., 2001; Geisseet al.,
2005; Gramblicka and Polakovic, 2007; Vankatal., 2010a; Vankovat al., 2010b).
Therefore, in this work, the adsorption of G6F; and Gl onto Dowex Monosphere Ca
resin was studied. Adsorption studies were carmigdfor mixtures of purified FOS and
compared with the adsorption of FOS contained fieraentative broth. This broth was
collected at a given time point of a fermentati@nducted withAureobasidium sp.
(Rochaet al., 2009), and the final mixture also included sahs other small sugars, as

mono- and disaccharides, in high concentrations.

Although equilibrium isotherms of sugars onto aatciresins are known to be linear for
a range of small sugar concentrations, severaloaitteported a non-linear adsorption
for high sugar concentrations (> 250 g/L) (Chet@l., 1987; Saskat al., 1992a; Beste

et al., 2000; Ventest al., 2005; Gramblicka and Polakovic, 2007). In thisdgt several

equilibrium isotherm models were used to fit thgpemxmental data obtained for each
FOS, namely linear, Langmuir/anti-Langmuir, Freuctdl Redlich & Peterson, and Toth.
The isotherm parameters were determined usingrlaxgs non-linear correlations for the
minimization of several error functions, enablihg thoice of the model that best fitted

the experimental results.

3.2 THEORY

3.2.1 ADSORPTION |SOTHERM M ODELS

According to Grittiand collaborators (2004), the non-linear isothecans be divided in
two groups depending on their initial curvatureeTirst group includes the isotherms
that have a downward curvature (Group 1). This graontains the Langmuirian
isotherms, such as Langmuir, Freundlich, RedliciPé&erson, and Toth. The second
group includes the isotherms with an upward cumeatapresented by the anti-Langmuir

isotherm (Group II). The limit case of a linearttserm belongs to both groups.
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3.2.1.1 Linear isotherm

In the linear isotherm, the concentration of thkitsoin the solid phase, is considered
to be proportional to that in the liquid pha€e,The linear isotherm is represented by the

following equation:
g=KC (3.1)

whereK is the slope of the isotherm representing theildigion coefficient.

| sotherms Group |

3.2.1.2 Langmuir isotherm

The Langmuir isotherm described in Eg. (3.2), takée account the finite surface
occupied by a molecule adsorbed on the surfads. dtmodel used for homogeneous
surfaces, where only a single layer of adsorbegtsoholecules is formed, and no lateral
interferences between the adsorbed molecules a®deved (Guiochosmt al., 1994;
Schulte and Epping, 2005):

MK, C (3.2)

1= 1+aK.C

beingM andK, the isotherm parameters. For the Langmuir isothiéenparametea is
set equal te- 1.

The Langmuir parametek§ andM can be determined by linearization of the previous
equation (Eq. (3.2)):

- ctm

1 (1 )1 a (3.3)

q \K,M

Plotting 1/q versus 1/C it is possible to calculate the valueshMdfandK, using a linear

regression analysis, being/l{1) equal to the intersection value with the ordinaxes,
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and UK_.M) equal to the slope value. Furthermore, the egnat thermodynamically

consistent and follows the Henry’s Law at low cartcations.

3.2.1.3 Freundlich isotherm

The Freundlich isotherm is an empirical model u$ed heterogeneous surfaces for
which there are no significant adsorbate-adsorlatieractions. This model is only
applicable in certain concentration limits as tisistherm equation does not follow the
Henry’'s Law behavior at low concentrations, andsdoet have a finite limit when the
concentration is sufficiently high (Duong, 1998)hel Freundlich isotherm can be

described by the following equation:
q= KFC'l/n (3.4)

whereKEe is the Freundlichsotherm constant analis a fitting parameter that is greater
than 1. Linearization of the Eq. (3.4) using natlogarithms results in a straight line

with a slope ofI/n) and an intercept of IrK¢):

In(q) = %ln(C) + In(KF) (3.5)

3.2.1.4 Redlich & Peterson isotherm

The Redlich & Peterson isotherm combines the Langand Freundlickequations. This
isotherm includes two parameters related to theratlen capacity Kg) and surface
energy &), and a third one,, which varies between 0 and 1. The equation isrde
as follows (Redlich and Peterson, 1959):

KgC (3.6)

1= 1T rapc

It is not possible to determine these parametargyuslinear transformation. Therefore,

a maximization of the regression coefficieRf£ 1) was conducted to determine those
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parameters, which were used afterwards in thedinethod. When is equal to 1, the
Redlich & Peterson isotherm is simplified into thengmuir equation. Therefore, the

Langmuir parameters with= 1 were used as a first approximation.

3.2.1.5 Toth isotherm

The Toth isotherm is an empirical equation that dmn used at low and high
concentration ranges. This model is adequate toritbesheterogeneous systems, and is

represented by the following equation (Duong, 1998)

g=—t1¢ (3.7)
(ar +CO)'e

whereKr andar are the equation constants and the Toth isotherm exponent. Whien
is equal td the Toth isotherm is simplified into the Langmaguation. Thus, the same
procedure as the one described for the Redlich i&rBen isotherm was used to find the

three parameters.

| sotherms Group ||

3.2.1.6 Anti-Langmuir isotherm

The anti-Langmuir isotherm can be also describedEdy(3.2). This isotherm presents
an opposite shape as compared to the LangmuireisotiAs the curvature of this model
is upward, the Langmuiequation terma has a value equal to -1. The anti-Langmuir
isotherm should be regarded as an empirical equatecause it cannot be derived from

a physicochemical background (Kaczmastlal., 2004).
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3.2.2 ERROR FUNCTIONS

Error functions allow the estimation of fitting ers taking into account both tlgjevalues

calculated by the modelsjpq) and the ones obtained in the experimegig)( Some

functions also consider the number of parametetimated ), and the number of
experimental pointsN). The five error functions used in this work aesdibed in the
Table 3.1.

Table 3.1 Error functions.

Error Function Abbreviation Expression Eq. Reference
N
Sum square Foo and Hameed,
errors . ERRSQ Z(qmod - qexp)L2 (38) ( 2010)
i=1
Hybrid 100 & o 32
fractional error HYBRID Z (@mod.i = dexp.t) (3.9) (Ng et al., 2003)
function N-p& Gexp,i
Marquardt's [ N 5
percent 1 (Gmod,i — Qexp,i) (Marquardt, 1963;
standard MPSD 100 N-—p Z = ql ] - (3.10) Ng et al., 2003)
- exp,i
deviation =1 P
N
Average ARE @ b (@moa — Gexp) (3.11) (Kapoor and Yang,
relative error N ans ) 1989)
=1 qexp i
Sum of absolut C
um of absolute Foo and Hameed,
errors EABS z abs(qmad,i - qexp,i) (312) ( 2010)

i=1

In order to choose the best fitted isotherm mathel,sum of the errors calculated for the
five above mentioned error functions was consideBztefly, each error function was
minimized and the respective isotherm parameterse waetermined. Next, these
parameters were used to determine the values ofother four error functions.
Afterwards, all the error values were summed. Bmdhe isotherm parameters were

selected based on the lowest sum of the errors (SE)
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3.3 EXPERIMENTAL METHODSAND MATERIALS

3.3.1 MATERIALS

A Dowex Monosphere Ca ion-exchange resin (in caicfarm), from Dow Chemicals,
Midland, MI, was used (Table 3.2).

Table 3.2 Physical and chemical properties ofDbgvex Monosphere Ca ion-exchange resin
according to the supplier.

lonic form ce*

Structure Gel-type
Matrix Styrene-DVB
Functional group Sulfonate
Total capacity (eqg/L) >1.5 (H form)
Water content (%) 57-61 (H form)

Volume median diameter (um) 300-330

The fermentative broth consisted of a complex mmetabtained in our lab from the
fermentation of sucrose Aureobasidium sp. (Rochat al., 2009). Biomass and residual
proteins were removed from the broth by centrifiatind filtration with a centrifugal
filter Amicon Ultra-15 (50 NMWL) from Millipore, a#000 g for 10 min. The FOS-rich
mixture contained 9, 71 and 72 §.bf GF, GF; and GF, respectively, corresponding to
38% (w/w) of FOS in total sugars. This mixture waso rich in fructose, glucose,
sucrose and salts. The cations present in the rixtere mainly sodium (3.3 g* and
potassium (1.7 g:t). To avoid any calcium precipitation, the ferméive broth was
previously passed through a calcium column. Theuwel of resin used in this pre-
treatment corresponded to half of the volume aihtatative broth treated. Preliminary
experiments proved that this ratio is enough torgniee the saturation of the broth in

calcium ions and the elimination of total sodiund @otassium iongdata not shown).
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Mixtures of purified FOS (with residual amountsather sugars and without salts) were
obtained in our lab by purification of the FOS-rigtixture from the fermentative broth
using a column with activated charcoal (for detaiée Chapter 2). These FOS-rich
mixtures contained 19, 94 and 77 §&f GF,, GFR; and Gk, respectively; representing
90% (w/w) of FOS in total sugars.

FOS standards used for High Performance Liquid @atography analysis (HPLC),

containing Gk, GF; and Gk, were purchased from Wako, Chemicals GmbH, Germany

3.3.2 DETERMINATION OF ADSORPTION ISOTHERMS

A static method, specifically thadsorption-desorption mode in batch, was used taiob
the adsorption isotherms. Resins were washed ddiraes with double distilled water.
Additionally, the water content in excess was reatb¥rom the resin by filtration. A
volume of 3.5 mL of sugars solution with differeinitial sugar concentration from
purified FOS mixture or fermentative broth were edido 1.50 + 0.01 g of wet resin.
Adsorption was held for 8 h under agitation at 60YGis time was chosen based on
preliminary experimentsdata not shown) as it was proved to be enough to reach
equilibrium without the occurrence of hydrolysishel'experiments were carried out in
duplicate. Five samples of the wet resin were daieti05°C to determine the resin water

content.

For determining the adsorption isotherms, the swiubf purified FOS was diluted
several times, in order to have a range of totghsgoncentrations between 20 and 220
g.L™. The same procedure was adopted for the fermeatatbth, being the final range

of concentrations in total sugars between 50 afdg36™

Before desorption of sugars, the bulk solution waesanted and the resin was washed
three times with double distilled water. A 5 mL emavolume was added to the resin, and

desorption of the sugars was conducted overniglileuagitation, at 25 °C.

Sugar concentrations were determined by HPLC. TReGHequipment consisted of a

Knauer chromatograph (Berlin, Germany) equippec vet LCP 4020 pump (Ecom,
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Prague, Czech Republic) and an on-line degasserelmati0O50 (Knauer, Berlin,
Germany). A Gilson (Middleton, WI) automated in@ctvith a 10pl loop was used. A
differential refractive index detector type 298(Bhauer, Berlin, Germany) operating at
30°C was used. The column used was a REZEX RS iagharide (Ag form,
200x10 mm, Phenomenex, Torrance, CA). Analysis warged out in isocratic mode at
40 °C using a 0.3 mL.mihflow rate of water as eluent (Gramblicka and Polédko
2007).

3.3.3 DETERMINATION OF ADSORPTION PARAMETERS

Adsorption equilibrium parameters determined focheaugar were obtained from the
experiments conducted with a mixture of purifiedS-@nd with the fermentative broth.
The equilibrium data were represented by plottitg tequilibrium solid phase
concentrations of sugar, defined as the equilibrloading ), that correspond to the
mass of sugar adsorbed per mass of ressus the equilibrium concentrations of the

sugar in the liquid phas€y.

The equilibrium loading o) required to calculate the parameters in all thedets

evaluated in this work, was determined accordingpéofollowing equation:

_ (Cads * V) (3-13)
= T

whereC,qs is the concentration of the adsorbed sugadhe volume of solution ana the

dried resin mass.

3.3.4 |SOTHERMSDATA PROCESSING

Linearization of isotherms, such as Langmuir arelRdlich, is the most frequently used
approach to determine the isotherm parameters. Ewsome researchers also used
non-linear methods to successfully estimate th@sarpeters (Het al., 2002; Nget al.,
2003; Hoet al., 2005; Hadiet al., 2010). These non-linear approaches use error

functions, as described in the section 3.2.2, whicist be minimized to obtain the best
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fit between model and experimental data. The surthefsquares is the type of error
most commonly used, although others can also bsidered. In this work, five types of
error functions were assessed, in order to idenitiéyone that predicts the parameters

with a minimum error.

Identification of the parameters using the nondmemethod requires that initial
estimates are established for each of them. Foistiieerms for which a linearization is
possible (Langmuir/anti-Langmuir and Freundlichg parameters determined using the
respective linearized equation (Egs. (3.3) and)3u&re used as initial estimates. For
Toth and Redlich & Peterson isotherms (three pararsiesotherms), the initial estimates
were set equal to the parameters values obtaioed thhe Langmuir isotherm assuming
that # andt were equal to 1. Using thedlver add-in of Microsoft Excel (Microsoft
Corporation, 2007), the parameters were determimyecthinimizing the error function.
Since this approach can lead to local minima, ttezgss was repeated several times
using different initial estimates of the parameterguarantee that a global minimum is
obtained. Furthermore, the parameters obtainedyub& other error functions were also
used as initial estimates. Therefore, using thieg@dure it was virtually assured that the

solution converges to a global minimum.

3.4 RESULTS& DISCUSSION

3.4.1 MIXTURE OF PURIFIED FOS

Due to the low availability of single FOS and thpimohibitive costs, a mixture of the
three purified FOS was used in this work to detaerthe adsorption behavior of each

sugar onto Dowex Monosphere Ca.

Figs. 3.1 to 3.3 show the adsorption isothermsiobthfor each one of the three FOS
contained in the purified mixture. Plotting the ekmental data revealed that the amount
of adsorbed sugars onto the resin increased alhmestrly with the increasing sugar

concentration of the solution. However, the isatierappear to have an upward
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curvature with increasing sugar concentration enliblk. Thus, due to the upward shape
of the isotherms, the experimental data were fitiétth the anti-Langmuir model and
compared with the lineanodel (Tables 3.3 to 3.5).
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Fig. 3.1 Adsorption isotherms for Gk the purified mixture using the parameters eatéd

with the HYBRID function.
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Fig. 3.2 Adsorption isotherms for G the purified mixture using the parameters eatéd

with the HYBRID function.

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011



98

DOWEX MONOSPHERE CALCIUM RESIN

] g=
. &
e
E 3 O
o
2 4 .
fo eeeeens Anti-Langmuir
-0 .
1. / Linear
/o O Experimental
0 . ‘ ‘ ‘
0 5 10 15 20
Clg.LY

Fig. 3.3 Adsorption isotherms for Gln the purified mixture using the parameters ested
with the HYBRID function.

The upward isotherm shape is related to the inergathe sugar activity coefficient with
increasing solute concentrations in the liquid phd$iihonen et al., 1999). The
adsorption process involves the hygroscopic watailable in the resin pores and the
diffusion of the sugar molecules into the pores.eWlthe sugar concentration in the
liquid phase is very high, the diffusion of sugan® the pores is accelerated due to the
shrink of the resin that occurs with the displacofgthe hygroscopic water from the
micropores to the liquid phase. The increasing sagacentration in the liquid favours
this process, since the sugar clusters are knowrave smaller diameters and are less
hydrated at high concentrations (Saska et al., d992onsequently, the uptake of the
adsorbent increases substantially at high sugasettrations, thus leading to isotherms
with an anti-Langmuir shape.
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Table 3.3 Adsorption isotherm parameters obtaired GF, in a mixture of purified FOS
according to the error function

Linear ERRSQ HYBRID MPSD ARE EABS
Linear isotherm K (L.kg™) 0.37 0.37 0.35 0.31 0.29 0.39
R? 0.954 (linear) 0.940
ERRSQ 35.48 35.48 45.66 98.80 148.79 40.20
HYBRID 44.69 44.69 37.54 53.49 76.53 57.74
MPSD 26.22 26.22 20.92 17.25 18.50 30.49
ARE 20.51 20.51 17.09 14.64 14.42 22.85
EABS 16.27 16.27 16.96 21.23 25.36 15.80
SE 143.16 143.16 138.16 205.41 283.59 167.07
Ko (L.gY 0.004 0.005 0.005 0.005 0.005 0.004
Anti-Langmuir M (mg.gY) 73.86 59.83 49.12 48.05 49.62 77.66
R? 0.995 (linear) 0.977
ERRSQ 34.74 16.93 17.73 18.21 17.65 19.89
HYBRID 23.14 14.69 13.53 13.64 13.74 17.26
MPSD 11.39 10.91 9.64 9.59 9.84 12.13
ARE 8.28 7.98 7.54 7.60 7.50 8.94
EABS 12.63 10.23 10.32 10.39 10.28 10.16
SE 90.17 60.74 58.77 59.44 59.01 68.37

(Bold-labeled data represent the minimum sum okthers and the respective isotherm parameterddsitrepresent
the experimental data).

Table 3.4 Adsorption isotherm parameters obtairedGF; in a mixture of purified FOS
according to the error function.

Linear ERRSQ  HYBRID MPSD ARE EABS

Linear isotherm K (L.kg™) 0.30 0.30 0.28 0.25 0.23 0.32
R? 0.948 (linear) 0.933

ERRSQ 38.91 38.91 50.33 107.47 170.24 46.31

HYBRID 49.45 49.45 41.23 58.50 88.18 67.99

MPSD 27.86 27.86 22.01 18.09 19.84 33.46

ARE 21.85 21.85 18.40 15.24 14.73 24.90

EABS 16.97 16.97 18.14 21.94 26.57 16.34

SE 155.03 155.03 150.12 221.23 319.55 189.01

Anti-Langmuir ~ Ku (L.g") 0.003 0.004 0.004 0.004 0.004 0.004

M (mg.g%) 82.22 54.94 45.73 45.16 48.35 48.35
R? 0.992 (linear) 0.974

ERRSQ 49.38 18.54 19.32 19.86 20.60 20.60

HYBRID 32.20 16.55 15.42 15.55 16.02 16.02

MPSD 13.25 11.68 10.51 10.46 10.53 10.53

ARE 10.30 9.09 8.38 8.36 8.23 8.23

EABS 15.48 10.80 10.77 10.78 10.56 10.56

SE 120.62 66.66 64.40 65.01 65.93 65.93

(Bold-labeled data represent the minimum sum ofthers and the respective isotherm parameterddsitrepresent
the experimental data).
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Table 3.5 Adsorption isotherm parameters obtaired GF, in a mixture of purified FOS
according to the error function.

Linear ERRSQ  HYBRID MPSD ARE EABS
Linear isotherm K (L.kg™) 0.27 0.27 0.25 0.22 0.22 0.29
R? 0.950 (linear) 0.935
ERRSQ 1.20 1.20 1.57 3.70 3.72 1.42
HYBRID 9.24 9.24 7.77 11.54 11.60 12.34
MPSD 30.23 30.23 24.39 20.02 20.02 35.45
ARE 22.23 22.23 19.31 16.17 16.17 25.13
EABS 2.92 2.92 3.24 4.10 4.11 2.82
SE 65.83 65.83 56.28 55.54 55.62 77.15
Anti-Langmuir  Ku (L.g") 0.016 0.019 0.022 0.023 0.021 0.017
M (mg.g%) 12.29 10.71 8.38 7.58 9.41 11.74
R? 0.985 (linear) 0.972 0.970 0.971 0.970
ERRSQ 1.41 0.63 0.67 0.71 0.71 0.71
HYBRID 5.56 3.54 3.21 3.29 3.80 3.67
MPSD 14.33 14.61 12.43 12.16 14.67 14.31
ARE 11.38 10.13 10.23 10.40 10.06 9.95
EABS 2.71 1.98 2.11 2.18 2.04 1.94
SE 35.39 30.89 28.64 28.74 31.28 30.59

(Bold-labeled data represent the minimum sum ofthers and the respective isotherm parameter$#sitrepresent
the experimental data).

The coefficient of determinatiorRf) of the linear regression analysis was 0.95 fer th
three sugars studied, suggesting a poor fittinthefexperimental data by this method.
However, when the HYBRID function was chosen toimire the error, the SE value
decreased. It should be noted that the ERRSQ &rmation is the same that is used
when the parameters are estimated by linear regresshus, both methodologies (linear

regression analysis and ERRSQ) lead to the saraksésr the linear isotherm model.

Among the distribution coefficients calculated, thalues that best described the
equilibrium data were 0.35, 0.28 and 0.25 [*Kgr GF, GF; and Gk, respectively
(Tables 3.3 to 3.5).

The adsorption mechanism onto Dowex Monospheree€ia for larger carbohydrates is
mainly pore partitioning affected primarily by tlseze exclusion effect (Howare al.,
1988). The decreasing distribution coefficientsifddior increasing molecular weights of
the sugars, G GFR; > GF, confirmed the size exclusion effect. Besides, shall
values of the distribution coefficients fourid € 1 L.kg") also suggested that adsorption
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is mainly driven by partition affected by steridesits. Taking into account the ion-
exchange capacity of the resin provided by the lseipghese distribution coefficient
values are very low (Gramblicka and Polakovic, 200However, as the size of the
adsorbent particle pores is similar to the sizethwf hydrated sugar molecules, the
migration of sugars towards the inside of the pasefimited (Saskeet al., 1992a).
Moreover, small sugar molecules tend to block theeg preventing their adsorption to
the active sites that are still free inside theepoiThus, these phenomena could explain

the lower sorption obtained as compared to thelsrgguidelines.

In addition, isotherms were also fitted with thei-d@angmuir model. The anti-Langmuir
isotherm parameterd) andK,, determined for the three sugars are given inésaBI3 to
3.5.

To determine the anti-Langmuir parameters, thealization of Eq. (3.2) is generally
used. The values d® found for these isotherms, when a linearizatiopraach was
used, were greater than 0.98, suggesting thattbdel has a satisfactory fitting for all
the sugars studied. The non-linear analysis, utiegerror functions to determine the
isotherm parameters of the anti-Langmuir isotheyielded even smaller SE values
compared with the values obtained for the linedéioma approach. Also, the error
function that allowed better fitting results was tHYBRID function.

Comparing the sum of the five errors (SE) obtairied the two model isotherms
discussed above, it was found that the values rddafor the anti-Langmuir isotherm
were much smaller than the ones obtained for theatli model (Tables 3.3 to 3.5).
Regarding thé¥ values, it was found that, both for the linear and-linear regressions,
they were much higher for the anti-Langmuir thantfe linear isotherms. Therefore, the
results indicate that anti-Langmuir isotherm is tm®del that best described the
adsorption of FOS in purified mixtures onto the RovwMonosphere Ca resin. Several
researchers reported upward isotherms for carbalsglradsorption onto calcium
columns (Chinget al., 1987; Saskeet al., 1992a; Besteet al., 2000). Nowak and
collaborators (2007) successfully predicted theogmt®n isotherms of several sugars
using the anti-Langmuir model. Therefore, the nsspiesented in the current work are
in good agreement with the ones reported in teedlitire.
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3.4.2 FOSIN A FERMENTATIVE BROTH

In the fermentative broth mixtures, FOS isothernerenfound to have a downward
curvature as illustrated in Figs. 3.4 to 3.6. Thenes the experimental data were fitted
with isotherm models adequate to describe adsaorpkiba with this shape. The isotherm
models chosen belong to the group I, namely LangrR&dlich & Peterson, Freundlich

and Toth. The results obtained with these model® vafierwards compared with the
ones obtained using the linear model.
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Fig. 3.4 Adsorption isotherms for Gkn the FOS-rich broth mixture using the parameters
estimated with the best error function.
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Fig. 3.5 Adsorption isotherms for Gkn the FOS-rich broth mixture using the parameters
estimated with the HYBRID function.
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Fig. 3.6 Adsorption isotherms for Ghn the FOS-rich broth mixture using the parameters
estimated with the best error function.

Regardless of the use of these isotherm modeis tloef experimental data, it should be
emphasized that those correlations were used snvitbrk just as empirical models and
that these results are discussed only qualitativEiye main mechanism of sorption in

ion-exchange PS-DVB resins is pore partitioningg@ed by the limited accessibility of
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the internal surface of the resin to the sugar oubés, due to the pore blocking effect
(Saskaet al., 1992a). Therefore, the sorption is not dependaenthe specific pore

surface area and cannot be directly related wehattsorbent active sites.

The R? values found for the linear model, when a lineayression approach was used,
were low (R < 0.92) (Tables 3.6 to 3.8), thus indicating thaya adsorption, in these
conditions, is not well described by the lineath®sms. Even so, values obtained for the
distribution coefficients were 0.36, 0.29 and 0.R&g™* for GF, GF; and Gk
respectively. The higher values of the smaller suiganfirmed once more the existence

of a size exclusion effect.

On the other hand®® values obtained for the linearization of the Lamngmnisotherm
were greater than 0.97, indicating accurate satsfa description of the experimental
data (Tables 3.6 to 3.8).

The Redlich & Peterson equation, as mentioned gbavea combination of the
Freundlich and Langmuir isotherms. When the parameends to zero this equation is
simplified into the linear isotherm. On the otheand, if r value tends to one, this
equation is transformed into the Langmuir isothelfar. the three FOS contained in the
fermentative broth, thevalue was found to bk Therefore, the adsorption behavior was
confirmed to be well fitted with the Langmuir isetimn model.
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Table 3.6 Adsorption isotherm parameters obtained GF, in a FOS-rich broth mixture
according to the error function.

Linear ERRSQ HYBRID MPSD ARE EABS
Linear isotherm K (L.kg?) 0.35 0.35 0.36 0.38 0.38 0.36
R? 0.922 (linear) 0.919
ERRSQ 21.22 21.22 22.33 29.30 34.47 21.93
HYBRID 28.15 28.15 27.10 30.15 33.47 27.15
MPSD 16.48 16.48 15.52 14.85 14.99 15.68
ARE 12.80 12.80 12.16 12.07 12.02 12.17
EABS 10.17 10.17 10.11 11.45 12.05 9.95
SE 88.83 88.83 87.22 97.81 106.99 86.88
Langmuir K (L.gh 0.002 0.011 0.009 0.007 0.010 0.010
M (mg.g") 215.14 51.76 57.66 72.82 53.25 53.25
R? 0.992 (linear) 0.982
ERRSQ 28.30 451 4.75 6.15 4.61 4.61
HYBRID 31.51 8.46 7.89 9.22 8.09 8.09
MPSD 13.79 12.25 10.43 9.29 11.34 11.34
ARE 10.12 6.95 6.58 6.68 6.59 6.59
EABS 11.09 4.50 4.66 5.45 4.38 4.38
SE 94.81 36.68 34.31 36.78 35.01 35.01
Freundlich Ke (L.gh 0.600 0.989 0.747 0.577 0.470 1.080
n 1.15 1.35 1.23 1.14 1.07 1.41
R? 0.976 (linear) 0.973
ERRSQ 11.59 6.06 7.40 11.26 16.01 6.72
HYBRID 15.89 17.03 13.05 15.98 21.94 20.10
MPSD 11.92 20.85 14.01 11.76 13.01 23.15
ARE 8.61 10.30 9.11 8.64 8.43 11.05
EABS 7.12 5.55 6.35 7.32 8.12 5.51
SE 55.13 59.78 49.92 54.97 67.50 66.53
) Kr (L.g9 0.55 0.55 0.52 0.48 0.52 0.56
Redlich & 1
Peterson a (L.mg") 0.011 0.011 0.009 0.007 0.010 0.015
r 1.00 1.00 1.00 1.00 0.98 0.94
R? 0.983 (linear) 0.982
ERRSQ 451 451 4.75 6.15 4.92 4.59
HYBRID 10.58 10.58 9.86 11.52 10.05 10.74
MPSD 13.69 13.69 11.66 10.38 11.49 13.77
ARE 6.95 6.95 6.58 6.68 6.49 6.78
EABS 4.50 4.50 4.66 5.45 4.59 4.35
SE 40.24 40.24 37.51 40.19 37.54 40.23
Toth Kr (L.gh 36.45 36.54 31.49 34.27 38.26 38.26
ar (L.mg" 447.64 440.89 1637.00 1637.51 433.86 433.86
t 1.42 1.42 1.76 1.71 1.39 1.39
R? 0.983 (linear) 0.982
ERRSQ 4.56 4.56 4.79 5.12 4.61 4.61
HYBRID 9.14 9.14 8.76 9.35 8.99 8.99
MPSD 11.16 11.16 9.66 9.21 10.55 10.55
ARE 6.26 6.27 6.07 5.80 6.13 6.13
EABS 4.52 4.52 4.78 4.66 4.47 4.47
SE 35.64 35.65 34.06 34.14 34.76 34.76

(Bold-labeled data represent the minimum sum ofthers and the respective isotherm parameterd#sitrepresent
the experimental data).

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre

UNIVERSIDADE DOMINHO, 2011



106

DOWEX MONOSPHERE CALCIUM RESIN

Table 3.7 Adsorption isotherm parameters obtained GF; in a FOS-rich broth mixture
according to the error function

Linear ERRSQ HYBRID MPSD ARE EABS
Linear isotherm K (L.kg?) 0.31 0.29 0.29 0.31 0.32 0.30
R? 0.851 (linear) 0.880
ERRSQ 26.06 20.40 21.05 25.16 32.29 21.50
HYBRID 32.39 30.61 29.74 31.73 37.48 29.77
MPSD 16.48 17.79 17.00 16.46 16.92 16.83
ARE 12.59 13.60 12.87 12.60 12.54 12.66
EABS 10.40 9.66 9.46 10.25 11.20 9.40
SE 97.92 92.08 90.12 96.20 110.43 90.15
Langmuir Ke (L.g? 0.0004 0.014 0.010 0.006 0.013 0.015
M (mg.g%) 764.94 36.28 43.82 63.95 37.31 33.97
R? 0.986 (linear) 0.974
ERRSQ 49.05 3.99 4.64 7.57 4.27 4.40
HYBRID 64.25 12.36 10.36 13.49 11.33 13.13
MPSD 21.16 19.74 15.05 12.58 17.70 20.19
ARE 14.88 10.16 8.99 9.36 8.97 9.82
EABS 13.76 4.66 4.91 6.28 4.29 4.22
SE 163.09 50.91 43.94 49.28 46.56 51.77
Freundlich Ke (L.gY 0.46 0.93 0.62 0.44 0.36 1.01
n 1.13 1.43 1.24 1.11 1.07 1.49
R? 0.962 (linear) 0.953
ERRSQ 13.79 6.34 8.30 13.28 16.42 8.43
HYBRID 22.12 25.10 17.59 22.20 30.05 29.57
MPSD 15.42 30.16 18.66 15.10 17.35 31.78
ARE 11.14 14.24 11.93 11.14 11.11 14.52
EABS 7.57 5.85 6.72 7.82 8.58 5.70
SE 70.03 81.69 63.19 69.53 83.50 90.00
Kr (L.gH 0.49 0.49 0.44 0.38 0.46 0.50
Redlich & & (L.mg? 0.01 0.01 0.01 0.01 0.01 0.01
Peterson r 1.00 1.00 1.00 1.00 1.00 1.00
R? 0.977 (linear) 0.974
ERRSQ 3.99 3.99 4.64 7.57 4.18 4.40
HYBRID 15.45 15.45 12.95 16.86 13.45 16.45
MPSD 22.07 22.07 16.82 14.07 18.94 22.62
ARE 10.16 10.16 8.99 9.36 8.93 9.84
EABS 4.66 4.66 4.91 6.28 4.45 4.22
SE 56.32 56.32 48.31 54.14 49.95 57.53
Toth Kr (L.gh 35.04 22.71 19.81 21.29 35.21 33.51
ar (L.mg") 78.14 1465.38  29629.53 29629.53 78.59 78.91
t 1.02 1.82 261 2.52 1.01 1.03
R? 0.98 (linear) 0.980
ERRSQ 3.96 3.58 3.85 458 4.70 4.43
HYBRID 15.59 10.58 9.23 10.57 15.00 15.51
MPSD 22.29 16.15 12.49 11.54 20.14 21.42
ARE 2.30 1.64 1.34 1.35 2.14 9.42
EABS 1.53 1.11 0.90 0.89 1.42 4.18
SE 45.67 33.06 27.81 28.94 43.40 54.95

(Bold-labeled data represent the minimum sum ofthers and the respective isotherm parameterd#sitrepresent
the experimental data).
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Table 3.8 Adsorption isotherm parameters obtained GF, in a FOS-rich broth mixture
according to the error function.

Linear ERRSQ HYBRID MPSD ARE EABS
Linear isotherm K (L.kg?) 0.25 0.25 0.25 0.26 0.26 0.26
R? 0.665 (linear) 0.640 0.640
ERRSQ 0.57 0.57 0.58 0.62 0.61 0.61
HYBRID 7.50 7.50 7.40 7.59 7.54 7.54
MPSD 25.45 25.45 24.87 24.57 24.58 24.58
ARE 18.83 18.83 18.14 17.33 17.32 17.32
EABS 1.53 1.53 1.51 1.50 1.49 1.49
SE 53.87 53.87 52.50 51.61 51.54 51.54
Langmuir K (L.gh 0.0277 0.216 0.130 0.062 0.097 0.198
M (mg.g") 9.73 2.67 3.44 5.56 3.91 2.61
R? 0.973 (linear) 0.845
ERRSQ 2.20 0.11 0.14 0.26 0.22 0.15
HYBRID 28.28 4.20 3.05 4.24 3.75 3.83
MPSD 43.19 40.53 26.81 20.93 22.16 33.48
ARE 27.44 19.05 15.35 15.37 15.19 16.00
EABS 2.68 0.76 0.83 1.10 0.98 0.73
SE 103.79 64.65 46.19 41.90 42.30 54.19
Freundlich Ke (L.gh 0.33 0.53 0.39 0.31 0.26 0.48
n 1.15 1.73 1.34 113 1.03 1.65
R? 0.909 (linear) 0.757
ERRSQ 0.43 0.19 0.26 0.41 0.53 0.20
HYBRID 6.49 8.10 5.02 6.40 8.23 6.70
MPSD 25.48 57.99 31.45 24.17 26.23 48.99
ARE 18.02 26.00 19.46 17.56 16.98 22.59
EABS 1.29 0.98 1.12 1.33 1.46 0.95
SE 51.71 93.25 57.30 49.86 53.42 79.43
Kr (L.g9 0.58 0.58 0.45 0.34 0.38 0.52
Redlich & a (L.mg?) 0.22 0.22 0.13 0.06 0.10 0.20
Peterson r 1.00 1.00 1.00 1.00 1.00 1.00
R? 0.936 (linear) 0.845
ERRSQ 0.11 0.11 0.14 0.26 0.22 0.15
HYBRID 5.25 5.25 3.81 5.30 471 4.79
MPSD 45.31 45.31 29.98 23.40 24.71 37.41
ARE 19.05 19.05 15.35 15.37 15.19 15.99
EABS 0.76 0.76 0.83 1.10 0.99 0.73
SE 70.48 70.48 50.12 45.43 45.81 59.07
Toth Kr (L.gh 1.70 1.70 1.65 1.63 1.69 1.66
ar (L.mg" 67.62 67.65 452.22 9189.85 268.00 268.00
t 2.93 2.93 4.05 5.61 3.50 3.79
R? 0.96 (linear) 0.93
ERRSQ 0.07 0.07 0.08 0.13 0.11 0.08
HYBRID 2,51 2,51 2.13 2.75 2.40 2.21
MPSD 27.77 27.77 21.31 18.09 19.34 23.66
ARE 13.20 13.20 11.40 10.94 10.74 11.54
EABS 0.63 0.63 0.64 0.71 0.63 0.60
SE 44.19 44.19 35.55 32.61 33.21 38.09

(Bold-labeled data represent the minimum sum ofthers and the respective isotherm parameter$#sitrepresent

the experimental data).
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Among the five error functions used to select thstlitting model, the HYBRID error
function gave the lowest sum of the errors in nobghe cases (Tables 3.6 to 3.8). Thus,
with this function it was possible to obtain thetleerm parameters that were further

used in the sorption models, in order to find thstlexperimental data fittings.

The analysis of the sum of the errors obtainedHerbest fitting error function for each
isotherm model enabled the comparison of all thgptean models studied. The Toth
isotherm was the model that presented the lowesiaBEes, followed by the Langmuir
and Redlich & Peterson isotherms. The Freundliokheym yielded SE values slightly

higher, and together with the linear isotherm werdoubtedly the worst fitting models.

The coefficients of determination evaluated for iglbtherm models assessed, also
confirmed that the Toth and Langmuir isotherms wiiee best models to represent the

GF,, GR; and Gl adsorption onto Dowex Monosphere Ca.

3.4.3 FOSIN PURIFIED MIXTURE VERSUSFOSIN A FERMENTATIVE BROTH

In this work, FOS contained in two types of liqukases were studied, namely water in
the case of the purified mixture, salts and smallegars in the fermentative broth. In
both mixtures it was found that the adsorption capadecreases with increasing
molecular sizes of the sugars, being this factedlavith the size exclusion mechanism.
The distribution coefficients determined for GESF and Gi kept almost the same

values independently from the liquid phase thattaioed the sugars. However, slight
increase on the adsorption capacity was found foithe sugars contained in the

fermentative broth. This phenomenon can be rehaidd the high concentration of ions

in the bulk and the presence of other sugars ifignel phase. Adachi and collaborators
(Adachiet al., 1989) concluded that the increase of the iomengfth of a solution could

lead to an increase of the distribution coefficiehtsaccharides for an ion-exchange
resin. Other sugars present in the solution mag etmtribute to increase the global
sorption. Nobreet al. (2009) and Nowalet al (2007) recently reported the existence of
synergetic effects on the adsorption of carbohgdrathen multi-component mixtures
are used. Furthermore, in the current work, it Weasd that the degree of selectivity
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between the sugars was not dependent on the campasi the mixturesThe shape of

the isotherm, as well as the sorption mechanisnvd®t sugars and Dowex Monosphere
Ca resins, are still not fully understood. Sigrafit differences in the type of isotherm
used to fit experimental data for the same adsortmEnbe found in the literature (Vente,
2005), even for the same range of sugar concemgatiConsequently, the adsorption

parameters that have been reported are also diffanel cannot be compared.

Nowak and collaborators (2009) reported that théherm curve shape was mainly due
to the non-idealities in the liquid phase. In tleerent work, FOS in pure water (purified
mixture) were found to have an upward curvaturetreoy to the downward curvature
found for FOS contained in a fermentative brothe Tisotherm shape seems to be

influenced by the complexity of liquid phase atthgugar concentrations.

3.5 CONCLUSIONS

Adsorption of FOS onto a Dowex Monosphere Ca resiawed different behaviors
depending on the complexity of the liquid phasetted FOS mixtures studied. FOS
isotherms in purified mixtures showed an upwardvature, and consequently were
fitted with a model derived from the anti-Langmisiotherm with a good correlation. On
the other hand, FOS contained in a fermentativéhbsbowed a downward curvature.

Thus, the experimental data were best fitted wighToth and Langmuir isotherms.

For both studied mixtures, the adsorption capaeityndividual sugars was primarily
determined by their molecular size and was sigaifitly dependent on the liquid phase

composition, whereas the selectivity was essenttalhstant.
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ABSTRACT

At large-scale, fructooligosaccharides (FOS), aber®d as prebiotic sugars,
can be produced by fermentative processes. Theefaative broth obtained
is a complex mixture of FOS, salts and other smmadjars that have to be
removed. For that purpose, the adsorption isotheimOS contained in a
fermentative broth and in purified mixtures werdedmined. Equilibrium
studies were conducted at 60 °C using differenbeit adsorption resins,
namely Lewatit (S2568) (macroporous resin in sodiiomm), Amberlite
(CR1320Ca) (gel-type resin in calcium form) and idma(UBK530) (gel-
type resin in sodium form). The effect of the cauribn, resin structure and
the liquid phase containing the FOS mixtures inatisorption behavior was
evaluated. Resins capacity and selectivity werepawed. Multi-component
anti-Langmuir and linear isotherm models were uedit the equilibrium
data. Results showed that in purified mixtures -Batigmuir isotherms
described better FOS adsorption onto the resingh®mwther hand, for FOS
contained in a fermentative broth linear isothemese chosen, except for
the Diaion resin. Also, FOS contained in a fermtweabroth were found to
be more adsorbed than the ones contained in pinfi@tures. Lewatit was
the resin that showed the greater capacity, howelker to its higher
selectivity, the Amberlite resin was elected as tme showing the best

performance for the separation envisaged.
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4.1 INTRODUCTION

Fructooligosaccharides (FOS) are non digestiblasugpnsidered prebiotics due to their
ability to selectively promote the growth of bew&fl gut microflora (Gibson and
Roberfroid, 1995). Several studies have shown tR@S have non-carcinogenic
properties, alleviate constipation, enhance calcmth magnesium absorption, stimulate
the immune system and the synthesis of vitaminsredse levels of phospholipids,
triglycerides, and cholesterol (Yamashdfal., 1984; Crittenden and Playne, 1996;
Morohashiet al., 1998; Fotiadist al., 2008). Nowadays, consumers tend to seek for
food that can provide some additional health bésigterefore the consumption trend of
food products supplemented with prebiotics is iasimeg, consequently resulting in a

large commercial interest on FOS production.

Fermentative large scale production of FOS (kes{@de), nystose (Gf and fructo-
furanosilnystose (Gff) is conducted by microorganisms that contain eresy with
transfructosylation activity (Sangeetta al., 2005b), namely fructosyl-transferase
enzymes that are able to synthesize FOS from sei¢Fesnandeet al., 2004; Tuohyet
al., 2005). FOS produced from sucrose using microbndymes have low sweetness
intensity when compared to commercial sucrose, kieweheir sweet taste is very
similar. Therefore, these oligosaccharides havadc#d special attention, particularly as
ingredients in foods aimed at diabetics or low-galfoods (Yun, 1996; Sangeetézal .,
2005a).

As a result of the fermentative process, besides$s,Fthe final mixture contains
microorganisms, salts, proteins and other smallsugSince these “contaminants” do
not contribute to the prebiotic activity of FOSetlother sugars including glucose,
fructose and sucrose, must be reduced or remowed thie mixture. Consequently, the
caloric value of the mixture is decreased and thtalsility of the syrups for diabetic

applications is improved (Gibson and Roberfroidd3;Crittenden and Playne, 1996).

Simulated moving bed chromatography (SMB) appearbet an efficient downstream
process for sugar separation at an industrial s@@meset al., 2006). However,
although separation of fructose/glucose mixtures lbeen extensively reported and is
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well known, very few studies addressed the oligolsagde recovery by SMB (Geisser
et al.,, 2005). Sulfonated poly(styreme-divinyloenzene) (PS-DVB) resins have been
largely and successfully used in SMB plants forassgseparation (Bestat al., 2000;
Venteet al., 2005; Luzet al., 2008). Depending on the resin structure, PS-D¥8nis
can be classified as gel-type or macroporous reghklwams and Millar, 1997;
Sherrington, 1998). Gel-type resins are highly préo swelling, with DVB contents
lower than 12%, resulting in a high water retentbapacity and fast diffusion kinetics.
On the other hand, macroporous resins have a pemhanell-developed porous
structure with higher contents of DVB. Due to thghhdegree of cross-linking,
macroporous resins do not compress as the geletyps, being advantageous for large
scale applications in which the back pressure each high values and consequently
destroy the adsorbent structure (Abrams and Mill887; Sherrington, 1998).

Gel-type and macroporous PS-DVB resins can be ifumadized with counter-ions, such
as calcium, potassium and sodium. The counterdoma complexes with sugars and
depending on the cation, the number and orientatibrthe sugar hydroxyl group
involved, these complexes present different sttengThe ionic radius of the cation
determines also the strength and stability of teenmlex formed (Angyal, 1989;
Tithonenet al., 2002). The separation mechanisms using thoseneatdsorption resins
are mainly based on size exclusion, hydrophilichgdrophobic interactions, ligand
exchange and ion exchange (Churms, 1996; StefaiasgbwWesterlund, 1996).

In this work, three commercial PS-DVB resins patdhyt interesting for SMB
separation of sugars were studied. Considering ahagfficient adsorbent must show
great capacity and a good selectivity, the adsmmpisotherms of FOS contained in a
fermentative broth and in purified mixtures werdgedmined for each resin. Also, the
possible effects of the fermentative broth nonditiea, the resin structure and the
counter-ion form in the adsorption process werduatad. Furthermore, experimental
adsorption data were fitted with linear and muttmponent anti-Langmuir isotherm
models. The isotherm parameters for each model determined by minimization of
the hybrid fractional error function (HYBRID) (Pertet al., 1999; Nget al., 2003),
which allows the comparison of models having ddfdér numbers of adjusted
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parameters, and takes into account the size oflitferent experimental datasets used.
The minimization of this function corresponds te thinimization of relative distances,
which is preferable to the usually minimizationtbé Euclidean distances, between the
value of the model and the experimental data (@avand Saramago, 2010). Since no
physical meaning is attributed to the best-fit pagters, the isotherms used in this study
are empirical equations. Finally, the statistidghsicance of the identified parameters
and of each model was evaluated using the FistestgQuinones and Guiochon, 1996a;
Quinones and Guiochon, 1996b).

4.2 ADSORPTION THEORY

4.2.1 |SOTHERM MODELS

Several isotherm models have been used to studyetkea@tion mechanism in sugar
chromatography. The linear isotherm is the most monmly used model, although
several authors also reported the use of quadratld_angmuir equations as good fitting
models for sugar isotherms (Chiegal., 1987; Saskat al., 1992; Bestest al., 2000;
Vente et al., 2005; Gramblicka and Polakovic, 2007). In thisrkydhe linear and the
multi-component Langmuir isotherm models were choge fit the adsorption
experimental data obtained. Since in this study amllti-component experimental data
was used, the competitive binding models proposaeim are non-predictive models
(Canoet al., 2007).

4.2.1.1 Linear isotherm

The linear isotherm follows the Henry’'s law and retates the concentration of
adsorbate into the stationary phagewith the concentration in liquid phasg, The

isotherm is represented by the following equation:
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g=xC,i=1,..,n (4.2)

where y;, the slope of the isotherm, represents the digtab coefficient (Henry's

constant).

The selectivity is defined g8/ y, withi Z].

4.2.1.2 Langmuir isotherm

To describe competitive adsorption isotherms inthomamponent systems, the Langmuir
isotherm (Butler and Ockrent, 1930) can be used:

MK,;C; _ (4.2)
= ,di=1,..,n
1+ 37, aky;G

qi

whereM andK_ are the isotherm parameters. The paransesssumes a value of +1 for
the Langmuir favorable isotherms, and -1 for the-Bangmuir unfavorable isotherms
(Kaczmarskiet al., 2004; Mazzotti, 2006a; Mazzotti, 2006b). The pzaterM should
assume the same value for all components of the rfiixture, to ensure that the model
is thermodynamically consistent with the Gibbs-Duhadsorption isotherm equation
(Levan and Vermeulen, 1981). At an infinite dilutjdhe slope of the isotherm, defined
asH; = MKy, represents the Henry’s constant of theomponent, corresponding to a
system characterized by the linear isotherm (E&) with Hi=) (Golshanshirazi and
Guiochon, 1989; Mazzotti, 2006b).

It is important to notice that the anti-Langmuir deb does not derive from a
physicochemical background, thus it should be bgrhras an empirical equation
(Kaczmarskiet al., 2004). However, in many situations an empiricggatiption of a real
multi-component adsorption phenomenon is usefub(det al., 2001). Since the main
objective of the present study was to identify adeidhat best fits the experimental data,
by minimization of the error associated to eachinegion, the above-mentioned

empirical equation was used has an explicit foremali
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As the parameteM is assumed to be the same for all components, dleetwity is
defined asHi/H;, where iz j. The selectivity is composition independent, and b

definition will always be larger than one (Mazzp006Db).

4.3 EXPERIMENTAL METHODSAND MATERIALS

4.3.1 MATERIALS

4.3.1.1 Resins

Three ion-exchange resins were used; one resiralcium form (C&"): Amberlite
(CR1320Ca) (Roehm and Haas, Philadelphia, PA)tandesins in sodium form (Na
Diaion (UBK530) (Mitsubishi Chemical Corporation,odyo, Japan) and Lewatit
(S2568) (Bayer, Leverkusen, Germany). Physical @remical properties of the above
mentioned resins are presented in Table 4.1.

Table 4.1 Physicochemical properties of the iorharge resins used in the current work.

Physicochemical Properties Lewatit Diaion Amberlite

S 2568 UBK 530 CR1320Ca
lonic form N& Na" ca*
Structure Macroporous Gel-type Gel-type
Matrix Styrene-DVB Styrene-DVB Styrene-DVB
Functional group Sulfonate Sulfonate Sulfonate
Total capacity (eq/L) 1.75 >1.6 >1.5fdrm)
Water conterit(%) 60-63 34-40 39-41

Volume median diameter
(um) 680 220 310-350

2Data obtained from the suppliePData obtained by the dry weigh method
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4.3.1.2 FOS mixtures

FOS were produced in the laboratory by fermemtatib sucrose withAureobasidium
sp. (Rochaet al., 2009). The final fermentative broth was a comptaxture containing
sugars (fructose, glucose, sucrose and FOS), sattsporganisms and residual proteins.
When the production of the highest FOS molecule ;JGFas detected by high
performance liquid chromatography (HPLC), the fentaéon was stopped (~ 50 h), and
the broth was collected and filtrated through a |n2 cut-off cellulose acetate filter to
remove the microorganisms. Residual proteins weraoved by centrifugation and
filtration with a centrifugal filter Amicon Ultra8 (50 NMWL) from Millipore, at 4000

g for 10 min.

Cations present in the broth mixture were deterthinging a flame atomic absorption
spectrophotometer (Varian Spectra AA-400) to chiéakation exchange was required

before proceeding with adsorption experiments.

The cell-free fermentative broth obtained is refdrin this study as FOS-Naixture,

since the main cation present in the mixture i.Na

Regarding the assays conducted with the calcium,rés avoid calcium precipitation
due to the exchange with ions from the fermentalik@h, the FOS-Namixture was
previously passed through a column containing #eiwum resin Amberlite CR1320Ca.
The volume of resin used in this pre-treatment esponded to half the volume of
fermentative broth treated. Preliminary experimgmsved that this ratio is enough to
guarantee the saturation of broth with calcium iand remove the primary ions from the
fermentative brothdata not shown). The mixture obtained in this step is referredhia

present study as FOS-Eanixture due to the Gaion content.

Adsorption studies were also conducted with a mextf pre-purified FOS containing

only low concentrations of small sugars and fresaifs. This mixture was obtained in
our lab by purification of the cell-free fermentaibroth using a column with activated
charcoal (for details see chapter 2) and is refemethe present study as FOS-pure

mixture.
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FOS standards used in the HPLC analysis (purg GIF; and GE) were purchased from
Wako, Chemicals GmbH, Germany.

4.3.2 ADSORPTIONISOTHERMS

Resins were washed several times with double ldidtiivater, and afterwards the

remaining excess of water was removed from the @gifiltration with a glass filter.

The three mixtures used were successively dilutedouble distilled water in order to
obtain solutions with a decrease of 10% in the sgar concentration for FOS-Nand
FOS-pure mixtures, and 15% for the FOS-Qaixture. A volume of 3.5 mL of each
FOS mixture, with different initial sugar concenima, was added to test tubes
containing 1.50 + 0.01 g of wet resin. FOS-Naixtures were used in the studies
conducted with Lewatit and Diaion resins. FOS-Qaixtures were used in the studies
conducted with the Amberlite resin. FOS-pure migtuwere studied with all the resins.
Experiments were carried out in duplicate. Five [gas of each wet resin were dried at

105°C to determine the resin water content.

Adsorption equilibrium experiments were conductadai batch process. Briefly, test
tubes containing the resin and sugar solution wengbated 8h under agitation at 60°C.

Before sugar desorption, the bulk solution was diszhand the resin was washed three
times with double distilled water. Five millilitexsf water were added to the resin and

sugar desorption was conducted overnight, undéatagn at 25 °C.

Sugars concentrations were determined by HPLC usingnauer chromatograph
equipped with a differential refractive index detectype 298.00 (Knauer, Berlin,
Germany) operating at 30°C. A REZEX RSO-Oligosaddiacolumn (Ag form,
200x10 mm) from Phenomenex was used. Elution wasleged at 0.3 mL.mihflow

rate and 40 °C using water as eluent.
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The equilibrium loadingy, representing the mass of sugar adsorbed per massio,

used to calculate the adsorption parameters wasilatdd from the following mass

balance:
_ Caas-V (4.3)
q m

whereC,qs is the concentration of sugar adsorbed in theny&sthe volume of solution

andmthe dried resin mass.

4.3.3 |SOTHERMSDATA PROCESSING

To empirically fit the whole set of parameters atle model (3 and 4 parameters for
linear and Langmuir models, respectively) the hyliractional error function was used
(Porteret al., 1999; Nget al., 2003):

N

100 Z (Qmod,i - Qexp,i)z

N-prg

(4.4)

Qexp,i

The HYBRID function allows the estimation of fitgrerrors taking into account both the
g values calculated by the modegl4q), and the ones obtained in the experimegds)(
This error function was chosen since it takes atgount the number of adjustable
parametersp), the number of experimental data available facheBOS (in purified
mixture or fermentative broth\Nj and it minimizes the relative distance insteadhef
Euclidean distance, which is recommended (Olivaeind Saramago, 2010). The best

fitting parameters were determined using a geradgicrithm.

Genetic algorithms (GAs) are usually applied far gptimization of complex non-linear
models. They are stochastic algorithms based om#ahanisms of natural selection and
genetics. First, an initial population, containiagre-established number of individuals
is created randomly considering the specific lommal upper bounds for each individual,
and coded as a vector (chromosome). Then, the gseduf fit of this possible solution
of the multidimensional search space is evaluayedsing a predefined fitness criterion.

Finally, a new generation of individuals is createx the actual population using three
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genetic operators (reproduction, crossover and tioa)aRoubost al., 1999; Velosat
al., 2005).

In the present work, GAs were applied to empincatlentify the parameters of the
linear adsorption (Eq. 1) or the Langmuir adsompi{igg. 2) equations by minimizing the
HYBRID error function, considering simultaneoushetthree FOS present in the multi-
component mixtures (purified FOS mixture or fernagine broth). For this purpose, a
Genetic and Evolutionary Algorithm Toolbox (GEAtbx 3.3) for MATLAB developed by
Pohleim (Pohlheim, 2003) was used. It works witlvesal genetic operators and
supports binary, integer and real-valued repretientsg being the last the one chosen in
this work. Also, a globally oriented evolutionargtmnization with four subpopulations
with the same number of individuals was chosenotal, 200 individuals were evaluated
per iteration. The optimization procedure was ngted when the value of the objective
function did not alter during 500 iterations, beatdeast 5000 iterations performed.

To infer about the statistical significance of tkentified parameters the Fisher’s test
was applied at a significance level of 5%. Since tonventional use of the Fisher
distribution is not possible (Quinones and Guiogh®96b) for each model and each set
of experimental data, the Fisher parameter (F-yalas calculated according to:

N2
_ N-p Z?:l(‘lexp,i - Qexp,L) (4.5)

N-1 E%V:1(Qexp,i - Qmod,i)z

Where .., represents the mean value of the data, i.e. of ghg obtained

experimentally.

Using Eq. 4.5 it is possible to compare models wdiffierent number of parameters.
Highest values for the Fisher parameter mean gretgtstical significance of the model
used and of the identified parameters. Therefdrwe,model performance was evaluated

by mean of the magnitude of the F-value associated.

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



124

CATION EXCHANGE RESINS

44 RESULTS& DISCUSSION

441 FOSMIXTURESCHARACTERIZATION

The cations that were quantified on the FOS-Nuexture were sodium (3.3 g1 and
potassium (1.7 g:t). Since sodium was the main cation present, thisume was used
on the adsorption experiments carried out with #oglium resins without further
treatment. The total sugar concentration of the f@Smixture, determined by HPLC,
was 400 g.L%; including FOS with 91, 86 and 9 ¢'lof GR, GF; and Gk, respectively;
and small saccharides (fructose, glucose and sicrB®S represented 47% (w/w) of

the total sugars in the mixture solution.

In the FOS-C& mixture, calcium was the only cation identifiecheFefore, suggesting
that the pre-treatment of the FOS-Nmixture was efficient since sodium and potassium
were successfully removed. The total sugar conagotr of the FOS-CA mixture
determined by HPLC was 358 @-Lincluding FOS with concentrations of 72, 71 and 9
g.L" of GR, GR; and GH, respectively; and small saccharides. FOS represetét

(w/w) of total sugars in the mixture solution.

The FOS-pure mixture contained only 10% of smaijass and 90% (w/w) of FOS. The
total sugar concentration determined was 210"giticluding 77, 94 and 19 glof G,

GF; and GR, respectively. This mixture was free of salts.

44,2 ADSORPTIONISOTHERMS

Several authors have investigated the sorptionrwftdse, glucose, sucrose and FOS
onto ion-exchange resins in the last years (Grarkédland Polakovic, 2007; Pedruegi
al., 2008; Luzet al., 2008; Nobreet al., 2009; Nowalet al., 2009; Vankovat al., 2010).
Although many of the studies reported linear adsonp depending on the composition
and concentration of the mixture, non-linear moaetsy be more adequate to describe
the equilibrium. Chinget al. (1987) found that the equilibrium isotherms deteed for

fructose and glucose onto a Duolite?Caesin showed an upward curvature when
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working at sugar concentration up to 260 f.Che same behavior was also found by

many other authors working under overloaded comuiti Saskat al., 1992; Lee, 2003;
Venteet al., 2005; Nowalet al., 2009).

Equilibrium experimental data obtained in the pnéseork and the respective fittings
using linear and anti-Langmuir isotherm modelsrapresented in Figs. 4.1 to 4.3. These
figures illustrate the adsorption isotherms of,GEFR; and Gk, contained in FOS-pure

mixtures and fermentative broth, onto Amberliteaibn and Lewatit resins.
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Fig. 4.1. Adsorption isotherms of: a) FOS-pure K)S-C&" onto Amberlite resin. Symbols
represent the experimental daiaGF,, A GF;, e GF,. Lines represent the respective fitting with
the isotherm models: ) Linear and (- -) multi-component anti-Langmuir.
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Fig. 4.2 Adsorption isotherms of: a) FOS-pure b)SAA onto Diaion resin. Symbols represent
the experimental dataa GF,, GF;, e GF,. Lines represent the respective fitting with the
isotherm models=( Linear and (- -) multi-component anti-Langmuir.

Analyzing the figures, it is possible to observattthe shape of the isotherms determined
is linear or with a slight curvature. In the cadenon-linear isotherms the curvature
exhibits an upward shape. At high solute conceptrat the degree of hydration of the
sugar clusters is low. Also, the displacement eftilidration layers of the counter-ions is
favoured. Moreover, the swelling pressure decredésading to the shrinkage of the
resin. All these factors, may contribute to theé@ase of the distribution coefficient and
consequently to the upward curvature of the isothE@@askeet al., 1992; Adachit al.,

1995). In this work, the Langmuir model was usedle¢scribe the non-linear isotherms
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since it can be applied even when the adsorptisanpeters of the pure components
present in the mixture are unknown (Charton andoddc 1995). As the isotherm

curvature is upward, the parametdrom the Langmuir isotherm (Eq. 4.2) was set equal
to-1.
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Fig. 4.3 Adsorption isotherms of: a) FOS-pure b)SFQ& onto Lewatit resin. Symbols represent

the experimental datas GF,, GF;, e GF,. Lines represent the respective fitting with the
isotherm models=( Linear and (--) anti-Langmuir.
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Afterwards, to evaluate if sugar adsorption isatiewere linear or non-linear under the
current experimental conditions, data were fittathwoth models (Tables 4.2 and 4.3).
The performance of each model was compared bas#tkeanagnitude of the calculated
F-value, which values were always statisticallyngigant (P < 0.001). The isotherm
parameters were determined by minimizing the HYBRfr function, being the global

minimum obtained for each adsorption isotherm plesented in Tables 4.2 and 4.3.

Table 4.2. Adsorption isotherm parameters of FO&-moixtures onto ion-exchange resins with
the error analysis and Fisher parameter.

Isotherm model Parameter Sugar Resin
Lewatit Diaion Amberlite
Linear vi (L.kg?) GF,  0.45 0.31 0.33
GR 0.45 0.30 0.26
Gk, 0.44 0.30 0.23
HYBRID 34.17 35.15 15.99
F-value 19.40 14.75 30.99
Anti-Langmuir N (mg.d) 180.61 121.32 183.36
N.K; GF, 0.36 0.24 0.28
GRK 0.36 0.23 0.22
GF, 0.35 0.23 0.20
HYBRID 15.76 15.73 9.66
F-value 37.92 36.69 55.97

The F-values obtained for the multi-component aatigmuir fitting of the FOS
adsorption, when using FOS-pure mixtures, weretgrédhan the ones obtained for the
linear model for all the resins studied. Therefdne, FOS-pure mixture equilibrium was
better described by the multi-component anti-Langmmodel. The adsorption of FOS-
C&" mixture onto the Diaion resin was also found torlm-linear, therefore it was

better represented by the multi-component anti-bangmodel.
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Table 4.3.Adsorption isotherm parameters of FOS“Cand FOS-NA& mixtures onto the
respective ion-exchange resins with error anabstsFisher parameter.

Isotherm model Parameter Sugar Resin
Lewatit Diaion Amberlite
Linear vi (L.kg™) GFR, 1.63 0.48 0.38
GRK 1.65 0.45 0.31
GFK, 1.72 0.46 0.26
HYBRID 146.52 31.91 10.16
F-value 18.95 31.19 63.61
Anti-Langmuir N (mg.d) 5158.59 232.19 307.00
N.K; GFR, 1.57 0.39 0.35
GR 1.59 0.36 0.28
Gk, 1.67 0.37 0.24
HYBRID 157.53 20.05 9.31
F-value 16.53 67.73 55.44

On the other hand, according to the F-values, tirmmherms were found to characterize
the adsorption of FOS-&aand FOS-N& mixtures from the fermentative broth onto
Amberlite and Lewatit resins. This observation wagxpected since for FOS mixtures
from the fermentative broth, higher sugar conceioinga have been used and small
saccharides and ions were present in the liquidsghthus a non linear adsorption
behavior would be more reasonable rather thaneadiadsorption.

443 EFFECT OF THE FOSMIXTURE

FOS contained in the FOS-£and FOS-Namixtures from the fermentative broth were
more adsorbed onto the studied resins than FOSaiocext in purified mixtures. For
sodium resins (Lewatit and Diaion), significantfeiences were found between the
Henry constants determined for £6FR; and G, in the FOS-pure (Table 4.2) and the
FOS-N4d mixtures (Table 4.3).

The different adsorption degree may be related thighcomposition of the liquid phase,
since FOS-Naand FOS-C& mixtures contain around 45% (w/w) of FOS but aiigh
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amounts of salts and other sugars, while FOS-pur¢uras are salt free and contain

90% (w/w) of FOS in the total sugar mixture.

Increased sugar concentrations in the liquid phaeg accelerate the diffusion of sugars
into the solid phase. Moreover, the high ionicrgté resulting from the high content in
salts from the fermentative broth contributes dsahe resin shrinkage phenomena
(Adachiet al., 1989). Therefore, both salts presence and higarstoncentrations of the
fermentative broth contribute for the displacemeithe hygroscopic water within the

porous with consequent increase of FOS adsorption.

Furthermore, the presence of additional sugareennixture may also contribute for a
synergetic effect on the sugar adsorption leadingdreased adsorptions as reported by
Nobreet al. (2009) and Nowakt al. (2007).

444 EFFECT OF THE RESIN STRUCTURE

In this study, two gel-type (Amberlite and Diaicar)d one macroporous resins (Lewatit)
were used. The adsorption of FOS-pure mixture dmeotwo gel-type resins was very

similar (Table 4.2). For the fermentative broth teamng FOS, a different adsorption

behavior was observed, however this maybe dueet@dlinter-ion and the liquid phase
composition rather than due to the resin structliabdle 4.3). Comparing the adsorption
onto the resins with different structures, the rmporous resin showed higher adsorption
of FOS than the gel-type ones, especially whengugrmentative broth FOS (Tables 4.2
and 4.3).

The water content determined for Lewatit was arob@®b while for the other resins was
40%. Therefore, this resin possessed more free rwatailable for partition.
Consequently, higher adsorption capacities wereeerd. Moreover, since the
macroporous resin has permanent well-developedspamd channels, those resins are
easily penetrated by the sugars, and less affelojedhe steric effects commonly
observed in gel-type resins. This was clearly olkifor the FOS fermentative broth

mixture. Since the resin does not shrink at higifasiconcentrations and at high liquid
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phase ionic strengths, the pore blocking and mtettiaccess of sugars to the active sites

within the porous plays here a minor role.

4.4.5 EFFECT OF THE COUNTER-ION

Two counter-ions were used in this study,”dad C&". The strength of the complex
formed between the cation and the sugar dependkeohydration of the counter-ion,
and on the sugar being adsorbed (Angyal, 1989)ci@al resins are known to form
strong complexes with fructose, however with FO&Sdbmplexes formed are very weak
(Howard et al., 1988). Therefore, the interaction of FOS with*ad CA&" is mainly

dependent on the hydration shell of the ion rathan the sugar being adsorbed.

Regarding the two gel-type resins studied, DiaiorN& form and Amberlite in C&
form, FOS from the fermentative broth mixture warere adsorbed onto the Neesin
than onto the CA one (Table 4.3). Accordingly, Gramblicla al. (2007) showed
recently the same trend for a commercial mixturé©5. Moreover, Ventet al. (2005)
reported higher capacities for the adsorption ohoa@nd disaccharides, except fructose,

onto a gel-type resin of N@ompared to a Gaone.

The water content of the resin is mainly presentwno different physical stages, as
hygroscopic water (free water for partitioning) amgbration water (water around the
ion). The hydration water depends on the resinselioking and the counter-ion. In
aqueous solutions, Nand C&" have hydration numbers of 2.0 and 4.3, respegtivel
(Tiihonen et al., 1999). Accordingly, the cation hydration shelcr@ases with the
increasing valence of the ion. Therefore, if O@sins have more water around the ion,
the free water available for hydrogen bound fororatvith sugar is smaller. Hence, Na

resins show usually greater sugar adsorption coedpaith the C& ones.

Regarding the adsorption isotherms determined fOS Fcontained in the purified
mixture, almost the same sugar capacity was foonddth gel-type resins. Therefore,
the results suggest that the presence of saltsotret sugars in the mixture have a

greater influence on the adsorption than the couateof the resin.
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446 SELECTIVITY

The selectivity is a very important parameter wivenechoosing a resin for a given
application. The sugar selectivity determined fematit, Amberlite and Diaion resins is
given in Table 4.4. These values may be indicdtvéhe separation of FOS from mono-

and disaccharides.

Table 4.4. Selectivity values for gFGF;, and Gk, contained in purified mixtures or mixtures
from the fermentative broth, using Amberlite, Diaiand Lewatit resins.

Counter-ion GFGFR;, GR/GF, GFR/GF,

Amberlite Ca* Fermentative broth  1.24 1.18 1.47
FOS-pure 1.28 1.12 1.43

Diaion Na Fermentative broth  1.07 1.01 1.05
FOS -pure 1.04 1.02 1.03

Lewatit ~ N& Fermentative broth  1.01 1.05 1.06
FOS-pure 1.00 1.04 1.04

As expected, the selectivity values determined whih Henry’s constants obtained by
both linear and multi-component anti-Langmuir medekre found to be in agreement
and equivalent values were obtained using the esothparameters calculated by each
model.

Selectivity values determined for FOS from purifiadd fermentative broth mixtures
were similar, hence suggesting that the resinsthaly was not influenced by the liquid

phase containing the sugars.

Comparing the selectivity of the Naesins, macroporous Lewatit and gel-type Diaion,
similar values were obtained, thus selectivity i@md to be independent of the resin

structure.

Sodium resins showed very low selectivity € 1.07). On the other hand, for the
Amberlite calcium resin values about 1.2 for f&H~ and 1.5 for GFGF, were

obtained. Based on the results, although fésins showed greater capacities, thé" Ca
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resin was the only one demonstrating some potetdiaelectively adsorb FOS and
smaller saccharides. Therefore, the gel-typ&" @sin Amberlite was shown to be the
most suitable resin to be used in the recoveryfipation of FOS from fermentative
broths.

These results are in accordance with the work f@mamblickaet al. (2007) that
reported the separation of a commercial FOS mixigneg the same resins studied in the
current work, and concluded that Amberlite wasrtiast appropriated due to its greater

selectivity.
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45 CONCLUSIONS

The multi-component anti-Langmuir model provided gaod correlation for the

adsorption of FOS contained in purified mixtures fl the resins studied. The
adsorption of fermentative broth FOS (FOS"Nanto Diaion resin was also well fitted
by this model. On the other hand, fermentativetbF®S adsorption onto Amberlite and

Lewatit resins were better described by the limeadel.

Although a higher adsorption capacity was foundA@S from the fermentative broth

than for FOS in purified mixtures, the selectiwglues were similar.

The adsorption of FOS from the fermentative brots wfluenced by the counter-ion,
structure and water content of the resin; while &dsorption of FOS from purified

mixtures was only influenced by the two last fastor

Studies conducted with FOS purified and from threnntative broth led to very distinct
adsorption behaviours within the same resin. Thi#éerences were found to be mainly
related to the composition of the liquid phase amhg sugars. So, it is possikie
conclude that the nature of the fermentative badittained at a given fermentation time
plays a major role on the sugar adsorption. In kmman, the FOS adsorption behaviour
cannot be predicted by adsorption studies conduetgd standard FOS in water
matrices. Therefore, to characterize the adsorptdbnFOS from other types of
fermentative broths, for example fermentations cated with other microorganisms,

new adsorption studies should be performed.

Lewatit was the resin that showed the greater dgpadowever, due to its low
selectivity, the Amberlite resin was elected as there adequate for the

recovery/purification of FOS from a fermentativetbr.
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ABSTRACT

Adsorption equilibrium of fructose, glucose andrege was evaluated on
sulfonated poly(styrene-co-divinylbenzene) catiaokange resins. Two
types of resins were used: potassium’)(igel-type and sodium (Np
macroporous resins. Influence of the cation andcefbf the resin structure
on adsorption were studied. The adsorption isotbenare determined by
the static method in batch mode for mono-compoaedt multi-component
sugar mixtures, at 25 and 40°C, in a range of auregons between 5 and
250 g.L. All adsorption isotherms were fitted by a lineaodel in this range
of concentrations. Sugars were adsorbed in botimsrdsy the following
order: fructose>glucose>sucrose. Sucrose was miserlzed in the Na
macroporous resin, glucose was identically adsqraed fructose was more
adsorbed in the Kgel-type resin. Data obtained from the adsorptién
multi-component mixtures as compared to the momopoment ones
showed a competitive effect on the adsorption 2C2%nd a synergetic
effect at 40°C. The temperature increase condutttea decrease on the
adsorption capacity for mono-component sugar mgguand to an increase
for the multi-component mixtures. Based on the asligy results, K gel-
type resin seems to be the best choice for theragpa of fructose, glucose
and sucrose, at 25°C.
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5.1 INTRODUCTION

Complex mixtures are frequently obtained when mses such as fermentative or
enzymatic synthesis are used for sugar produclibe.application of these mixtures in

the food industry requires their fractionation nd@r to meet final product specifications.
Separation of glucose (G) from fructose (F) (Azevadd Rodrigues, 2001), sucrose (S)
in molasses (Lefevre, 1962; Neuzil, 1982) and osethigh-fructose corn syrups (Toumi
and Engell, 2004), represent major challenges dustrial sugar chromatographic

separations. As adsorbents, ion exchange resinssutfbnated poly(styrene-co-

divinylbenzene) (PS-DVB) have been largely usedhi& sugar industry due to their

chemical inertness, higher capacity and selectiyiDkada, 1995; Stefansson and
Westerlund, 1996; Tiihoneet al., 2002; Luzet al., 2008). According to their structure,

the resins are classified in two major groups:tgpé and macroporous (Abrams and
Millar, 1997; Sherrington, 1998).

Gel-type resins are translucent and have a smawthuaiform surface. These resins are
highly swollen and have a low nominal degree ofsstlinking (the DVB content is
lower than 12%) resulting in high water retenticapacity and fast diffusion kinetics
(Abrams and Millar, 1997; Sherrington, 1998). Tliere, they are soft and
compressible, restricting their use in packed colsimparticularly for large scale
applications as back pressure increases with thepssion of the particles
(Sherrington, 1998).

Macroporous resins are characterized by a permamelhideveloped porous structure.
They are opaque and their DVB content is greatam 20%. Due to their high degree of
cross-linking, they do not show shrinking problearsd are resistant to degradation

caused by osmotic shock and oxidation (Abrams aitidi1997; Sherrington, 1998).

These non-ionic resins can be functionalized wations, usually calcium, potassium or
sodium. These cations form complexes with the hyygrgroup of the adsorbed sugar,
leading to a selective adsorption according to dhentation of the hydroxyl group.

Thus, the conformation of the sugar and the catetermines the distribution coefficient
and the cation-sugar affinity. The carbohydratesassion is mainly based on size
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exclusion, hydrophilic or hydrophobic interactioligand exchange and ion exchange
(Stefansson and Westerlund, 1996; Churms, 1996an@&h 1996b).

Gel-type resins in calcium form are the most usedhdustrial separation of fructose
from glucose due to the strong complexes that thesies form with fructose (Besée
al., 2000; Azevedo and Rodrigues, 2001; letial., 2008). Several authors used calcium
resins to fractionate mixtures of fructose, glucesel sucrose (Barkest al., 1992;
D.Paillat, 1999; Ventet al., 2005a). However, potassium‘jKand sodium (N3 cations
are the most recommended ions for the separatidheske sugar mixtures due to their
advantage in providing higher kinetic rates of apgg8on (D.Paillat, 1999; Pedruza
al., 2008).

The efficiency of a chromatographic process isdgrglependent on the adsorbent used.
Adsorption isotherms of the sugars present in aurexare used for selecting the most
adequate adsorbent to be used in the separatioce ey describe the equilibrium
distribution of a solute between the adsorbenttaediquid phase (Schulte and Epping,
2005). Thus, the evaluation of adsorption isothersisextremely important as it
represents the first step towards scale-up to mmduspplications. Dynamic (frontal
analysis (Nowalet al., 2007)) and static (adsorption-desorption in calurfAzevedo
and Rodrigues, 2000; Nowakal., 2007) and in batch mode (Verdeal., 2005a; Vente

et al., 2005b; Gramblicka and Polakovic, 2007) method&meeen used to determine the

adsorption isotherms.

Parameters such as the structure of the resingmiheform (Na or K*), the components
of the mixture (mono and multi-component) and th@perature have been reported to
largely influence the adsorption and separatiorswgars. There are several studies
concerning adsorption of fructose, glucose andasgcin PS-DVB resins (Venst al.,
2005b; Gramblicka and Polakovic, 2007; Nowetlkal., 2007), however, none of these
authors addressed all the referred parameterstsinealusly. Thus, the aim of this work
was to determine the adsorption isotherms of gkicésictose and sucrose using two
PS-DVB ion-exchange resins, namely a macroporosia ia Na form, and a gel-type
resin in K form. A static method in batch mode was used terdgne the adsorption

parameters. Experiments were conducted with mond-naulti-component mixtures of
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sugars to evaluate competitiveness between therssugeesent in the mixture.
Temperature effect (25 and 40°C) on adsorption setelctivity were also studied for

both resins.

5.2 EXPERIMENTAL

5.2.1 MATERIALS

A macroporous resin (Dowex Monosphere 88) irf ktam, and a gel-type resin in'K
form (Dowex Monosphere 99K/320) were purchased f8upelco (Table 5.1).

Table 5.1 Physical and chemical properties of #sins.

Physical and chemical ProperfiesDowex Monosphere 88 Dowex  Monosphere

99K/320
lonic form Na' K*
Structure Macroporous Gel-type
Matrix Styrene-DVB Styrene-DVB
Functional group Sulfonate Sulfonate
Total capacity (eq.t) >1.8 >1.5 (H form)
Water content 42-50 57-61 (H form)
Volume median diameter (um) 500-600 317+15

®Data obtained from supplier

Analytical grade fructose, glucose and sucrose \parehased from Panreac, Riedel-de

Haén and Merck, respectively, and diluted in Mlipure water.

5.2.2 DETERMINATION OF ADSORPTION ISOTHERMS

Adsorption equilibrium isotherms were determinethgsa static method, namely the
adsorption-desorption in batch mode. Resins werghad several times with Milli-Q

pure water until the liquid phase pH achieved aigalf 6.0, therefore avoiding further
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hydrolysis of sucrose. After equilibrium was reaththe resins were filtered to remove
the water excess content. A volume of 3.5 mL ofodasnt, previously weighed, was

placed into 15 mL Falcon tubes. Five Falcon tubesewdried at 105°C in order to

determine the resin water content. Next, 3.5 mkugar solution was added to the resin
and held for 8 h under agitation at 25 or 40°CviBres experiments demonstrated that 8
h were enough to reach the equilibrium without odng sucrose hydrolysisiéta not

shown). These experiments were carried out in triplicate

For determining the adsorption isotherms, mono- @dti-component sugar solutions
were prepared in a range of concentrations betvBeand 250 g.'. In all the multi-

component mixtures, individual sugars mass conagair was the same.

To ensure that the resin is ion saturated afteh emsay, a regeneration step was
conducted with N&8O; and KSQy, for the Na and K’ resins, respectively. The amount
of ions in solution was controlled by measuring teaductivity after each regeneration

step.

5.2.3 SUGARSANALYSIS

Initial sugar mixture solutions and non-adsorbedaswconcentrations were determined
by High-Performance Liquid Chromatography (HPLC)ngsa Jasco device equipped
with a refractive index detector. A Prevail Carbdtate ES column (5 um,
250 x 4.6 mm) from Alltech was used. The mobileggheonsisted of acetonitrile (HPLC
Grade, from Carlo Erba) with 0.04% of ammonium loyable (HPLC Grade, from
Sigma) in Milli-Q pure water (70:30 v/v). Elutionas conducted at a 1 mL.rfirflow
rate and room temperature (Diesal., 2009). A Star Chromatography Workstation
software (Varian) was used to record and integraeaefractive index responses.

5.2.4 ADSORPTION PARAMETERSCALCULATION

Calculation of the equilibrium loading, is the first step to obtain the adsorption

isotherms. Equilibrium loading was calculated farcke tested concentration on both
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resins. The assays were performed for mono- antd-oarhponent sugar mixtures at two

different temperatures, namely 25 and 40°C.

The equilibrium loading representing the mass afaswadsorbed per mass of resin, is

calculated from the following mass balance:

_ G -0V (5.1)
q= —m

Where(C; is the initial concentration of the sugar solutianth a volumeV, added to a
known amount of adsorbent, andC is the final concentration of sugars in equililbmiu
with the adsorbent.

The measured adsorption isotherm data were fis@tya linear regression equation:

g=K.C (5.2)

allowing the determination of the distribution cioaént, K.

5.25 SELECTIVITY OF THE RESIN

To evaluate the efficiency of sugars separatioreémh resin, at different conditions, the
selectivity parametera) was calculated. For linear chromatography thecteity can
be expressed as the ratio between distributionficaefts of the sugarsand| (Schulte
and Epping, 2005).

ap = Kj/K| (5.3)

5.2.6 DATA ANALYSIS

Linear regression models were used to fit the emmmital data (Egq. 5.2) and their
significance was assessed using an ANOVA test. quadity of the fitted models was
assessed by their R-square values. Significantieeotlope was also determined bt a

test. The presence of outliers was investigategeBmental data showing standardized
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residual errors greater than 2.5 times the standavehtion were considered outliers.
The normal distribution of the standardized reslidareors, a pre-requisite of the linear
regression model, was investigated using the Stwfitk test. Regression data were
subjected to a likelihood ratio test of equalitp\ariance analysis) to determine if the
slopes of each linear equation were the same sfitadinalyses were performed using the
SPSS 17 Standard Version software (SPSS INC.stalistical tests were conducted at a

5% significance level.

5.3 RESULTSAND DISCUSSION

5.3.1 ADSORPTION ISOTHERMS

As shown in Figures 5.1 and 5.2, the adsorptiothesms, for fructose, glucose and
sucrose for both mono- and multi-component mixturgere appropriately fitted by
linear regression models according to Eq. (5.2)esehmodels were obtained after
removing outliers and were found to be highly digant (P<0.001). For all the
adsorption isotherm& was found to be a very significant predictBx(.001) being the
interception values generally not statistically feliént from zero R>0.060), as
theoretically expected. The linear models obtaieeplained the variability observed in
the experimentaf] values (0.972 R’< 0.999). Moreover, in general, the residual errors
associated to each linear model followed a nornstidution (P>0.075), which is a pre-
requirement of the linear regression models. Resldtained are in accordance with the
general notions reported in the literature that loittal sugar concentrations conduct to
linear adsorption isotherms (Dendet@l., 1995; Luzet al., 2008).

—
FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



CHAPTER 5 | 149

COMPARISON OF ADSORPTION EQUILIBRIUM OF FRUCTOSE|LBCOSE AND SUCROSE O
POTASSIUM GEL-TYPE AND MACROPOROUS SODIUM ION-EXCH¥GE RESINS

K* (25°C)

0 100
C (g.LY

160
120

80

q (9.kgh

40

200

300

Na* (25°C)

100
C(g.l'h

150

200

40
K* (40°C)
O 1 1 1 J
0 50 100 150 200 250
C (g.L'Y
160 r
120
e
980
(on
40
Na* (40°C)
O 1 1 1 J
0 50 100 150 200 250
C (g.L'Y

Fig. 5.1 Adsorption isotherms of®( fructose, [J) glucose and, &) sucrose on Na
macroporous and Kgel-type resins, at 25 and 40°C, with mono-compbmeéxtures.
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Fig. 5.2 Adsorption isotherms of®( fructose, ) glucose and, &) sucrose on Na
macroporous and Kgel-type resins, at 25 and 40°C, with multi-comgammixtures.
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5.3.2 MACROPOROUS RESIN IN SODIUM FORM VERSUS GEL-TYPE RESIN IN

POTASSIUM FORM

Potassium and sodium resins are considered nonlerngns, as it has been reported
that sugars and univalent cations form weak congdekTiihonenet al., 2002).
Therefore, for these resins the separation is pedd due to the combination of size
exclusion and restricted diffusion effects. Thipaation mechanism is advantageous
since it provides higher adsorption kinetic rate€@mpared with the ones obtained with
resins that form strong complexes with sugars, flkalcium resins (Pedruztial.,
2008).

In the K" and N4 resins, the water molecules held in the hydrasjgimere of the ions are
exchanged with some hydroxyl groups of the sugafserefore, the number and
orientation of the hydroxyl groups determine thiatree adsorption of each sugar. The
stability of the complex formed depends on the leegpatorial (eg-ax) sequence of the
hydroxyl groups. Glucose and fructose exist asmga and furanose ring structures
with different mol percentages af and3 forms. The3-D-glucose form does not have
any eg-ax andi-D-glucose has one. TheeD-fructose has one eg-ax afeD-fructose
has two (Goulding, 1975). At temperatures betweén ghd 40°C, equilibrium
composition for fructose is 10% af form and 90% of3 (Lichtenthaler and Ronninger,
1990); and for glucose is 40% afand 60% of (Angyal, 1991). Therefore, for these
resins, fructose is expected to be much more addaitian glucose. Sucrose does not
have any eqg-ax oriented group and is excluded tramesin due to its higher molecular

size.

The results of the covariance analysigt§ not shown) showed that, for the multi-
component sugar mixtures, the three sugars wererlzets with different affinities
(P<0.010) by both the Kand Na resins at 25 or 40°C. Furthermore, as can be wéser
from Table 5.2, fructose was found to be the mdsbebed sugar, followed by glucose,
and finally sucrose. An exception was found for K& resin at 40°C, for which fructose
and glucose showed similar adsorption rategequal to 0.802 and 0.796, respectively,
P=0.848) although higher than the ones found foraaeK equal to 0.691P <0.001).
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Table 5.2 Distribution coefficients, K (L.KYy for Na macroporous and Kgel-type resins,
obtained for multi-component mixtures at 25 andx40°

K* Na'
25°C 40°C 25°C 40°C

F 0.867%0.009 R?=0.996 0.903:0.012 R?=0.995 0.799:0.007 R?=0.997 0.8020.006 R?=0.998
G 0.6920.007 R*=0.997 0.75%0.010 R*=0.994 0.745-:0.008 R?=0.996 0.7960.004 R?=0.999
S 0.4290.009 R?*=0.985 0.5110.008 R*=0.991 0.726:0.013 R?*=0.989 0.691+0.007 R?=0.996

For multi-component mixtures at 25°C (Table 5.2)cgse and mostly sucrose showed
higher distribution coefficients for the Nahan for the K resin P<0.037). At 40°C,
glucose showed the same adsorption affinity fohbvesins P=0.670) (Table 5.2), and
sucrose showed a higher adsorption affinity for K& resin £<0.001). On the other
hand, fructose showed a lower adsorption affimdtythe Na resin for both temperatures
studied P<0.001).

Gramblicka and co-workers (2007) studied receritly adsorption of sugar mixtures at
60°C using two Naresins with different structures. These authosagt that sucrose
adsorption in Namacroporous resin was higher than in dal-type. Moreover, they
found that glucose and fructose had the same aitsoraffinities. Additionally, Vente
and collaborators (2005a) studied sugars adsorpgorg two gel-type resins in Nand
K* forms at 60°C. They reported a lower fructose glndose adsorption in the Neesin

in comparison with the Kone. Therefore, the results obtained in this watr#0°C are in
general in accordance with those reported in theia$ described above.

In summary, sucrose adsorbed better in macrop@oaidNd resins, glucose showed the
same adsorption in macroporous and gel-type reams, fructose was found to have a

higher adsorption in the 'Kgel-type resin.

5.3.3 MONO-VERSUSMULTI-COMPONENT MIXTURES

Assays using multi-component sugar mixtures werdopeed to evaluate sugars

adsorption competitiveness. In general, a decregmfige adsorption loading was found
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for the sugars in both resinB<0.034), when comparing results gathered in Tali?e 5.
with the results from experiments conducted withnoxsomponent mixtures at 25°C
(Table 5.3). An exception was found for sucrosdla resin, where similar results were
obtained for mono- and multi-component mixtures@.532). At 40°C the adsorption of
each sugar present in the multi-component mixtuae tigher than the observed in the
mono-component onesP£0.019), except for sucrose in*Kresin where a similar
behavior was found?=0.463).

Table 5.3 Distribution coefficients, K (L.Ky for Na macroporous and Kgel-type resins,
obtained formono-component mixtures at 25 and 40 °C

K* Na

25°C 40 °C 25°C 40 °C

F 1.266:0.016 R?=0.998 0.7940.006 R?=0.999 0.8520.010 R?=0.998 0.7630.005 R?=0.999
G 0.923:0.031 R?=0.986 0.6450.027 R?=0.977 0.793:0.011 R?=0.997 0.6710.017 R®=0.991
S 0.783:0.008 R?=0.998 0.5290.010 R?=0.995 0.683:0.011 R?=0.995 0.5760.013 R?=0.993

Nowak and co-workers (2007) recently studied thenmetitiveness between fructose,
glucose and sucrose by adding individual sugara toixture. These authors reported
that the presence of additional sugars in solutnmneases the specific sugar loading.
Their experiments were performed at higher tempegat namely at 60 and 80°C, and

are in agreement with the results obtained at 40%e present work.

In summary, the results reported in the presertyssinowed that at low temperatures,
mixing sugars in the same proportion causes a dgera the adsorption capacity of
each sugar. Furthermore, a competitive effect énstigars adsorption was found. On the
other hand, high temperatures provided a revefseteind the presence of other sugars
in the mixture conducted to an increase in the mudiem loading. Furthermore, a

synergetic effect was found.

5.3.4 TEMPERATURE EFFECT

Several authors reported that the use of tempesalove 70°C promotes a decrease of

the liquid phase viscosity, an increase of the camepts solubility in the solvent, and
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microbial growth inhibition (Bestet al., 2000; Azevedo and Rodrigues, 2001; laiz
al., 2008). Despite these advantages, in the pretahy the temperatures used were 25
and 40°C because the maximum operating temperutee Nd resin used was 40°C,

and the range of sugar concentrations studied ovas |

Among the several phenomena that contribute tatis®rption mechanism of sugars in
PS-DVB ion-exchange resins, the temperature depeedef the distribution coefficient
is essentially attributable to complexation and oggison. The contribution of
temperature to the adsorption is correlated witn ¢hthalpy term of the Van't Hoff
equation. As a function of the variation of tempera, changes in retention can be

caused either by variations in enthalpy or in gntro

The adsorption capacity found for both resins,5aha2d 40°C, showed that increasing the
temperature promoted a decrease of the distribabefficients for all the sugars studied

in mono-component mixtures (Table 5.Bx0.001). These results are in agreement with
the results obtained by Dendene and collaborati®#95). These authors compared the

adsorption of sugars using Nand K gel-type resins at different temperatures.

As verified by Pedruzzi and co-workers (2008), #usorption of sugars in PS-DVB
resins leads to low values of enthalpy indicatingt the adsorption is mainly physique,
involving essential size-exclusion and ion-exclasmodes. In these cases, adsorption of
sugars decreases at higher temperatures. The slecodaadsorption of chemically
bonded sugars is most probably caused by weakdémiaing forces between the sugar
and the resin (Nowaét al., 2007).

Nevertheless, for the Naresin the adsorptions of fructose and sucrose uiti-m
component mixtures were not significantly affectgdthe temperatureP£0.866), and
for glucose an increase on the adsorption was wbdeP<0.001). Regarding the 'K
resin, a temperature increase resulted in an isereithe adsorption for all the sugars
(P<0.012). These results showed that, for ¢el-type and Namacroporous resins,
increasing the temperature conducted to a highgarsadsorption for multi-component

mixtures.
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Studies using multi-component adsorption of sugaes scarce. The work done by
Nowak and co-workers (2007) showed no temperatependency of the distribution
coefficient for glucose and sucrose, and a decreédbe adsorption of fructose was
found when increasing the temperature. Howevert &es collaborators (2000) showed
an increase of glucose adsorption as a resuliedfetmperature increase.

The ion form of the resin, the DVB content and shigars present in the mixtures seem
to have a great influence on the adsorption behakiche present study, for Naesin,
the adsorption was found to be independent oféh®erature, suggesting that this is an
entropically determined process rather than enithaliowever, for K resin, the results
showed higher adsorption for higher temperaturebaily due to complexation with the

cation.

5.3.5 SELECTIVITY

Resin selectivity is a relevant parameter that khbe considered whenever selecting
the best resin for a certain separation. In thegrestudy, the selectivity values were
calculated using the distribution coefficients at¢a previously for multi-component
mixtures at 25 and 40°C (Table 5.2) and are predemt Table 5.4. The lowest
selectivity was found for fructose/glucose sincesth sugars have the same molecular
weight. Furthermore, the higher selectivity wasniduor fructose/sucrose due to the
strong fructose adsorption onto the resins. Thesawors were found for both resins
studied regardless of the temperature used.

Table 5.4 Selectivity valuesy for glucose, fructose, and sucrose adsorbed tané@roporous
and K gel-type resins.

K* Na'
25°C 40 °C 25°C 40 °C
FIG 1.25 1.18 1.07 1.01
G/S 1.61 1.49 1.02 1.15
FIS 2.02 1.76 1.09 1.16
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Higher temperatures favored a decrease of thetsatyedor the K resin. However, for

the Nd resin, the selectivity seemed to have not beerctt by temperature.

In this work, the selectivity values found fof’ i§el-type resin were higher than for the
Na" macroporous resin. These results are in accordaiticeghe work of Gramblicka and
co-workers (2007) that reported higher selectividjues when working with gel-type
resins. Also, Vente and collaborators (2005a) foligther selectivity values for Kgel-

type resins as compared to'Nmes.

5.4 CONCLUSIONS

Fructose, glucose and sucrose adsorption isotheletsrmined by the static method in
batch mode, for Namacroporous and Kgel-type resins, showed linearity for the range
of sugar concentrations used. Fructose was foure tilve most adsorbed sugar in both

resins, followed by glucose and finally sucrose.

Comparing the adsorption of each sugar presentrtuli-component mixture, it was
found that sucrose was more adsorbed in the riacroporous resin; glucose showed
almost the same adsorption in both resins; anddsecwas more adsorbed iri Kel-

type resin.

A competitive effect on the adsorption was found282C for the multi-component
mixtures as compared to the mono-component onesetr, a reverse effect was
found at 40°C, therefore a synergetic adsorptionswgars in mixtures of multi-

components was observed.

The temperature increase conducted to a decredlse adsorption for mono-component
sugar mixtures. However, for multi-component sugattures the temperature increase

conducted to an increase of the adsorptions.

Finally, the values of selectivity obtained for Kgel-type showed that this resin is
probably the best choice to separate mixturesustdise, glucose and sucrose, operating
at 25°C.
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SIMULATED MOVING BED

ABSTRACT

On a large scale, fructo-oligosaccharides (FOS) areduced by
transfructosylation of sucrose through microbiatygnes. The fermentative
broth obtained contains, apart from FOS, smallrtisaiccharides that do not
contribute to the beneficial prebiotic activity atidrefore must be removed.
In this work, the separation of FOS from mono- atidaccharides by
Simulated Moving Bed (SMB) chromatography was sddiln order to
choose the stationary phase, batch experimentsagadcted with two ion-
exchange resins: Dowex Monosphere 99K/320 and D&)X X2, both in
the potassium form. Both adsorbents presented rlirgherms for all
sugars. The Dowex Monosphere 99K/320 resin wasech&® the process
modelling and SMB operation. A mathematical modakwsed to estimate
kinetic parameters and simulate the chromatographitton profile of the
fermentative broth loaded onto the Dowex Monosph@9&/320 resin.
Finally, FOS were successfully purified from 370162.9% (w/w) using the
SMB pilot plant. FOS yield and productivity obtathen the raffinate was
69.4% (w/w) and 82.1 g:th, respectively.
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6.1 INTRODUCTION

Fructo-oligosaccharides (FOS) are non-digestiblgasi known to be selectively

fermented by the beneficial bacteria existent m ¢blon. Consequently increases their
growth and/or activity and subsequently improves likalth of the host (Gibson, 1999).
FOS are considered prebiotics (Roberfroid, 2007) mwany health benefits have been
associated with their daily intake (Kelly, 2009)adgd on that, FOS, namely kestose
(GF,), nystose (G§ and fructo-furanosilnystose (@F have been extensively used as
food supplements. Therefore, an increased comnhantegest on these oligosaccharides
has driven the research efforts during the lasadecparticularly in the development of

efficient recovery processes.

On a large scale, FOS can be produced by fermentatif sucrose through
fructosyltransferases enzymes that are present Bmymmicroorganisms (e.qg.
Aureobasidium pullulanandAspergillus niger Maioranoet al, 2008). The maximum
yield obtained by the enzymatic synthesis is arobb®b0% of FOS because glucose, a
by-product, inhibits the enzymatic reaction (YundaBiong, 1993; Sangeetl& al,
2005). Consequently, the final composition of theth includes not only FOS, but also
di- and monosaccharides, namely sucrose (S), Badtb) and glucose (G) that do not
contribute to the beneficial prebiotic propertiesl anust be removed from the mixture.
For this purpose, several recovery and fractionatchniques have been explored (Sanz
and Martinez-Castro, 2007; Pinedbal, 2009).

Simulated Moving Bed (SMB) chromatography is a safi@n technique developed for
the petrochemical industry in the 60s, though it ladso been largely used for the
fractionation of sugars for more than 30 years (Bhdon and Gerhold, 1961; Charton
and Nicoud, 1995; Mincevat al, 2003). Lately, the use of SMB was extended to the
fine chemistry (Pavone and Hotier, 2000) and phamdastries (Juzat al, 2000),
enantiomer separation (Pasal, 1998) and biotechnology fields (Zhaegal, 2001).

The principle underlying the SMB technology corsist the continuous counter-current
motion of the solid phase relatively to a liquidaph, without the real motion of the

adsorbent, thus avoiding the technical problems twie moving bed. The movement of
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the adsorbent is actually simulated by the use wdl#e system that moves the position
of two inlet (feed and eluent) and two outlet stnegraffinate and extract) by switching
one column in the direction of the liquid phaseMl@t a fixed interval of time (Charton

and Nicoud, 1995) (Fig. 6.1).

Desorbent | Extract E
I
D D - D+B D+B
liquid| solid S |B | s+B
y
1
V| a 1l Al
—> —!—>
1
/B
-
!
Y
[ 1
S+A S+A+B
» |A
v B,
+ +A+
D+A D+A DrA+B D+A+B
Raffinate F Feed |

Fig. 6.1 Schematic diagram of a SMB unit with 4-@en

The main advantage of this technology is that it ba used for difficult separations,
using adsorbents with low selectivities and witlsmaall number of theoretical plates
(Charton and Nicoud, 1995). Therefore, the peaksidd in the chromatographic
profile do not have to be completely separated,gtispecific locations of the unit where
the outlet streams, raffinate and extract, areect#d. Furthermore, as the system is
continuous, high productivities per unit time amdtunass of adsorbent can be obtained
with low eluent consumption (Mazzott al, 1997; Gomest al, 2006).

The number of reports on the adsorption of oligosaddes onto ion-exchange resins
for SMB applications is limited (Kawass#t al, 2001; Gramblicka and Polakovic, 2007,
Vankova and Polakovic, 2010; Vankoea al, 2010a; Vankovat al, 2010b). Geisser
and co-workers (2005) were the only ones repottiegseparation of a complex mixture
of oligosaccharides using a SMB plant. These astktudied the separation of lactose
from the oligosaccharides mixture in human milkg&eling the applications of SMB
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for separating sugars, most studies were condueittd binary mixtures that are less
complex than a fermentative broth mixture compasiegeveral sugars and salts (Beste
et al, 2000; Azevedo and Rodrigues, 2001; Coadhal, 2002; Lee, 2003). Therefore,
until now, no work has reported the separation@5HRrom the smaller saccharides in a
fermentative mixture using a SMB plant (Vankova &uwdakovic, 2010).

The first step to study the separation of any caimgaoy SMB is to choose an efficient
adsorbent. lon exchange resins of sulfonated pghgiseco-divinylbenzene) (PS-DVB)
have been largely used as adsorbents in the sugastry due to their chemical
inertness, higher capacity and selectivity (Tiihoeeal, 2002; Luzet al, 2008). These
non-ionic resins can be functionalized with catiswch as potassium. Potassium cations
form weak complexes with sugars providing high kmadsorption rates (Pedruzet

al., 2008). Hence, potassium resins have proven guipable for the separation of sugar
(Venteet al, 2005a; Pedruzat al, 2008; Nobreet al, 2009).

The main goal in this work is to evaluate the safian of FOS from the mono- and
disaccharides contained in a fermentative brothturexby SMB. The work has been
planned in three distinct stages. Initially, expents were conducted in a single column
in order to select the best stationary phase betwd2owex Monosphere 99K/320 and a
Dowex 50WX2 resins in potassium form. Using theestd resin, the equilibrium
adsorption isotherms were determined for each eisggjar. Afterwards, a model of the
chromatographic elution on a single column was lbpesl. Kinetic and adsorption
parameters were identified. Finally, the separabdrFOS from sucrose, glucose and

fructose (SGF) was evaluated in a SMB pilot plart.
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6.2 MATERIAL & METHODS

6.2.1 ADSORBENT

The gel-type PS-DVB resins Dowex Monosphere 99K/8R0potassium form) and
Dowex 50WX2 (with 200-400 mesh, in hydrogen formgrev purchased from Supelco.

Physicochemical properties of the resins are sumethin Table 6.1

Table 6.1 Physicochemical properties of resins.

PHYSICOCHEMICAL DowEx 50WX2200-400 DWEX MONOSPHERE
PROPERTIESA 99K/320

lonic form H K*

Structure Gel-type Gel-type

Matrix Styrene-DVB Styrene-DVB
Functional group Sulfonate Sulfonate
Cross-linkage 2% 6%

Total capacity (eqg/L) 0.6 (Horm) >1.5 (H form)

Water content 74-82% (lfbrm) 57-61% (H form)
Particle size 37-74 um 317+15 um

(200-400 mesh)

®Data obtained from supplier

6.2.2 COLUMN PACKING

Columns were packed by the slurry method on Supegnc€ glass columns SP
300x16 from Goétec Labortechnik. The columns hagecin of internal diameter and are
equipped with two pistons that allow the lengthuatinent between 20-30 cm, and a
thermostatic jacket for temperature control.

Dowex 50WX2 resin, purchased in fbrm, was converted to the'Korm by eluting a
0.5 M K,SO, solution at 3 mL.miif flow-rate. The procedure was monitored by

measuring the pH on the column outlet. When therpathed the pH of the feed
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solution, the cation conversion was assured. Afted®, the resin was re-equilibrated

with MilliQ pure-water.

The analytical system used was a Wétdrigh-Performance Liquid Chromatography
(HPLC) system equipped with refractive index (Riflailtraviolet (UV) detectors.

6.2.3 SUGAR MIXTURE

The fermentative broth, containing FOS and smaltisarides, was produced in a Lab
Pilot Fermenter of 75 L (Type LP351, Bioengineejingermentation was conducted
with Aureobasidiunsp. fungi according to previously established ctods (28 °C, 300
rom and pH 5.0) (Rochet al, 2009).

At 50 h of fermentation, the biomass was removeadrifugation at 35.000 rpm in a
continuous flow centrifuge (CEPA, Carl Padberg, tdieigenbau GmbH) fed at 100
mL.min?, followed by ultra-filtration of the fermentativbroth through a Pellicon
ultrafiltration cassette with 10 kDa cut-off (Mplore).

Based on the initial medium composition, the cati@xpected to be present in the
fermentative broth mixture are: sodium, potassiurd aome traces of magnesium. In
order to avoid any cation exchange between the r@sd the fermentative broth, the
mixture was pre-treated to guarantee that onlypitesent cation (at least 90%) in the
final broth was potassium. A 200 mL volume of fentaive broth was passed in
consecutive batches steps through a column filled ®00 mL of Dowex Monosphere
99/K 320 at 5mL.mift. Between each batch, the resin was washed with-Qlipure
water and regenerated to” Korm with 150 mL of a 0.5 M SO solution. The ion

exchange procedure was monitored by measuringoth@uctivity at the column outlet.

Samples were collected for the determination ofwsad potassium and magnesium by

flame atomic absorption spectrophotometry.
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6.2.4 SUGARSANALYSIS

Sugars were analysed by HPLC with a Prevail Carbthiatg ES column (250 x 4.6 mm)
from Alltech, using a mobile phase consisting aétaaitrile (HPLC grade; Carlo Erba)
and water (70:30 v/v), with 0.04% of ammonium hydde in water (HPLC grade;
Sigma). Elution was conducted at 1 mL.thiflow-rate and room temperature, and
sugars were detected by RI (Detsal, 2009; Nobreet al, 2009).

FOS, namely Gf GF; and GE, were purchased from Wako (Wako, Chemicals GmbH).

Sucrose, fructose and glucose (analytical graded wietained from Merck.

6.2.5 RESIN SELECTION

In order to analyze the suitability of resins floe tseparation of FOS from the mono- and
disaccharides present on the fermentative brotlyL1@lume of the broth were loaded
in the packed columns. The experiments were pegdrat a 2 mL.min flow-rate and

21°C, and the elution profiles were measured acorded with the RI detector.

Tracer pulse experiments were conducted with biwrdn in order to determine the
void fraction €) of resins. A 1QuL volume of a 5 g.I* blue-dextran solution was loaded
in each column at a 2 mL.mirflow-rate Q). The retention timetd) and concentration

at the exit of the column were recorded by the Wedtor set at 211.4 nm. The void

volume was determined by the following equation:

(0.0 -Vy) (6.)
N

whereV, andVy are the column and the void volumes, respectively.

The total bed porositysf) was determined by injecting &80, pulse, a non-retained
pore-penetrating tracer substance. Using the ietetime recorded by the RI detector,
g was further calculated by Eq. (6.1 represents the sum of the void within the
particles as well as between particles. The parpdrosity was afterwards calculated by
the following equation:
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B (gT ) (6.2)
T -9

The separation efficiency was evaluated by thentiete factor ksj) and the separation
factor (@) obtained for each resin according to the follagyvaguations:

ks, = ) (6.3)

to

o= wherei #j andks; > ks (6.4)

wheret; is the retention time obtained for the sugarsing the RI detector.

For the quantitative determination of the columiicefncy or the number of theoretical
plates N), an amount of 1QuL of fermentative broth was injected into the patke
column at five different flow-rates: 0.5, 1, 1.5, 25 mL.min*. From the resulting
chromatogram the column efficiency was calculated FOS and SGF, respectively.
Considering that peaks are symmetrical and peyfégdussian, the column efficiency
was calculated using the retention time and widtlnadf height ;) of each peak
(Schulte and Epping, 2005):

) (6.5)

Wi/2, i

To compare the efficiency of columns with differéengths L), the efficiency per meter

(N.,) was calculated by the following equation:

Nyj=7=— (6.6)

The height of an equivalent theoretical platdETP) was calculated using the
determined\,_; value (Eq. (6.6)).

The resolutionRy) is defined by the ratio of the distance betwdenretention times of
the components, FO%) and SGFt§), and the arithmetic mean of the two peak widths

(Wa2,):
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R = 1.18— "t (6.7)

(W1/2,41tW1/2.B)

6.2.6 ADSORPTION ISOTHERMS

The adsorption equilibrium isotherms for FOS and=®@sent in the fermentative broth
were determined by the Retention Time Method (RT) both resins, and for the
selected resin by the column adsorption-desorptiethod (Ventest al, 2005b).

6.2.6.1RTM method

A 10 pL volume of fermentative broth was loaded onto¢bkimn at 2 mL.mitt flow-
rate and 21°C. Using the RI detector, the reteritioa of FOS and SGF was determined.
Since this method is only valid under linear coiodit, several concentrations were

studied to assure that the retention time was ffettad by the concentration.

The adsorption constantklif were estimated from the retention timgy §ccording to

the following equation:

= (5)(E-) &

6.2.6.2Adsorption-desorption method

The packed column was connected to an HPLC systeitle breakthrough curves
were monitored by the UV detection at 211.4 nm¢eithe RI signal is saturated for
concentrations higher than 6 ¢.LSamples were collected during the process and the
total sugar concentration was determined using abeArefractometer. Equilibrium

experiments were conducted at 30°C and flow-ragmdf. min*.

After equilibration with Milli-Q pure water, the aann was fed with diluted pre-treated
fermentative broth containing G, F, S, S6FR and GR. The fermentative broth was

loaded until the UV detector signal and the gloltaincentration measured by
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refractometry was constant, thus ensuring the ibguiin between the liquid and solid

phases.

Afterwards, the column was disconnected from the.GlRnd closed, and the system
was washed with Milli-Q pure water to remove ale tremaining sugars. Next, the
column was reconnected and the sugars were dest@madthe column with Milli-Q

pure water. This procedure was stopped when th&dRbl reached zero. The collected
effluent was then analyzed by HPLC to determinettit@l concentration of each sugar

in equilibrium inside the column.

Different dilutions of the fermentative broth, ceqgsently different initial sugars

concentration, were studied.

The mass of sugar adsorbed per mass of rg3iwés calculated from the mass balance

presented below:
m= &V..C + (1-€).V..g (6.9)

wherem is the mass of total sugars inside the columrr #fiie equilibrium andC; the

initial load concentration of the componént

Adsorption equilibrium isotherms were fitted by tlveear model that follow Henry’s
law and correlate the concentration of adsorbaie time stationary phase;, with the

concentration in liquid phas€;. The isotherm is represented by the following ¢igna
g=x.C,i=1,...,n (6.10)

wherey;, the slope of the isotherm, represents the digidh coefficient (Henry's

constant).

6.2.7 SINGLE CHROMATOGRAPHY COLUMN MODELLING

Regarding the adsorption Kkinetics, the chromatdgcapelution profile of the
fermentative broth loaded onto the Dowex Monospl®&te/320 resin was simulated by
the kinetic and Linear Driving Force (LDF) modetsdlacompared with the experimental
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data. In this study, a binary separation was egedanamely the separation of FOS
from SGF. Therefore, the model parameters weretifcdhand estimated for these two
peaks. The isotherm parameters, porosity, fluidaigl, diffusion and mass transference
coefficients were experimentally determined fromtchaexperiments. However, the
methods used to determine these parameters aralhplbased on ideal assumptions. In
this work, a model identification procedure wasealeped in order to determine a set of
estimated parameters that could lead to a minimistartce between the simulated and
the experimental data using the least-squares apipro

6.2.7.1LDF Model

The LDF model, first introduced by Glueckauf andas (1947) describes well the
intra-particle mass transfer in linear chromatogragystems (Gomest al, 2006). The
LDF model assumes a parabolic concentration profildhe pore of the adsorbent. The
mass balance for a componeirt the liquid phase is described by the model Hevis:

5Ci 1-— 8§qi éZCi 5Ci

& e o Mez Yy (6.11)

whereD, ; is the diffusion coefficienty the fluid velocity ana the axial coordinate. The
indexi represents the components SGF and FOS.

The diffusion rate into the particle is proportibt@the amount required to produce the
equilibrium, therefore the solid phase mass balagcetion is described as follows:
oq;

= = kra(a{" = ) (6.12)

where ke represents the mass transfer coefficient, affd the adsorbed equilibrium

concentration.
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6.2.7.2Kinetic Model

In the kinetic model all the dispersion effects &eped in a LDF mass transfer
coefficient. Therefore, the mass balance in theidigghase is described by the following

equation:
5CL' n 1-— 85(]1' _ 5CL'
& & & oz (6.13)

and in the solid phase is given by:

% = ki"™'u(a - q) (6.14)

wherek!®! is the relative mass transfer coefficient.

6.2.7.3Equilibrium Dispersive Model

The LDF and kinetic parameters were determined bselation obtained in linear
conditions between the parameters of an EquilibriRispersive (ED) and a LDF model
Eq. (6.23). In the Equilibrium Dispersive (ED) moédbe effects of mass transfer
resistance and the axial dispersion are lumped ant@pparent axial dispersion term

(Dapp,)- The mass balances for the liquid and solid phase described as following:

5CL' 1-— 85(]1' éZCi 5Cl' (615)

= — —u—
ot e Ot appl 572 A

q;' = q (6.16)

whereD,,; = 2= (6.17)

L
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6.2.7.4Initial and boundary conditions

The initial condition describes the state of thkigm at the beginning of the experiment.
In the initial state, inside the column there isydhe stationary phase and pure solvent,

therefore initial conditions are given by:
Ci(z,t=0)=0 forO<z < L (6.18)

When numerical solutions are used to solve systeiriartial Differential Equations

(PDEs), it is critical to use a well defined boundeondition. The rectangular boundary
condition is often used because it simulates thenimg and closing of an ideal
mechanical valve. However, in reality the boundasgdition is affected by the physical
performance of the valve and by the dispersion pimama. Boundary conditions at the
column inlet are therefore described as follows:

C; (0,t) = C°@ (D) (6.19)

(t-t,)<t p,l-eﬁ_t_:dJ

70 (t—td)ztp,l-e[_t_ftdj ; 1L”rt)

(6.20)

where C°represents the concentration of the componeint the feed, @(t) is the

injection profile ,ty the time delayt, the injection duration andthe time constant of the

valve which controls the rise time of the pulse.
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Fig. 6.2 Boundary condition model.

In a HPLC set-up, the sample mixture is first itgecinto a closed loop with a known
volume Vi o0p). Afterwards the loop is filled, a valve opens thep, and the sample is
loaded into the column. In this case, the injectiore is determined using the following

equation:
- VLoop
P (6.21)

By adjusting ther parameter, the shape of the boundary conditiohasnged, while the
amount of mass injected into the column remainsteomn. They parameter accounts for
the delay introduced by the dead-volume betweenldbp and the column, and is

obtained directly from the chromatograms.

6.2.7.5Initial estimates

The parameters needed for the LDF and kinetic nsoded the void volume, diffusion
coefficients, internal fluid velocity, mass transfeoefficients and the isotherm

parameters. The void volume and the isotherm pammewvere determined from
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experiments performed in the column. The fluid eagljpowas calculated by the following

equation:

_ (6.22)
u= o

Finally, the initial estimates for the diffusiorD,;) and mass transferencé: ()

coefficients were determined by the following edurat

Koi 1, (6.23)

Doppi =Dpj+——F=7—u
(1+ k'o‘i)z kp,i

wherek'y; = @Hi (6.24)

Eq. (6.23) results from the relation obtained imeéir conditions between the parameters
of an ED and a LDF model (Guiochehal, 1994; Grosfilst al, 2007).

For the LDF model, the diffusiorD( ;) and mass transference coefficierits;) were
experimentally determined by the injection of sisgar different fluid velocitiesDapp,
was plotted against® and theD,; andkg; values were afterwards determined by yhe

intercepts and slope, respectively.

For the kinetic model, no diffusion is considerewla, ; is set to zero. Therefore, the

ke i parameter is easily determined from Eq. (6.23).

6.2.7.6Calibration curves

Eluted sugars are detected by RI at the outlehefcolumn. Hence, the data collected
from the sugars profile concentration is given dl &ignal along the time. In order to
convert the RI signal into concentrations, calilmratcurves for fructose, glucose,
sucrose and the SGF mixture were performed. The i8&fure was prepared in such a
way that the concentration of each sugar in theunexhad the same proportion as in the

fermentative broth.
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6.2.7.7Numerical solution

Except for a few simple cases, no analytical methedable a solution for a system
modelled by PDEs; therefore numerical techniquestnine used.These numerical
solutions can be derived using different method® Jimulator used in the current work
is based on the “method of lines”. The principléibd this technique consists in the
replacement of a spatial variable by a grid of $malial segments, and the replacement
of the spatial differential terms by a finite diféemce approximation in the LDF and
kinetic models (Egs. (6.11) and (6.13)). In thisyw¢he PDEs are transformed in
Ordinary Differential Equations (ODESs) which aresiga solved by readily available

solvers.

The spatial derivatives are approximated usingetffitiation matrices according to:

X, = D1.x (for the first order derivative terms) (6.25)
Xz, = Da.X (for the second order derivative terms) (6.26)

For this simulation, two finite difference schemf#em Matlab MatMol toolbox
(www.matmol.org; (Wouwelet al, 2004)) were selected, namelyfaur point biased
upwindscheme on a uniform grid for the first derivativelafive point centeredcheme
on a uniform grid for the second derivative. F@naall number of discretization points,
the numerical solution developed spurious osailfetiin the concentration profiles, to
avoid this situation, a slope limiter schemsifg a Koren limiterfrom MatMol, was

used to approximate the first order derivative.

By increasing the number of discretization poiritee error introduced by the finite
difference scheme can be reduced. Once the nuniltBsavetization points have been
chosen in such a way that the accuracy and thelaimu time are compromised, the
parameter identification algorithm can be used. pammeter identification problem is
known as an inverse problem because it uses theumegaents to adjust the parameters
of the model, reshaping the numerical solution lbdaim a closer fit. The parameter
identification algorithm is based on the minimipatiof a cost functionJj measuring the
deviation between the model predictiGgy, and the measure@gy, outputs, in the least

square sense:
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n
2
J = (Csim = Cexp) (6.27)
i=1

Minimization is achieved using the Matlab optimirat toolbox. The identification

algorithm is initiated using the experimental estied parameters.
6.2.8 SM B SEPARATION

6.2.8.1Principle

The basic principle of a SMB is to promote a cothatarent flow between the solid and
liquid phases without having a true moving bed (TINdBocess. Instead of a moving bed,
the SMB consists in a series of fixed columns athappropriated shift of injection and
collection points (Ruthven and Ching, 1989). TheBESkhd TMB principles are very
similar. In fact, an SMB with a high number of colns per zone has a performance very
close to a TMB one (Charton and Nicoud, 1995). &fuee, the steady state separation
performance of an SMB unit can be predicted by qidime simpler model of the
equivalent TMB (Mazzottet al, 1997). In order to convert the operating condgiof a
TMB unit into an equivalent SMB, the following caemgion rules are used (Ruthven and
Ching, 1989):

VIMB = 5TMB e (6.28)

1-29).V, 6.29
QS:[( tf) ] (6.29)
SMB _ Qs.& (6.30)
o=+ ]

whereV;"™? andVsys are the volumes of théh section of the TMB unit and the volume

of the fixed bed of the SMB unit, respectiveyis the number of subsections in ffie

SMB

section of the SMB unit’ represents the switching tinoé the SMB unit and),, j

andQ[™? are the flow-rates of the solid phase, SMB unit #re equivalent TMB unit,

respectively.
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The TMB used was the classical 4-zone processiasdhematically represented in Fig.
6.3. Each zone has a specific function in orderspiit the feed stream into two
components: FOS (component A) and SGF (componeriitig) 4-zones are separated by
the position of the inlet and outlet streams. Ther flow circles from the zone | to IV
and is afterwards recycled to zone I; the adsorbeatlates in counter-current from IV
to | where is recycled to zone IV. The inlet streaconsist in the feed (F) and
eluent/desorbent (D). The outlet streams consishenraffinate (R) and extract (E). In
the process used in the current work, the feedtisalucorresponds to the treated
fermentative broth, and the eluent, to ultra-puraten The feed stream is injected
between the zones Il and Ill, and the eluent betviiee zones IV and |. The less retained
component is FOS. Therefore, this component isedlutith the eluent and collected
between zones Il and IV. SGF is more retainediefioee it is collected between zones
Il and I. Zones Il and Il are the separation zoneile | and IV are the regeneration
zones where the adsorbent and the eluent are dleainsolute, avoiding the cross

contamination.

v
Raffinate
o

11

Feed
—_—>

1 Extract
e 3

I

Adsorbent Eluent

Fig. 6.3 Schematic representation of the 4-zone M™aving Bed principle.
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In order to obtain an appropriated separation, eacte must have a specific flow-rate.

All the 4-zone flow-rates are related to the imatlet ports by the following mass

balances:

Q=Q - (6.31)
Qu = Qu+ Qr (6.32)
Qv =Qu - (6.33)
Q=Qv+Qp (6.34)

The inlet and outlet flow-rates are related by:

Qe+ Qr=Qr + Qp (6.35)

6.2.8.2 Flow-rates determination by the Equilibrium theory

For a linear adsorption equilibrium system, theioegvhere the operating conditions
correspond to the complete separation between FAS&F can be determined by the
Henry constants. These conditions do not deperttiefeed concentration. Based on the
equilibrium theory, and assuming that the dispersaad the mass transfer effects are
negligible, the following inequalities must be flidd to determine the complete

separation region (Mazzott al, 1997):

Hg <my (6.36)
H, <m, <msz < Hg (6.37)
m, < Hy (6.38)

wherem are the following dimensionless flow-rate ratios:

m; = %, fori=1,2,3,4 (6.39)

S

The operating points from the triangle-shaped megiothe (n,, ms) plane in the Fig. 6.4
correspond to the complete separation region. As/shn Fig. 6.4, thenl,, ms) plane is
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divided into more three different regions where tbhenplete separation is not achieved
(Ching et al, 1985; Mazzottet al, 1997). In the region wheresm Hg and Hy, < m, <
Hg, the purity of the extract stream is 100%. Howettee raffinate is contaminated with
the most retained component (SGF). On the othed,l@nthe region ;< Ha and H <

mz < Hg the purity of the raffinate stream is 100% and e¢k&act is contaminated by
FOS. On the region corresponding te mHs and m < Ha none of the streams is pure.
Hence, SGF and FOS are present in both streamsopitimeum operating point from the

equilibrium theory lies on the vertex of the tridang

Pure
Extract
(SGF)

No Pure
Outlet

Pure
Pure Products
e Raffinate

(FOS)

m,

Fig. 6.4 Triangular diagram obtained from the aftiilim theory representing the separation
regions of the (m mg) plane for a system described by the linear adisorjsotherm.

In order to determine the values of the flow-ratgs a safety factor ) should be

introduced:

my = [Hp (6.40)

m, = BH, (6.41)
_Hg (6.42)

m3 ,3
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= Ha (6.43)
B

If S is close to 1.00, the TMB or equivalent SMB is Wog under its maximum

possibilities and the system becomes very sensitivihe flow-rates and number of

plates. Therefore, to operate with a more robustesy, even with less productivity,

must be higher than 1.00 and smaller tian The flow-rate ratios are independent on

the size and productivity of the SMB unit.

Finally, the flow-rates on each zone of the TMB d@ndetermined by the following

relationship:

Qjrmp = m;Qs 6.44

The inlet and outlet flow-rates can be determingthle following equations:

_[Hs (6.45)
%—b Hae ] 0s
_ _ ﬂ (6.46)
Qo = 0s | AHs ~ ]
QE = Qs[(HB - HA)ﬁ] (6-47)
_ 6.48
%:%r%ﬁmq (6.48)

In the current work, the flow-rate conditions weresen to select operating points from
the complete separation region of thm,,(ms) plane. From the Henry constants, and
using a determined value for the security fac)r it was possible to predict several sets
of values which guarantee the complete regeneraifothe solid and liquid phases.
Based on these values, a set of four flow-ratesatj were determined and an operating
point was selected. By choosing a value for thechivig time periodt(), the solid flow-
rate Qs), and finally the respective inlet/outlet and mi@ operating flow-rates of the
SMB unit, were calculated.
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It is worth pointing out that the choice of the mgeng conditions may guarantee not
only the desired separation, but also the properatipn of the SMB unit. The system
works with preparative pumps, therefore the flotenaust be high enough to assure that
the pump delivers with accuracy. On the other h#melpressure drop across the packed
bed should not be higher than the 60 bar, whidgheasmaximum back pressure allowed

in this system.

6.2.8.3Performance parameters

In order to compare the quality of the separatibtaimed by several SMBs a set of
parameters should be determined. Since the elsi@vdter, the main economic criteria to
characterize the SMB separation is the amount adymt produced per unit of time and

kg
s.m3

volume of stationary phase, defined by the prod'ﬂyti((Pri,,-)[ ]). However, other

parameters should be considered when characteribengSMB performance, such as
purity (Pu;) [%], recoverylyield Yi;) [%],and dilution D;;) [%]. These set of parameters

are defined by the following equations:

Pu;; = 100—2 (6.49)
J CA,j + CB,j
¢ jQ; (6.50)
Y;; = 100 ==L
v CirQF
pr = W (6.51)
YON(1 -9V,
Cii 6.52
Dii,j=100< —C’—’> (6.52)
i,F

wherei represents the component from the mixture FOS/&@k-the extract/raffinate.
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6.2.8.4SMB plant

The SMB pilot plant used in the current work wagaaicol LAB by Novasep equipped
with five Armen pumps. The pumps used to generassl f(head size 50 mL.mij
eluent, extract and raffinate (head size 250 mlI‘mizach), were equipped with two
pistons. A fifth pump was used to recycle the lihsiream inside the SMB (head size of

500 ml.min"). The maximum working pressure allowed by theeysis a 60 bar.

Eight jacked Superformantelass columns SP 300x16, from Gétec Laborteciwike
linked in series and connected to the SMB plane @blumn jackets were connected to
each other by silicone tubes and to a thermosttt, k@eping the system at 30°C.
Columns were packed with Dowex Monosphere 99K/328int The columns

configuration per zone used in the separation w2222, for all the experiments.

The columns were connected to electronically cdietlovalves that switch on/off the
feed and the liquid phase, to the withdrawn porttoadhe next column. The process is
automatically controlled. The recycle pump is lecBbetween zone | and IV and has the

same flow-rate as the stream in zone | of the SMB.

6.3 RESULTS & DISCUSSION

6.3.1 SELECTION OF THE STATIONARY-PHASE

Since the main purpose of this study was the matibn of FOS from a mixture in a
fermentative broth by SMB, the first step was toate an adequate resin and eluent.
Two cationic resins in potassium form were stud@2oywex Monosphere 99K/320 and a
Dowex 50WX2. Bearing in mind that the sugars arelde in water and the purified
mixture of FOS should be food grade, ultra-pureliN)l water was chosen as an
adequate eluent. Furthermore, using water as elisean advantage for the global

economy of the process (Pedruetzial, 2008).
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6.3.1.1Fermentative broth characterization

The fermentative broth used in the separation @xygerits was found to contain 3.30 g.L
1(Nah), 1.69 g.L* (K*) and 0.02 g.I! (Mg*"). As sodium represents 66% of the total ion
content of the fermentative broth, and cationickexme resins in the potassium form
were used, the removal or decrease of the sodiutterebin the mixture was required.

Therefore, a pre-treatment was conducted to exehsodium by potassium.

Potassium, sodium and magnesium contents deterniinéte column outlet effluent
during the ion exchange procedure are representédyi 6.5. This procedure enabled a
9.6 g.L'* concentration of potassium, representing 98% efttal ions content, in the

global volume of treated fermentative broth mixture

25 [ Fermentative Water _

20 }broth 5
o Y
—4 15 5
Lo 0o
o | S
L =

5 b 4 ko

O LLLLLLL— ------- T

0 100 200
V (mL)

Fig. 6.5 Potassium, sodium and magnesium concemirgtrofiles obtained on the eluent
collected during the cation exchange procedure wcted to pre-treat the fermentative broth
prior to the separation experiments.

The concentration of sugars determined in the éce&trmentative broth, used in the
batch experiments and separation assays, wasLT5§F, 60 g.L* of G, 10 g.[* of S,

18 g.L'! of GR, 38 g.L™* of GR; and 8 g.L* of GF.. Mono- and disaccharides (SGF) were
found to represent 57% of the fermentative brothtune and 70% of these sugars were
glucose. FOS represents 43% of the total sugais, Gl is the sugar with higher

concentration in the mixture, representing 60%heftbtal FOS content.
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6.3.1.2Resins characterization

Pulse tests with blue dextran, single sugars aedféhmentative broth mixture were
performed for the two resins studied.

Fig. 6.6 and Fig. 6.7 show the elution profilesanid for the injection pulses of 1l
of blue dextran and single sugars (F (16%,IG (16 g.I*), S (16 g.[}), GR (30 g.L'Y),
GF; (50 g.I'Y) and GE (15 g.L'%)) on a Dowex 50WX2 and Dowex Monosphere
99K/320 resin, respectively, both irf Korm. Fig. 6.8 shows the elution profiles obtained

for an injection pulse of 10L of fermentative broth onto each resin studied.

For both resins, sugars were found to be elutedrder of decreasing molecular size
(Fig. 6.6 and Fig. 6.7). Therefore, the retentiometof each single sugar increased in the
following order: GE< GFR; < GR, < S < G < F. These resins work as a molecularesiev
and sugars were separated by size exclusion. Ajth@iand F have the same molecular
weight, the different orientation of the OH grougetermines the relative adsorption of
each sugar (Goulding, 1975). Fructose has morexespquences in its configuration,

therefore, it is expected to adsorb more than gle¢blobreet al, 2009).

15

. Blue dextran

RI signal (mV)
=
o

w
T

30

Time (min)

Fig. 6.6 Elution profiles of single component pslsé blue dextran, F, G, S, GFSFK and Gi
on a Dowex 50WX2 resin in*form (21.4 x 16 mm) at a flow-rate of 2 mL.iiand 21 °C.
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Fig. 6.7 Elution profiles of single component pgle# blue dextran, F, G, GF, k5K and GR
on a Dowex Monosphere 99K/320 resin (29.5 x 16 mina) flow-rate of 2 mL.minand 21 °C.
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Fig. 6.8 Elution profile of a pulse of the fermenta broth on a Dowex Monosphere 99K/320 or
a Dowex 50WX2 resin, both in'Korm, at a flow-rate of 2 mL.mihand 21 °C.

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011



188

SIMULATED MOVING BED

Properties of the stationary phase as the chemslicaiture, particle size, counter-ion and
the degree of cross-linking, contribute to the ediéht adsorption behaviours of the
sugars. The resins studied in the current work hheesame chemical structure (gel-
type) and the same counter-ion"YKThe differences between them are in the particle
size and the degree of cross-linking. The Dowex d&phmere 99K/320 has a larger
particle size and a degree of cross-linking of 8#ile Dowex 50WX2 has a 2% DVB

content.

Resins with small degree of cross-linking have malesticity and are more prone to
swelling, therefore the water content availablegartitioning will also be higher. These
resins are more accessible for the saccharidedtingsin an increase in sorption and
faster kinetic diffusions (Adaclat al, 1989a; Adachet al, 1989b). On the other hand,
these resins are softener and more compressilbtetiigaones with high cross-linking
degrees, which results in less resistance to osnsttocks and mechanical attrition
(Sherrington, 1998). The particle size is also rmpdrtant parameter for choosing an
adequate resin. Larger particle sizes cause sl@inetics and broader peaks; however
the resistance to the high back pressure causédeblyigh flow-rates used in the SMB
system is also improved. Therefore, these two fadi@ve to be balanced in order to

make a rational choice of the resin to be used.

The adsorption constants of the single sugars, &t as the FOS and SGF were
determined by the RTM method from the retentionesmpreviously obtained (Figs. 6.6
to 6.8). For each resin the values of the adsarptmnstantsH;), retention factorsk()
and separation factoa) are summarized in Table 6.2.

Table 6.2 Retention factorss(k separation factorsj and adsorption constants;\Hor F, G,
GF, Gk, GF, GF, SGF and FOS using a Dowex Monosphere 99K/320 Dowex 50WX2
resin.

a
Resin F G GF GFR GR GF SGF FOS FOS/SGF
Dowex kei 0.74 054 0.14 0.05 0.02 0.01 --r-- —ooem —oeee
Monosphere

99K/320 Hi 0.468 0.342 0.091 0.029 0.014 0.006 0.331 0.005 73.6
Dowex kei 445 4.08 3.44 299 271 244 e ceem e
50WX2

H; 0.812 0.745 0.628 0.547 0.495 0.446 0.742 0.519 14
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For the Dowex Monosphere 99K/320, the retentioriofacfound for FOS were very
small (< 0.1). The retention time obtained for F@%s 11.75 min at a flow-rate of 2
mL.minY) was similar to the dead time of this resig (t1.67 min). Hence, FOS are
almost completely excluded from the particle patae to their high molecular weight.
The increased percentage of DVB of this resin iegph more closed pore structure and

therefore, the entrance of the high sugars insidgbres is blocked.

Comparing the results obtained for the two resinsas found that the Dowex 50WX2
resin retention factors are much higher than thez&oMonosphere 99K/320 ones. The
smaller content in DVB of the Dowex 50WX2 resin yide its higher water content,

thus resulting in an increased sorption by partitio

On the other hand, the low adsorption of FOS oht Dowex Monosphere 99K/320

resin results in a very high separation factor(73.6).

Column efficiency is a measure of the dispersioragbeak and is expressed as the
number of theoretical plates (N). The efficiencyaotolumn can be also measured by
stating the plate height. The higher the N valbe thore plates the better), or the lower
the height of an equivalent theoretical plate (HETRe more efficient is the column to

separate any particular sugar. Column efficiencgegpendent on many factors such as
column length, particle size, packing quality, floste, dead volume, temperature and

the retention factor.

Results presented in Table 6.3 show that the numb#reoretical plates for FOS and
SGF decreases with increasing flow-rates, for lpesins. Lower flow-rates enable more
time for the solute to reach the equilibrium betwéguid and solid phases, resulting in

a smallest peak broadening (Fritz and Gjerde, 2009)

The higher the efficiency of a column, the cloger peak shape to the ideal rectangular
elution profile of an ideal chromatogram leadingatoarrower peak width (Schulte and
Epping, 2005). The FOS peak obtained with Dowex ddmhere 99K/320 resin is very
sharp (Fig. 6.8), leading to a small peak width{wos 1.1 min at 2 mL.mit), which
results in a high efficiency of this resin to seggarFOS. On the other hand, the SGF
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peak is relatively broad, resulting in a high widththe respective peak (W scr 8.3

min at 2 mL.mif), and therefore, in a smaller N (Table 6.3).

For the Dowex 50WX2 resin, the differences obselveiveen the elution peaks of the
two sugar groups are more related with the diffeesnbetween their retention times
since the peak widths were found to be similag{wos 4.1 min; W, sc¢ 3.6 min at 2
mL.min™). Therefore, since SGF is the most retained compom higher N was

obtained for this particular group of sugars.

Table 6.3 Column efficiency (NN._) and height of a theoretical plate (HETP) detesdirfior
SGF and FOS from an injection of fermentative bratko a Dowex Monosphere 99K/320 or a
Dowex 50WX2 resin.

Resin Sugar Q (mL.min®) 0.5 1 1.5 2 25
Dowex Monosphere FOS N 657.6 6125 583.9 6529 525.7
99K/320 HETP (cm) 0.045 0.048 0.051 0.045 0.056
SGF N 82.6 48.4 32.3 25.6 17.8
HETP (cm) 0.36 0.61 0.91 1.2 1.6
Dowex 50WX2 FOS N 1175 914 73.0 60.1 51.8
HETP (cm) 0.18 0.23 0.29 0.36 0.41
SGF N 266.8 208.6 163.3 136.8 118.2

HETP (cm) 0.08 0.10 0.13 0.15 0.18

The chromatographic resolution is typically usediéscribe the degree of separation of
two adjacent peak profiles. Using the elution pesfigiven in Figs. 6.9 and 6.10, the
resolutions for the two resins could be determinéd. these experiments, the
fermentative broth was eluted at five differentwioates. For the elution conditions
used, the peak shape of the eluted sugars (SGF@BYl was considered symmetrical,

and therefore Eqg. (6.7) was employed.

For both resins, comparing the resolution with difeerent flows studied, a decrease in
resolution with increasing flow-rate is evidentdF6.11). As previously shown, column

efficiency tends to decrease by increasing flowesrtdterefore this was expected.
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Fig. 6.9 Elution profile of a pulse of the fermenta broth on a Dowex Monosphere 99K/320
resin, at 0.5, 1, 1.5, 2 and 2.5 mL.fhin
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Fig. 6.10 Elution profile of a pulse of the fermatinte broth on a Dowex 50WX2 resin, at 0.5, 1,
1.5, 2 and 2.5 mL.mih

The resolution depends on three parameters: setgctietention factor and column

efficiency. To obtain high resolution, the threente must be maximised. Dowex

FRUCTO-OLIGOSACCHARIDES RECOVERY FROM FERMENTATION PROCESSES

Clarisse Nobre UNIVERSIDADE DOMINHO, 2011

191



192

SIMULATED MOVING BED

Monosphere 99K/320 resin presented higher valuegswlution at the same flow-rate
conditions compared to Dowex 50WX2. The selectidtyd column efficiency of this
resin to separate FOS is much higher than Dowex>8®Wence, these parameters
contributed for the increase in resolution at snflalvs. On the other hand, for the
highest flow-rates studied, similar resolution esuvere obtained for both resins, a
consequence of the small retention factor and sstattolumn efficiency for Dowex

Monosphere 99K/320 resin to separate SGF.

1,60
1,40 | °
1,20 |
1,00 ¢
s © R
)
5080 | ©
° 2
< 0,60 | ®
0,40 @ Dowex Monosphere 99K/320
0,20 | O Dowex 50W-X2
O’OO 1 1 1 1 1 J
0 0,5 1 1,5 2 2,5 3

Flow-rate (mL.min-1)

Fig. 6.11 Chromatographic resolution of the Dowesndsphere 99K/320 and Dowex 50WX2
resins at different flow-rates.

In order to check the mechanical resistance ofrésens at high flow-rate working
conditions, each column filled with the two diffateresins was connected to the SMB
system and the pressure drop and resin shrinking manitored. Since the Dowex
50WX2 resin has a much smaller content in DVB, aswbserved a very high shrinkage
effect at a flow-rate of 18 mL.mi Consequently, this phenomenon caused a high
pressure drop in the system. Because the maximassyre supported by the SMB is 60
bar, the experiments conducted with Dowex 50WX2nregere not possible to work at

flow-rates greater than 20 mL.rfin
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Although several authors studied sugars separaiging Dowex 50W resins with
different contents of DVB (2, 4, 6, 8 and 12%), emf them used flow-rates above 10
mL.min? (Dendeneet al, 1995; Adachi and Matsuno, 2000; Lee, 2003; Vesitel,
2005a; Pedruzzet al, 2008). Lee (2003) used a Dowex 50WX12 resin & dhlcium
form in a SMB system. However, the eluent flow-raged in the separation was 3.78
mL.min™. Therefore, no issues related with the pressure#se in the system have been
reported. All the other mentioned studies wereiedrout in batch columns connected to
HPLC systems, so in operational conditions thdeddreatly from the real SMB.

On the other hand, the pressure drop tests pertbmvith the Dowex Monosphere
99K/320 resin showed a stable resin bed lengtthéncblumn for flow-rates up to 35
mL.min®. The high amount of DVB content and the largertiplar size of the resin
contribute to its higher mechanical resistances thnabling the use of reasonable flow-
rates for SMB operations. Tests conducted with hilagphase flow-rate of 35 mL.min

caused a system pressure drop of 40 bar.

In summary, comparing with Dowex Monosphere 99K/3@@ Dowex 50WX2 resin
provided higher retention factors and similar ragoh at highest flow-rates concerning
the separation of FOS from SGF sugars containedfémmentative broth. However, this
resin does not have enough mechanical resistande tosed in the high flow-rates
required for an SMB operation. Therefore, the Dowéonosphere 99K/320 resin was
selected for the following separation tests pergnm the SMB plant.

6.3.1.2.1 Adsorption equilibrium isotherms

Since the Dowex Monosphere 99K/320 resin was shtwwvhe suitable for the FOS
purification in a SMB system, the resin adsorptemuilibrium and kinetic parameters

were determined. The intra-particle porosity fas ttesin at 30 °C was found to be 0.007.

Adsorption equilibrium isotherms were determinedlog adsorption-desorption method
using the fermentative broth mixture. As shown ig. .12, the sugars were linearly
adsorbed onto the resin. The distribution coeffitsedetermined for each single sugar (

are presented in Table 6.4.
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Fig. 6.12 Adsorption equilibrium isotherms of (ajdtose, glucose and sucrose, and (b), GF
GF; and GE, onto a Dowex-Monosphere 99K/320 resin at 30 °C.

Table 6.4 Distribution coefficients for sugars @ned in the fermentative broth mixtung @nd
the respective coefficient of determinatidti)(found for the linear approach.

Sugar Vi R?

F 0.47 0.96
G 0.41 0.95
GF 0.79 0.93
Gk 0.25 0.90
Gk 0.23 0.95
GF, 0.24 0.98
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Mono- and disaccharides were found to be more adsdoonto the resin than FOS, thus
being in accordance with results obtained by theVIRmethod. Nevertheless, the
distribution coefficient found for sucrose was minegher than the one obtained for the
monosaccharides, hence possibly this value has tweanquantified. The distribution

coefficients obtained for the sugar mixtures wemeraximatelyyo0s=0.2 andpsc=0.4.

6.3.2 MODELLING

6.3.2.1Calibration coefficients

Eluted sugars were detected by RI at the columtetutherefore, the data collected
from the sugars profile concentration is given d&l &ignal along the time. In order to
convert the RI signal to concentrations, calibratorves for the different sugars were
performed.

Fig. 6.13 shows the calibration curves obtained ForG, S and SGF mixture,

respectively. The following equations and respectiegression coefficients were

obtained:
Rlsignar = 114.04Cp (R =1.00) (6.53)
Rlggnac = 114.80C; (R? = 1.00) (6.54)
Rlsignas = 111.15C (R =1.00) (6.55)
Rlgignaiser = 114.48Csgr (R? = 1.00) (6.56)
60C r
400 +
= ® Fructose
>
£ AGlucose
_% 200 r OSucrose
[a g
BSGF
0 1
0 1 2 3 4 5

C(g.LhY

Fig. 6.13 Calibration curves obtained for fructaglecose, sucrose and the mixture SGF.
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As commercial standards of FOS are only availablanalytical amounts, it was not
possible to determine the calibration curve fors tmixture. However, since the
calibration curves of the pure mono- and disacdear(F, G and S) were very similar, it
is possible that the FOS calibration curve will detviate much from the one obtained
for the equivalent SGF mixture. Therefore, thebralion curve obtained for the SGF

mixture was used for the FOS mixture as well.

6.3.2.2Initial parameter estimates

In order to determine the kinetic parameters of L@ model, theDgpp; values,
experimentally determined, were plotted againSt(Fig. 6.14), and the following

relationships were obtained:

Dypp = 13.26u? + 5E — 8 (R? = 0.999) (6.57)
Dgpp.a = 0.42u’ + 3E — 8 (R*=0.971) (6.58)
3E-06
2 2E06 |
E
<
s 1E-06 |
o BFOS @SGF
OE+00 & & 8, '
OE+00 5E-08 1E-07 2E-07 2E-07 3E-07 3E-07 4E-07
u? (m2.s?

Fig. 6.14 Determination of the kinetic parametersthie FOS and SGF mixtures.

The kinetic parameters determined experimentally Eter used as initial parameter

estimates in the kinetic and LDF models are presemt Table 6.5.
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Table 6.5 Kinetic parameters for the LDF and kimetodels(a: Fos; B: SGF)

Kinetic modél L DF model
Kea Y 0.013 Kea (s 0.003
Keg (s 0.016 Keg(sh 2.994

Dia (m2.sY) 2.7 x10%®
D_g (msY) 5.1 x10™

6.3.2.3Numerical solution

6.3.2.3.1 Boundary condition

The numerical solution is very sensitive to the rmary condition. The most critical

parameters of the model are the injection titge Which is directly dependent on the
loop volume and on the flow-rate; arml which sets the rise and fall times of the
boundary condition (Eqg. (6.20)). In order to ev&uds influence on the simulation

results, several values §f(0.30 >t, > 0.48 s, corresponding to 10V0p > 16 L) and

7(0.01 >7> 1.5) were computed. Simulations were perforntedl 2amL.min* flow-rate.

Fig. 6.15 shows the influence of varyigbetween 0.30 and 0.48 s on the simulated
chromatographic profile. The increasetgfin the boundary condition model leads to an
increase of the amount of mass injected in thensoJuwhich is directly related to an
increase of the injected volume, therefore the igha, reflecting the concentration of
injected sugars, also increases. Results shovats@tall increase of thg parameter had

a high influence on the final chromatographic geofi

The volume of mass injected in the column remaiosstant, and the width of the
injection pulse is very small compared to the widththe output peaks, therefore the
variation of 7 will not influence significantly the chromatographgprofile obtained. In the

identification algorithm a value afequal t00.01 was used.
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Fig. 6.15 Influence of the injection time on themarical solution.

Fig. 6.16 shows that the variation @fhas a very low influence on the numerical

solution.

25
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Fig. 6.16 Shape of the boundary condition for FQ&rad numerical solution obtained for the

fermentative broth b).
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6.3.2.3.2 Convergence tests

Simulations using an increasing number of disca¢ion points were performed to verify
the convergence of the numerical solution withtérdifferences (FD) and slope limiter
(SL) in the kinetic and LDF models (Fig. 6.17 t@F5.20).

The peak shape of FOS was found to be very shansequently, for the kinetic model,
a small value for the axial dispersion term wastided in the model (9 x18 m?.s™) to

alleviate oscillations.

251 —— 50 disc. p. —
— 100 disc. p.

200 disc. p.
— 300 disc. p.
20 ——— 400 disc. p. n
— 500 disc. p.

RI Signal

|
10 15 20 25 30
Time (min)

Fig. 6.17 Convergence test for the kinetic modéhwinite differences.
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Fig. 6.18 Convergence test for the kinetic modéhwslope limiter.
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Fig. 6.19 Convergence test for the LDF model wittité differences.
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Fig. 6.20 Convergence test for the linear driviogcé model with slope limiter.

The amount of mass enteringy (n) and exiting (. out) the column was computed

using the following equations, respectively:
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tsim

m, = [ G(0,)Qdt (6.59)

0

tSIM

Moyr = | G(L ) Qd (6.60)

0

wherei = A,Band tg,, is the total simulation time. All the simulationsre performed

on a personal computer equipped with an Intel C&)ead core processor running at

3GHz. Matlab was configured to utilize all the faares.

The input mass of the components A and B (FOS aaH)Svas 0.64 and 0.85 mg,
respectively. The computed output masses obtamethé different schemes and models
is presented in Tables 6.6 and 6.7.

Table 6.6 Performance parameters for the kinetideho

Discretization points
50 100 150 200 300 400 500
FD  Error 451 43 8 2 0.1 0.01 0.00
Maout(mg) 0.6397 0.6431 0.6436 0.6436 0.6438 0.6439 0.6439
Mgout(mg) 0.8478 0.8480 0.8480 0.8480 0.8482 0.8483 0.8483

Simulation 15 79 40.17 84.98 147.12 356.04 683.01 1146.77
Time (s)

SL Error 1615 272 62 29 0.00 - -
Maout(mg) 0.7610 0.7512 0.7387 0.7283 0.7503 - -
Meout(mg) 1.0092 0.9896 0.9727 0.9507 0.9566 - -

Simulation
Time (s)

44,00 161.03 355.34 629.46 1481.47

Using the FD method, the differences observed betvilee mass at the output and input
were much smaller than the ones obtained with then8thod (Fig. 6.17 to 6.20 and
Tables 6.6 and 6.7). Therefore, FD gave resultisateamore realistic than the SL since
in the mass balance the input should be equal ¢ootitput. For the identification
algorithm the FD scheme was used.
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The error values presented in Tables 6.6 and 6r& wemputed using the sum of
squared errors, where the residual correspond dodifierence between the studied
chromatogram and the chromatogram obtained folatggeest amount of discretization
points. Results show that for more than 200 dismaBbn points the error decreased
considerably for both models (Tables 6.6 and 6rif) the results converged to almost

the same chromatographic profile (Figs. 6.17 t®%.2

Table 6.7 Performance parameters for the lineamdyiforce model

Discretization points
50 100 150 200 300 400 500
FD Error 5933 1935 654 237 29 3 0.00
Ma,ouT (M) 0.6423 0.6411 0.6420 0.6422 0.6421 0.6421 0.6422
Mg, ouT (Mg) 0.8502 0.8502 0.8530 0.8537 0.8542 0.8543 0.8543

S_|mulat|on 12.91 39.91 9499 154.74 376.59 727.82 1229.82
Times)
SL  Error 10080 4028 1480 574 92 23 0.00

Ma,ouT (MQ) 0.7718 0.7624 0.7546 0.7465 0.7297 0.7147 0.7012
Mg ouT (M) 1.0249 1.0172 1.0016 0.9919 0.9685 0.9502 0.9410

Simulation

. 30.39 101.33 179.17 406.98 1202.99 2661.91 4589.94
Time (s)

From the error analysis it was also possible tenlesthat the chromatographic profile is
much less sensitive to a variation of the numbediséretization points when using the

kinetic model than when using the LDF model.

The simulation time increases significantly withe thumber of discretization points;
therefore, a compromise between the simulation temel the accuracy must be
considered, especially when a large number of sittonls are needed, as in the
parameter identification case. For this reason, diSfretization points were chosen to
perform the following simulations, since it repretsea good compromise between the

included error and the simulation time.
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6.3.2.3.3 Sensitivity analysis of the isotherm and kinetirapaeters

A sensitivity analysis was performed in order tawpify the influence of the parameter
errors in the numerical solution. A 10% variatidntlve isotherm parameters (obtained
by the RTM method), as well as of the experimekitattic parameters, was studied.

The deviation was evaluated using the sum of squameors, where the residual
corresponds to the difference between the chromebge profiles obtained with

different parameters and the experimental chromapigc profile.

Comparing the two schemes used (FD and SL), itfaasd that the SL is more sensitive
to small variations than the FD. Therefore, the $eheme proved again to be a more
robust scheme. Analyzing the sensitivity for eactlied parameter, it was found that the
Hg parameter is the most sensitive to small variatiétinally, the LDF model was the
least sensitive to small variations when using Ei2 approach, except to thegH
parameter. Nevertheless, when using the SL schibmdéjnetic model showed a smaller

variation of the parameters values (Table 6.8).

Table 6.8 Sensitivity analysis.

Kinetic model L DF model
Parameter  Variation FD SL FD SL
Ha +10% 0.2 51 0.02 8.2
-10% 0.1 2.8 0.02 7.1

Hg +10% 29.5 50.6 2465 3251

-10% 35.2 41.5 2793 3563
Ka /! Kga +10% 0.1 4.6 0.02 8.2
-10% 0.06 3.1 0.02 7.1
Kg/ Kgp +10% 3.8 10.5 0.3 6.6
-10% 4.9 8.4 0.4 9.5

DLa +10% - - 7.5 18.6
-10% - - 8.9 6.4

D.s +10% - - 4.4 17.2
-10% - - 5.0 7.8
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6.3.2.4Parameters identification

The estimated parameters obtained by the kinetid &BDF models, and the
correspondent chromatographic profiles, are pregemt Table 6.9, and Figs. 6.21 and

6.22, respectively.

Table 6.9 Identification results for the kinetiaddrDF models.

Kinetic model LDF model
Parameters Initial Final  [Variation| Initial Final [Variation|
Ha 0.0045 0.0036 0.0009 0.0045 0.00067  0.004
Hs 0.33 031 0.02 0.33 0.26 0.07
Ka/Keah 0.013 0.037 0.02 0.003 0.005 0.002
Kg/Keg(sh) 0.017 0.013 0.004 3.0 25 0.5
Dy a (m.s?) 2.7x10%® 50x10%® 2x10%
Dy g (n¥.sY) 5.1x10% 1.8x10%° 2x10%°

T .‘A‘u T T T T

i — Initial chromatogram
o I —— Final chromatogram
1 Experimental data

40-

RI Signal
w
o
T

20

4 I
10 15 20 25 30
Time (min)

Fig. 6.21 Identification results for the kinetic de with finite difference schemes
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Fig. 6.22 Identification results for the linearwnig force model with finite difference schemes

In the kinetic model, the initial estimated paraenetwere closer to the final ones that
were determined by the identification algorithm,emhcompared to the LDF model
(Table 6.9). Therefore, the initial value for thest function was also smaller (Table
6.10). Additionally, the number of parameters thaed to be adjusted with the LDF
model (6) is higher than the one with the kinetedal (4). As a result, a high number of
iterations were required to complete the identifara algorithm with the LDF model,

compared to the kinetic model (Table 6.10). Consatijy, more time was needed to
finish the parameter identification procedureslalso more difficult to estimate a larger
number of parameters when limited experimental rmétdion is available (enough

amount information may be lacking to enable findingique estimates for these

parameters).

Table 6.10 Cost function values at the start antcénhe parameter identification.

M odel Ji NP [terations Simulations Time
Kinetic model 2586.4 1974.3 148 359 8h 29min
LDF model 17143.0 19885 232 425 11h 13min
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The results of the current work are in accordanith the study reported by Grosfiét
al. (2007) that also chose the kinetic model to dbscai batch chromatographic process

for the separation of a binary mixture, insteathef LDF model.

6.3.3 SMB EXPERIMENTS

The void fraction values and the Henry constanteeveketermined for the eight single
columns. The average value determined for the fraiction was 0.382 + 0.004 (2%).
The Henry constant determined by the RTM methodF©O6 and SGF was 0.005 and
0.331, respectively (Chapter 6.3.1.2.1). Since aksorption equilibrium values are
relatively different from the ones obtained by #Husorption/desorption methog-¢s=

0.2; ysge= 0.4), both coefficients were taken into accoumttfe selection of the ideal

separation region and operating points (Fig. 6.23).

Fig. 6.23 Separation region and operating poieliscsed for the SMB experiments.

One operating point in each triangle was choserer@mg points 1, 2 and 3 were

selected inside the triangles, and number 4 wastsel outside the triangle, specifically
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in the pure extract region. The respectiwg, (ms) coordinates are presented in Table
6.11.

Table 6.11 Dimensionless flow-rate ratios seledtedthe experiences performed in the SMB
plant.

1 2 3 4
my 0.413 0.328 0.416 0.458
my 0.197 0.018 0.135 0.104
m; 0.383 0.315 0.385 0.423
my 0.021 0.017 0.125 0.096

The operating flow-rates used in each set of erpEnts are shown in Table 6.12. It is
important to note that the flow-rate of zone | quwalent to the flow delivered by the
recycle pump, since this pump is fixed between gdiWeand |. The switching time was

set to 1.5 min in all the experiments.

All the SMB experiments were performed with treafedmentative broth. The feed

concentration of FOS and SGF was ¥22and 74+ 2 g.L*, respectively.

Table 6.12 Operating parameters of the experignedermed in the SMB plant: switching time;
internal flow-rates and operating pump flow-rates feed, raffinate, desorbent, eluent and
recycling streams (mL.mib.

SMBeyp, Q¢ Qr Qo Qe Qiree. Qi Qu Qu t* (min)

1 38 74 80 44 21.0 16.6 204 13.0 15
2 61 6.1 63 63 19.3 129 19.0 12.9 15
3 51 53 59 57 21.1 153 204 15.1 15
4 65 6.7 74 7.2 219 147 21.2 145 15

The extract and raffinate streams were collectegthgua complete cycle. Afterwards, the
sugar concentrations collected during each cycleevamalyzed by HPLC. From Fig.
6.24 it was possible to conclude that the SMB arpemts reached the steady state after
approximately 9 cycles.
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Fig. 6.24 Average concentrations of a) FO$ gdnd b) SGF x) collected per cycle, in the

raffinate and extract streams, respectively, ferftur (1, 2, 3 and 4) SMB experiments.

The sugar concentration of the raffinate and ekiraltected at the steady state, with the
respective flow-rates used in each set of expetisnealowed the evaluation of the
chromatographic separation performance. Table 6suBmarizes the calculated
parameters, namely purity, yield, productivity aditution, for FOS collected in the

raffinate (Rog and SGF in the extract {g5.

As previously mentioned, the main goal of this Sktparation is to purify FOS from a
fermentative broth. From the results, it was pdesib observe that in the experiment 1,
a higher purity degree for the SGF mixture was iobth However, the FOS purity and
productivities obtained were very low, and the fipepoduct is much more diluted when
compared with the other experiments. The experirBemas the one that showed the
highest FOS purities in the raffinate stream (FQ#8ty 65.0%). Moreover, the yields

obtained were also high and, the product diluttbaf influences the cost of the further
operations as evaporation and concentration, wasdfto be small. Nevertheless, in the
experiment 4, approximately the same purity, yiadl dilution values were obtained,
but the productivity for both components was slightigher when compared with the

other experiments.
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Although the operating point of the experiment {bsated in the pure extract region, the
extract stream only achieved 79.3 % of purity. Ef@ne, the dispersion and mass
transfer effects, assumed as negligible by thedt@atheory, may in fact, influence the

performance of the chromatographic separation.

Based on the results, the experimental conditidriseoexperiment 4 were considered to

be the best ones for the separation of FOS frommilk&ure using this SMB plant.

Table 6.13 Performance of the SMB separation.

SMBe,, Pu (%) Yi (%) Pr (g.Lh™ Di

Rros Escr Rros Escr Rros  Escr Rros Escr
1 51.8 82.1 73.5 60.8 48.9 67.3 62.2 47.5
2 55.9 65.9 46.9 72.1 50.2 125.7 53.2 30.9
3 65.0 78.9 69.8 70.5 67.6 1105 329 37.4
4 62.9 79.3 69.4 70.5 82.1 1415 32.3 36.4

Fig. 6.25 shows the average sugar concentrationsyoée in the raffinate and extract
streams for the experiment 4. The profile obtaiftedhe raffinate (Fig. 6.25 a)) shows
that GR (nystose) is the sugar present in highest coratemiis. However, the content in
fructose and glucose is still high on this strettmas these are the principal contaminants
of the raffinate. The amount of fructose and glacos the feed mixture is very high
(Table 6.14), representing 57% of the total sugamsequently, it was very difficult to

remove these sugars from the FOS mixture.
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Fig. 6.25 Average sugar concentrations per cyctbarraffinate a) and extract b) streams for the

SMB experiment 4.

The SMB chromatographic method was found to be @ategfor the purification of FOS
from a fermentative broth. Nevertheless, since phdties obtained in the working
current are still far from 100%, further experimeshould be conducted to optimize the

SMB operation.

Table 6.14 Percentage of sugars on the raffinadeeatract collected at the steady state on the
experiment 4 and the respective percentage of $egdr

%) F G GF GFR GF GF, |SGF FOS
Cr 149 159 63 153 367 109371 629
Ce 202 531 59 7.0 112 25793 207
Cr 187 387 55 102 213 56629 371

In all the experiments performed, the pressurdéefslystem was always very close to the
system’s limits. Additionally, the choice of theoW-rates in each set of operating
conditions was very limited. An alternative to aVaihe pressure issues could be

increasing the internal diameter of the tubes¢banect the columns in series.
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With the current SMB set-up it was also not possitdl determine the internal sugar
concentrations profile. For this reason, it isidifft to evaluate the precise causes behind
the small FOS purities obtained in the process fiossible that the SGF mixture was
not completely desorbed in zone IV, and consequerthtaminated the zone | thus
decreasing the purity of FOS in the raffinate. THmwledge of the internal sugar
concentrations in further experiments could helgekect better operating points for the

envisaged separation.

6.3.4 CONCLUSIONS

The performance of two potassium gel-type resinea@ 50WX2/Dowex Monosphere
99K/320) on the separation of FOS from a mixturglotose, fructose and sucrose was
evaluated. Although Dowex 50WX2 resin showed hifitiency on the separation, it
was not resistant enough to the back pressureeddihB system operating at high flow-
rates. Therefore, the Dowex Monosphere 99K/32hresis selected for the modelling

and SMB operation.

Linear equilibrium adsorption was obtained forth# sugars of the fermentative broth in

the range of concentrations used with the Dowex ddphere 99K/320 resin.

From the simulation analysis, it was chosen thendaty condition parametert, andr),
the number of discretization points (150) and #@dinifference scheme, conducting to
good identification of the model parameters thatemdetermined. Finally, the kinetic
model was considered an appropriate method for Hwoglethe experimental
chromatographic profile of a fermentative broth tane.

The performance of a SMB chromatographic planthim separation of FOS from SGF
was evaluated. The triangle theory was used to setheeveral operating points. FOS
were successfully purified from 37.1 to 62.9% usthg abovementioned SMB unit.

Main contaminants of the raffinate stream werentlomosaccharides. The FOS yield and
productivity in the raffinate was 69.4% and 82.gh?, respectively.
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1.1 CONCLUSIONS

The main purpose of this thesis was the recoveifyuato-oligosaccharides (FOS) from

sugar mixtures obtained by fermentation. Liquidochatography was the separation

method chosen among the downstream techniquesablailTwo different adsorbents

were studied, namely the activated charcoal andrageationic exchange resins. The

main conclusions drawn from this thesis are sunwadrbelow:

The use of an activated charcoal single columrdsmd FOS with a gradient of
water/ethanol as desorbent, showed to be a sinmplevary efficient method to
separate and desalt FOS contained in fermentatothd With the proposed
process, 74.5% (w/w) of FOS were recovered withO%®2 (w/w) of purity.

Moreover, fractions with purity up to 97% (w/w) BOS were obtained.

In the sugar industry the most used resins areggieype in C&  form.
Therefore, the performance of a Dowex MonosphereeSia in the separation of
FOS was evaluated. FOS adsorption showed to heemded by the components
of the fermentative broth. FOS isotherms in pudifraixtures were fitted with a
model derived from the anti-Langmuir isotherm wHi@S isotherms contained
in a fermentative broth were better fitted with theth and Langmuir isotherms.
For both studied mixtures, the adsorption capaoityindividual sugars was
primarily determined by their molecular size, anaisvgignificantly dependent on
the liquid phase composition, whereas the selégtivas essentially constant.

Three commercial resins, namely Lewatit (S2568),barite (CR1320Ca) and

Diaion (UBK530) were also evaluated concerning F&gparation. Results
showed that the adsorption behavior of FOS deperaisly on the composition

of the liquid phase containing sugars. Therefdrejais possible to conclude that
FOS adsorption behaviour cannot be predicted bgrapten studies conducted
with standard FOS in water matrices. Also, to ctigréze the adsorption of FOS
from other types of fermentative broths, for exaenfdrmentations conducted

with other microorganisms, new adsorption studiesitl be performed.
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The adsorption of purified FOS, in agueous sol&javas better described by the
multi-component anti-Langmuir isotherm. While foilO8 contained in the
fermentative broth linear isotherms were choseoepixfor the Diaion (UBK530)

resin.

Although a higher adsorption capacity was foundH@S from the fermentative
broth than for purified FOS in aqueous solutiong tb the presence of salts and

other sugars, the selectivity values were similar.

The adsorption of FOS from the fermentative brotAswnfluenced by the
counter-ion, structure and water content of theresghile the adsorption of FOS
from purified mixtures was only influenced by theot last factors. FOS from
fermentative broth mixture were more adsorbed ¢mtoNd resin than onto the
Ccd* one. Additionally, the macroporous Lewatit (S256&in was the one that
showed the greater capacity, due to its high wadatent.

However, the Amberlite (CR1320Ca) resin was elee®the more adequate for
the recovery/purification of FOS from a fermentatiaroth due to its higher

selectivity.

« The performance of a macroporous resin ifl féam and a gel-type, in Korm,
in sugars separation, at different temperatures aidi mono and multi-
component mixtures, was studied and compared. Basté selectivity values,
it was found that Dowex Monosphere 99K/320 gel-tyesin, in K form, was
the best choice to separate a mixture of fructgksose and sucrose, operating
at 25°C.

A competitive effect on the adsorption was found 28°C for the multi-
component mixtures as compared to the mono-compomess. However, a

reverse effect was found at 40°C.

The temperature increase from 25 to 40°C led tecaedse in the adsorption for
mono-component sugar mixtures. However, for mutmponent sugar mixtures

a reverse effect was obtained.
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Since a good performance was obtained with a ga-tesin, in K form, on
sugars separation, adsorption equilibrium, kinetred mechanical resistance
studies were conducted with a Dowex Monosphere 38K/and a Dowex
50WX2 resins, both gel type and iff #rm. The Dowex 50WX2 resin provided
higher retention factors and similar resolutionhaghest flow-rates concerning
the separation of FOS from mono- and disacchagdatained in a fermentative
broth. However, this resin did not show sufficienechanical resistance to be
used in a SMB plant. Therefore, the Dowex Monospl@9K/320 resin was

selected for the separation tests in the SMB plant.

The fermentative broth chromatographic elution onsiagle column was

modelled and kinetic and adsorption parameters wergified.

FOS were successfully purified from 37.1 to 62.9%6A() using the SMB pilot
plant. Furthermore, the FOS vyield and productiwibgained in the raffinate was
69.4% (w/w) and 82.1 g:th?, respectively.
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1.2 FUTURE WORK

Many questions have been raised during the devedapof this thesis that suggest some

future directions in FOS purification researchistetl below:

* Increase the internal diameter of the tubes thanect the SMB columns in
series to decrease the global pressure drop ofSMB plant, enabling the
operation with a wider range of flow-rates.

* Implement in the SMB plant a collecting port betwéeo columns to allow the
determination of the internal sugar concentratimfile.

» Study the salts influence in the chromatographadiler of the fermentative broth.

* Study the influence of resin shrinking on the aacyrof determined adsorption
isotherms.

* Model the separation of FOS from mono- and disaitdés, by a true moving
bed (TMB) approach and a real SMB process, to pretie adequate SMB
operating conditions.

» Validate, with experimental data, the above es@thgbarameters in the pilot
SMB plant.

» Since the concentration and proportion of sugans fthe fermentative broth may
vary between fermentations, it will be interestiogstudy the influence of these
variations in the separation performance.

» Since the Dowex 50WX2 resin showed a great perfooman the separation of
salts from the fermentative broth mixture, withtsabeing the less retained
compounds and having no commercial value, the dsa three-zone SMB

process may be an economical alternative to diésafermentative broth.

Results gathered in this thesis are very promigind have led to interesting new

guestions that warrant further research.
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