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Abstract Chromatographic separation of prebiotic oli-

gosaccharides, galacto-oligosaccharides from a typical

post-reaction mixture containing unreacted substrate lac-

tose and by-products glucose and galactose was investi-

gated. A commercial cation-exchange resin Dowex

50WX4 was chosen as a prospective preparative-scale

adsorbent and separation performance of its four ionic

forms, H?, Na?, K? and Ca2?, was tested. Since adsorp-

tion equilibrium isotherms were linear within the entire

investigated range of concentrations, they were determined

by pulse experiments for all saccharides present in a typical

post reaction mixture including tri- and tetragalacto-oli-

gosaccharides. From the four counter ions listed above,

hydrogen offered the best selectivity and column perfor-

mance. The selected H?-form of the cation exchanger was

further investigated by means of frontal analysis where

high ionic strength and elevated viscosity appear and can

play a substantial role. Breakthrough curves were measured

for monosaccharides, lactose, glucose–lactose mixture and

a multicomponent commercial mixture of galacto-oligo-

saccharides, Vivinal� GOS. The breakthrough curves were

successfully described by the dispersive plug flow model

with linear driving force approximation.

Keywords Galacto-oligosaccharides � Adsorption

isotherms � Ion-exchange resin � Ionic form �
Prebiotic � Linear driving force � Dispersive model

List of symbols

C0,i Equilibrium liquid phase concentration component i

(kg m-3)

Da Axial dispersion coefficient (m2 s-1)

Dm,i Molecular diffusivity (m2 s-1)

F Solid-liquid phase ratio (–)

kh,i Mass transfer coefficients for the homogeneous

particle (s-1)

Ki Adsorption equilibrium constant of component i (–)

L Bed length (m)

Ni Plate number of component i (–)

Pe Peclet number (–)

Q Volumetric flow rate (m3 s-1)

�qi Average adsorbed solid-phase concentrations of the

component i (kg m-3)

q�i Equilibrium solid phase concentration

Rp Particle radius (m)

tR Retention time (first statistical moment of peak) (s)

t0 Retention time of unretained tracer (s)

uint Interstitial velocity (m s-1)

VC Bed volume (m3)

z Axial coordinate (m)

Greek letters

a Selectivity (–)

e Bed voidage (–)

r2 Variance (s2)

s Tortuosity (–)
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Abbreviations

Gal Galactose

Glc Glucose

Lac Lactose

GOS3 Galactotriose

GOS4 Galactotetraose

GOS5 Galactopentaose

1 Introduction

Galacto-oligosaccharides (GOS), also referred as TOS—

trans-galactooligosaccharides, are a class of oligomeric

saccharides built of galactose. Galactosyl units are linked

by b-type glycosidic bonds with glucose (in most cases) at

the reducing end where the degree of polymerization (DP)

ranges from 2 to 8 (Hernández et al. 2009; Coulier et al.

2009). GOS are claimed to have prebiotic effect; moreover,

they are non-cariogenic and low caloric what makes them a

versatile functional food additive.

Galacto-oligosaccharides are one of the most commonly

manufactured prebiotic oligosaccharides in the world (Cho

and Finocchiaro 2009). According to a Global Industry

Analysts market report, prebiotics market will reach value

of $1.17 billion in EU in 2015. Therefore, the demand for a

pure added-value product is high. Due to the nature of the

transgalactosylation enzymatic reaction of GOS synthesis,

the post-reaction mixture contains a significant amount of

unreacted lactose and by-products glucose and galactose.

The composition of this mixture is strongly dependent on

several factors such as the source of enzyme and reaction

conditions, especially temperature and concentration of

lactose. Tri- and tetra-oligosaccharides are the most

abundant GOS in these mixtures, while higher oligomer

account only for a small percentage (Vera et al. 2012).

Several approaches to oligosaccharide separation can be

found in literature. The use of zeolites, activated charcoals

and membrane ultrafiltration techniques belong to the most

frequently mentioned ones. Nonetheless, it was proven in

the last 30 years that ion exchange resins based on poly

(styrene–divinylbenzene) supports offer the greatest

potential for separation of carbohydrates. The polymeric

matrices of these resins exhibit resistance to various

influences (Tiihonen et al. 2005). A counter-ion associated

by functional groups with the resin play a substantial role

and its proper choice can significantly improve the sepa-

ration of saccharides (Goulding 1975). The influence of

adsorbent ionic form on the adsorption behaviour of oli-

gosaccharides was investigated by some authors (Moravčı́k

et al. 2012; Rabelo et al. 2012; Pedruzzi et al. 2008). The

most often exploited ions are Na?, Ca2?, K?, Pb2?, H?,

Ag?, Li? but some of them, due to their toxic nature, are

for analytical purposes only (Martinsson and Samuelson

1970; Nobre et al. 2009; Antošová et al. 1999). Although

the adsorbents used in GOS separations are cation

exchangers, the underlying interaction mechanism is not

typical ion-exchange. In fact, size-exclusion is the separa-

tion-governing phenomenon for the saccharides of different

chain length. Separation of carbohydrates of the same chain

length such as glucose and galactose is of much more

complex nature. Adsorption behaviour is influenced by ion-

exchange, electrostatic repulsion or attraction, hydrophobic

interactions, steric hindrance and van der Waals forces

among others (Brereton and Green 2012). This complex

mechanism between a natural carbohydrate and ions elec-

trostatically immobilized on a resin is sometimes called

ligand exchange chromatography (Stefansson and West-

erlund 1996).

Last decades showed that the simulated moving bed

(SMB) technology has a great potential not only in petro-

chemical industry but also in demanding separations in the

pharmaceutical and biotechnological fields. When well

designed and implemented, it can outperform classic

chromatography process in terms of productivity, purity

and product dilution (Rajendran et al. 2009). To design

SMB separation of GOS from remaining non-prebiotic

carbohydrates present in the mixture, the choice of resin

ionic form and accurate determination of adsorption equi-

librium isotherms is of great importance. Therefore, they

became the main focus of the present work.

Adsorption equilibrium isotherms of many saccharides

on polystyrene resins crosslinked with divinylbenzene were

measured (Laatikainen et al. 2011; Vaňková et al. 2010a;

Pedruzzi et al. 2008), but none of them included individual

galacto-oligosaccharides—galactotriose and galactotetra-

ose. The comprehensive work presented here shows the

influence of counter ion on the adsorption of five saccha-

rides: glucose, lactose, galactose, galactotriose, and ga-

lactotetraose. Knowing that saccharides exhibit a linear

shape of isotherms till high concentrations, a sample-sav-

ing and relatively quick, preparative pulse method was

chosen to determine the sorption behaviour (Chilamkurthi

et al. 2012; Rabelo et al. 2012).

Selectivity and capacity are two key parameters for the

assessment of the suitability of a resin. Having adsorption

data collected, we chose the selectivity between galacto-

triose and lactose to be the decisive parameter. The

hydrogen form of the ion exchanger was selected for fur-

ther investigations. Breakthrough curves measurement is a

common method to provide experimental data for model-

ling of chromatographic processes (Vente et al. 2005). A

study of adsorption by frontal analysis for the selected

hydrogen form of the ion exchanger encompassed three

single-component solutions (galactose, glucose, lactose),

one binary (glucose–lactose) and one multicomponent
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mixture containing GOS as well as non-prebiotic saccha-

rides. The dispersive plug flow model was used to describe

adsorption kinetics in the liquid phase, while mass transfer

kinetics in solid was represented by the well-known linear

driving force (LDF) approximation. This approach proved

its suitability for the description of adsorption experimental

data obtained for saccharides on PS-DVB resins (Otero

et al. 2005; Luz et al. 2008). Equilibrium concentrations as

well as mass transfer coefficients were determined and

incorporated into the model in order to predict the sepa-

ration performance.

2 Experimental

2.1 Chemicals

Glucose (monohydrate), lactose (monohydrate) and galact-

ose were obtained from Sigma-Aldrich (Germany); a1-3,

b1-4 galactotriose (GOS3) and a1-3, b1-4, a1-3 galacto-

tetraose (GOS4) were purchased from Dextra (United

Kingdom). A standard of galactopentaose (GOS5) was not

available. It was identified on the basis of retention time and

molar refractivity derived from its values for the lower GOS

oligomers. Vivinal� GOS syrup was kindly provided by

FrieslandCampina (Netherlands). It contained 75 % of dry

matter. The amount of saccharides in the dry matter was

assayed by the AOAC 2001.02 method which provided the

following values: total galacto-oligosaccharides—60 %,

lactose anhydrous—19 %, glucose anhydrous—21 %, and

galactose 1.4 %. Water used throughout entire work, also as

mobile phase during preparative experiments, was ultrapure

(18.2 MX cm), filtered through GHP 0.45 filter and degas-

sed. Bed voidage was measured by pulse injections of Blue

Dextran solution (Sigma-Aldrich, Germany) with the con-

centration of 2 g/L and injection volume of 100 lL.

2.2 Materials

Preparative jacketed glass columns Superformance, ID

26 mm, (Goetec, Germany) were used and maintained at

25 �C using a thermostatic water bath. The columns were

equipped with dispersion filters Superformance Merck

(model F). The outlet solution from the preparative and an

analytical column was monitored by a refractive index

detector Gilson 131 (France).

To analyze binary and multicomponent solutions, an

analytical column Transgenomic ICSep ION-300

(7.8 9 300 mm, H? form) was used. 0.04 M solution

H2SO4 was used as a mobile phase. The HPLC analytical

column was placed into a JetStream II Plus oven (WO

Industrial Electronics, Austria) to control the temperature

at 70 �C. A Smartline Pump 1000 (Knauer, Germany) was

employed when the volumetric flow rate of mobile phase

was 4.97 ± 0.02 mL/min for the preparative column,

and—0.40 mL/min for the analytical column.

Dowex 50WX4-400 is a strong cation exchange resin

(copolymer of styrene and divinylbenzene) with 4 % cross-

linking and particle diameter ranging from 0.037 to

0.075 mm. Ionic forms of the resin were changed according

to the procedure described in Ref. (Rabelo et al. 2012).

Resin particles were packed into a preparative column

according to the well-known slurry-packing procedure. Bed

lengths of H?, Na?, K? and Ca2?-forms were 11.0, 8.9, 9.4,

11.7 cm, respectively. Basic characteristics of each bed (in

terms of bed voidage and solid to liquid phase ratio) for

respective ionic form can be found in Table 3 in Sect. 4.1.

2.3 Pulse experiments

During determination of single component adsorption

equilibrium isotherms by preparative pulse experiments the

injection volume was 100 lL. Injections were made at least

in duplicate. The concentration range of particular saccha-

ride was set to reflect its typical content in the post-reaction

mixture. The feed concentration ranges were as follows:

• galactose (Gal): 5–30 g/L,

• glucose (Glc): 20–100 g/L,

• lactose (Lac): 20–200 g/L,

• a1-3, b1-4 galactotriose (GOS3): 10–50 g/L,

• a1-3, b1-4, a1-3 galactotetraose (GOS4): 7.5–25 g/L.

The first statistical moments were used to obtain reten-

tion times, tR, for each pulse experiment [Eq. (1)].

tR ¼

R1

0

tC tð Þdt

R1

0

CðtÞ
ð1Þ

The obtained retention times of all saccharides were

independent of feed concentration. Therefore adsorption

equilibrium constants (distribution coefficients), Ki, of

linear isotherm were proportional to the retention times and

calculated from the following equation:

tR ¼
eVC

Q
1þ 1� e

e
Ki

� �

ð2Þ

where e is the bed voidage, Ki is the distribution coefficient

of the component i, VC is the bed volume and Q is the

volumetric flow rate.

2.4 Fixed bed experiments

In the case of single-component breakthrough curves,

applied feed concentrations ranges were as follows:
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• glucose: 30, 70, and 100 g/L,

• lactose: 40, 120, and 200 g/L,

• galactose: 2, 4, and 6 g/L.

The galactose concentration at the column outlet was

measured online by the RI detector, whereas, for other

saccharides, column outlet samples were collected at fixed

time intervals. They were diluted with water and were

analyzed in the analytical column. For breakthrough

experiments with the binary glucose–lactose mixture, the

concentrations of these saccharides in the consecutive steps

were increased in the same way as in the single-component

breakthrough experiments. Therefore, the total saccharide

concentration in the final step reached a high value—

300 g/L.

The GOS syrup, was diluted to the total saccharide

concentration of 201.7 g/L for the use in breakthrough

experiments. The chosen concentration guaranteed that

the concentrations of all saccharides contained were

within the range investigated previously for the single-

and bi-component mixtures. At this concentration, the

density and viscosity were elevated, which simulated well

industrial separation conditions. For glucose and lactose

solutions at concentration of 200 g/L density and dynamic

viscosity equal 1.074 g/L and 0.00162 Pa.s, respectively.

Similar values might be expected for discussed GOS

mixture.

3 Mathematical model

A dispersive plug flow model has been used to fit the

experimental elution profiles and breakthrough curves of

individual saccharides. Several assumptions included in

this model are: isothermal adsorption, axial dispersion

flow, constant flow rate, constant bed voidage in the axial

direction and no radial gradients within the bed. The mass

balance equation can be cast as:

oCi

ot
þ ð1� eÞ

e
o�qi

ot
þ uint

oCi

oz
� Da

o2Ci

oz2
¼ 0 ð3Þ

where Ci and �qi are the liquid-phase and average adsorbed

solid-phase concentrations of the ith species, respectively;

uint is the interstitial velocity, Da is the axial dispersion

coefficient; the variables t and z refer to the time and axial

coordinates, respectively.

The boundary conditions were defined as follows:

z ¼ 0 Da

oCi

oz
¼ uintðCi � Ci;0Þ ð4Þ

z ¼ L
oCi

oz
¼ 0 ð5Þ

And initial conditions:

Ci ¼ Ci;0 �qi ¼ �qi;0 ð6Þ

Solid-phase mass transfer was described by the LDF

approximation which can be written as:

o�qi

ot
¼ kh;iðq�i � �qiÞ ð7Þ

where kh;i is the mass-transfer coefficient for a

homogeneous particle and q�i is the equilibrium solid

phase concentration of the component i derived from the

linear adsorption isotherm:

q�i ¼ KiCi ð8Þ

where Ki is the adsorption constant (distribution coeffi-

cient) of the i-th saccharide.

The LDF approximation presented above assumes

spherical homogeneous particles and for most gel-type

resins, this assumption is valid. The mass transfer coeffi-

cient kh;i was calculated according to Glueckauf equation

(Glueckauf and Coates 1947):

kh;i ¼
15

R2
p

epDm;i

sKi

ð9Þ

where Dm is here the molecular diffusivity and Rp is the

average radius of resin particles (0.056 mm); epis the par-

ticle porosity; s is the tortuosity factor. The ratio
ep

s for

cation exchange gel type resin was taken from literature

(Vaňková et al. 2010b).

The values of Dm for galactose, glucose and lactose were

taken from literature (Lee et al. 2004; Bensley 1946;

Dembczynski and Jankowski 2000). Since these data for

GOS were unavailable, they were estimated on the basis of

the extrapolation of the dependence between the known

values of diffusion coefficients and molecular weights of

glucose and lactose. The calculated values of the transport

parameters are presented in Table 1.

The axial dispersion coefficient was calculated from the

equation:

Table 1 Values of the molecular diffusivity and mass transfer

coefficient for homogeneous particles at 25 �C

Dm 9 1010 (m2 s-1) kh i (s-1)*

Galactose 6.90 0.449

Glucose 6.50 0.491

Lactose 5.00 0.481

GOS3 3.50 0.452

GOS4 2.70 0.487

*Adsorption equilibrium coefficients, Ki used in Eq. (9) to calculate

kh,i, are the experimental values obtained in this work (see Table 2)
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Da ¼
uintL

Pe
ð11Þ

where uint is the interstitial velocity and Pe is the Peclet

number calculated as follows:

Pe ¼ 2
t0ð Þ2

r2
ð12Þ

In Eq. (12), t0 and r2 are the retention time and variance

[Eq. (13)] of an unretained tracer (Blue Dextran).

r2 ¼

R1

0

cðtÞ t � tR½ �2dt

R1

0

c tð Þdt

ð13Þ

The Peclet number obtained in this way for the flow rate

of 5 mL/min was equal to 250.

The model equations were solved numerically using the

gPROMS-general Process Modelling System version:

3.5.3. The mathematical model involves a system of partial

and algebraic equations. The axial domain was discretized

using third order orthogonal collocation in finite elements

method, using twenty finite elements with two collocation

points in each element. The system of ordinary differential

and algebraic equations was integrated over time using the

DASOLV integrator implementation in gPROMS.

4 Results and discussion

4.1 Selection of adsorbent ionic form

Preparative pulse experiments provided comprehensive

data about adsorption of five investigated carbohydrates at

25 �C. Dowex 50WX4-400 is a resin of a very fine mesh

size therefore elevated back pressure could be expected at

the working flow rate of 5 mL/min. It however ranged only

from about 1 bar up to 2 bars, for the potassium form.

Taking into account the contribution of the tubing and

fittings to the overall backpressure, it can be concluded that

this resin, despite of its very small particle size, seems to be

suitable for preparative, high throughput purposes.

Distribution coefficients Ki were calculated from Eq. (2)

for three–four different feed concentrations. Their values

for each saccharide did not change with the concentration

what confirmed the linearity of adsorption isotherms.

Table 2 presents the values of these adsorption equilibrium

constants and their corresponding standard errors. Linearity

of adsorption isotherm of monosaccharides and disaccha-

rides could be expected for this kind of adsorbent and

conditions. This work extended the existing knowledge by

that higher saccharides, such as galactose oligomers, ga-

lactotriose and galactotetraose, are also linearly adsorbed.

The order of elution of investigated carbohydrates,

Gal \ Glc \ Lac \ GOS3 \ GOS4, is linked with their

molecular weight. With the increasing value of molar mass,

the distribution coefficient decreased regardless of the

adsorbent ionic form. As other researchers reported, the

size-exclusion plays here a governing role since the pore

size is close to the sizes of separated molecules (Vaňková

et al. 2010b; Rabelo et al. 2012). More attention deserves the

comparison of elution of glucose and galactose—saccha-

rides of the same molar mass and nearly identical structure

but exhibiting different affinity to the adsorbents. The only

structural difference between them is the orientation of

hydroxyl group at C #4. One possible elucidation could lie in

a higher affinity of galactose to so called unfreezable pore

water compared to glucose which preferably partitions to

unbound freezable pore water (Vaňková et al. 2010b).

Another reason could be conformational dissimilarity in

hydroxyl groups arrangement favouring complexation of

galactose over glucose. Nonetheless, the deprotonation of

-OH group is low at the pH close to neutral so the ability

of these groups to substitute water molecules hydrating

metal ion is poor which results in unstable, weak com-

plexes (Gyurcsik and Nagy 2000). The distinction between

the adsorption affinities of glucose and galactose is

emphasized in the case of the calcium form of the ion

exchanger. The selectivity aGal=Glc reached a value of 1.27,

which was more than 10 % higher than this selectivity for

the Na? form (the lowest). One may assume that bidentate

interactions enabled by bivalent calcium ions are strongly

favourable for spatial hydroxyl orientation to fulfill axial–

equatorial–axial rule and to form a more stable complex

Table 2 Adsorption equilibrium coefficients Ki, of five examined saccharides at 25 �C on different adsorbent ionic forms with the corresponding

standard error values

H? form Na? form K? form Ca2? form

Gal 0.459 ± 0.001 0.580 ± 0.002 0.717 ± 0.004 0.548 ± 0.004

Glc 0.388 ± 0.002 0.509 ± 0.001 0.623 ± 0.002 0.431 ± 0.003

Lac 0.304 ± 0.001 0.397 ± 0.001 0.522 ± 0.001 0.373 ± 0.001

GOS3 0.211 ± 0.001 0.292 ± 0.001 0.395 ± 0.010 0.294 ± 0.014

GOS4 0.162 ± 0.003 0.237 ± 0.006 0.333 ± 0.005 0.234 ± 0.002
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(Gyurcsik and Nagy 2000; Whitfield et al. 1993). Distinct

interactions take place in the case of adsorbent H?-form

and saccharides. In this particular instance, interactions

between the sulfonic acid functional group of the resin and

positively charged hydrogen of the -OH group may create

weak hydrogen bonds (Pedruzzi et al. 2008).

Table 2 further presents the influence of ionic form of

the resin on the sorption capacity. For monovalent cations,

the sorption capacity seems to be proportional to the cation

radius. The highest affinity was observed for the potassium

form, in agreement with observations of other researchers

(Vente 2004; Nobre et al. 2009; Rabelo et al. 2012). The

lower capacity for the Ca2?-form compared to that of the

K?-form confirms the observation of Vente that monova-

lent ions offer higher sorption capacity than divalent ones

(Vente 2004). The potential of the potassium form to yield

such high capacity may be explained in at least two ways.

Relatively high affinity between the potassium ion and a

saccharide molecule can be elucidated by marked electro-

static interactions of the positively charged large ion and

free electrons of hydroxyl groups of saccharides.

Another explanation can be based on the hydration

number of the cation. In comparison to Na? and Ca2?, K?

is characterized by the lowest hydration number. It means

that the amount of unbound water in the pores is the biggest

what favours partitioning of saccharides into the pores

(Glueckauf and Kitt 1955). Discussing the influence of

ionic form on the sorption capacity, the ratio of solid to

liquid phase must also be taken into account (Table 3).

It is a well-known property of ion-exchange resins to

swell or shrink when a counter-ion is being changed.

Table 3 presents the changes of bed voidage and respective

values of phase ratios, F ¼ 1�2
e . For smaller molecules such

as glucose or galactose, a clear dependence between the

phase ratio and sorption capacity is expected. The expected

trend was partly confirmed. Table 2 shows that the lowest

sorption capacity was determined for the hydrogen form

(F = 2.17). It was higher for the calcium form (F = 2.46)

and reached the highest values for the alkali cation forms

(F = 2.64 and 2.89). Surprisingly, the highest capacity was

observed for the potassium form even though the sodium

form bed had a higher phase ratio. This observation

emphasizes the complexity of distribution of saccharides between liquid and cation-exchange solid phase discussed

above. No straightforward predictions are possible.

Table 3 further displays two crucial parameters that

were taken as decisive factors for the selection of ionic

form for a deeper study: selectivity and bed efficiency.

Considering the use of SMB chromatography in further

process development, such an ionic form should be selec-

ted which deals best with the separation of galactotriose

from lactose in order to collect non-prebiotic saccharides in

one stream (extract) and prebiotic GOS in another one

(raffinate). For that reason, the selectivity between these

Table 3 Characteristics of adsorbent beds of different ionic forms

H? form Na? form K? form Ca2? form

aLac/GOS3 1.419 1.337 1.320 1.317

e 0.315 0.257 0.275 0.289

F 2.17 2.89 2.64 2.46

NGlc 77.4 69.8 44.3 45.2

(a)

(b)
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Fig. 1 Experimental (points) and simulated elution profiles (solid

lines) of glucose (a), lactose (b) and GOS4 (c) obtained in single-

component pulse experiments for the adsorbent in H?-form at 25 �C
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two key saccharides was chosen as the decisive parameter.

The H?-form of the adsorbent provided a value of

aGOS3=Lac = 1.419 which was by 6–8 % higher than those

for the other ionic forms of the adsorbent.

Table 3 shows that, regarding the bed efficiency

expressed by the number of theoretical plates for glucose

NGlc, each bed surpassed the threshold value of 30 sug-

gested by Juza as a minimum for industrial application to

an SMB system (Juza 1999). The hydrogen ionic form of

the adsorbent proved its superiority over the other ionic

forms in this parameter too. Concluding, the H?-form was

designated as the best candidate for separation of prebiotic

galacto-oligosaccharides from non-prebiotic saccharides

what concedes research of authors dealing with other oli-

gosaccharides (Rabelo et al. 2012; Moravčı́k et al. 2012).

4.2 Performance of adsorbent hydrogen ionic form

The selected H?-form was subjected to further investiga-

tions. A dynamic model was built that incorporated the

values of distribution coefficient Ki obtained by preparative

pulse experiments of single-component solutions presented

in Sect. 4.1 In order to validate the model for real sepa-

rations, several mixtures were tested.

The first step in the validation of the proposed model

described in Sect. 3 was to fit the elution profiles of single-

component saccharide solutions. Both the output concen-

tration from the model in gProms and the signal from RI

detector were normalized through a residence time distri-

bution function E(t):

E tð Þ ¼ SignalðtÞ
R1

0

Signal tð Þdt

ð14Þ

E tð Þ ¼ CðtÞ
R1

0
C tð Þdt

ð15Þ

Figure 1a–c depicts a very good agreement between the

experimental and simulated elution profiles for a

monosaccharide (glucose), disaccharide (lactose) and

galacto-oligosaccharide (galactotetraose). A similarly

good match was achieved for galactose and galactotriose

elution profiles, which are not shown for brevity.

Breakthrough curves were measured in two ways, step

series (GOS syrup) and staircase method (monosaccharides

and lactose solutions). The feed concentration of individual

carbohydrates during the pulse experiment and break-

through curves measurements covered the same range, in

order to maintain adsorption constants validity. Continuous

bed saturation with highly concentrated solution provides

useful insight into bed capability to deal with high osmotic

pressure and elevated viscosity.

Single-component breakthrough curves are shown in

Fig. 2. The proposed model with the used parameters fitted

the experimental data very well throughout the entire

concentration range for all saccharides but lactose in third

saturation step. Here, the true adsorbed amount of lactose

was a few per cent lower than the value predicted from the

linear isotherm obtained from the pulse experiments. This

implies a slightly concave character of the isotherm at the

concentrations approaching 200 g/L. Breakthrough curves

of lactose-glucose binary mixtures were measured so that

the concentrations of single saccharides in individual steps

were the same as in the single-component experiments
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Fig. 2 Experimental (points) and simulated (solid lines) single-

component breakthrough curves: glucose (a), galactose (b) and

lactose (c) for the adsorbent H?-form at 25 �C
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(Fig. 3). A small bed shrinkage by about 1 % was observed

in the third step when the resin was exposed to a highly

concentrated solution with the total saccharide concentra-

tion of 300 g/L. This change was taken into account in the

mathematical model. The experimental data were repro-

duced by the model with a fair accuracy as shown in Fig. 3.

It may look surprising at the first glance that the model

worked so well with the concentration-independent

parameters. Parametric sensitivity simulations showed that

the breakthrough curve broadening was controlled solely

by axial dispersion when mass transfer resistance effect

was almost negligible. This observation can be supported

by the results of a previous study where an industrial-grade

ion exchanger was used for the characterization of

adsorption kinetics of fructooligosaccharides (Vaňková

et al. 2010b). The analysis of adsorption zone broadening

effects showed that the contribution of mass transfer

resistance was from 15 to 60 %. The particle mean size of

the industrial-grade ion exchanger was however about

fivefold larger than the particle mean size of the resin used

in this study. As follows from Eq. (9), the corresponding

mass transfer coefficient values for the adsorbent used in

this study should be about 25 times lower.

This explanation must be completed by that why the

saccharide concentration did not affect axial dispersion

coefficient either. The superficial velocity had the value of

1.6 9 10-4 m/s so the order of magnitude of the Reynolds

number values for different saccharide types and concen-

trations was 10-2. At such low Reynolds number values, the

Péclet number becomes essentially constant and indepen-

dent of the density and viscosity of the solutions (Vaňková

et al. 2010b). For a specific fixed-bed, the axial dispersion

coefficient is only a function of the flow velocity.

Again, the extrapolation of equilibrium data from the

pulse experiments, in which the outlet concentrations were

only several g/L, was successful up to the concentration of

200 g/L. In the last step, the adsorbed amounts of both

lactose and glucose were overestimated by the model at the

total feed concentration of 300 g/L.

It can thus be concluded that preparative pulse experi-

ments of single-component solutions provided reliable

values of adsorption isotherm parameters of saccharides on

cation exchange resins till moderately high concentrations.

The application of this material-saving method was

essential for tri- and tetraoligosaccharides which are too

expensive to be used in breakthrough experiments.

Figure 4 presents the breakthrough curves of individual

saccharides for one of the duplicated runs when the GOS syrup

was fed into the bed formed by the H?-form of the resin.

Considering the complex composition of the mixture, the

model fits can be considered quite satisfactory. All simulated

breakthrough curves have the same shape as the correspond-

ing experimental ones but they are slightly shifted to shorter

breakthrough times. This implies that the model predicted the

dispersion phenomena very well but the deviation is in the

equilibrium data. The experimental adsorbed amounts were

for each saccharide approximately 10 % larger than the model

ones. Only few authors dealt with multi-component adsorp-

tion of saccharides on this type of resin. They noticed com-

petitive and cooperative effects depending on the type of

saccharides, their concentrations or mutual ratio but the

behaviour described above has not been observed (Chila-

mkurthi et al. 2012; Nowak et al. 2007; Vaňková et al. 2010a;

Gramblička and Polakovič 2007). Its unequivocal explanation

is not easy because the complete specification of this com-

mercial syrup is unknown. The equilibrium may have been

influenced by the presence of small amounts of citric acid,

which is added as a preservative, and milk proteins.

5 Conclusions

A simple but reliable preparative pulse method was used to

determine adsorption isotherms of all major saccharides
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contained in a post-reaction mixture of GOS: galactose,

glucose, lactose, galactotriose and galactotetraose. From

the four investigated adsorbents differing by the counter

ions (H?, Na?, K? and Ca2?), the hydrogen ionic form of a

strong cation exchanger manifested the best selectivity for

the two key saccharides, galactotriose and lactose, as well

as the best bed efficiency expressed by the number of

theoretical plates.

A multitude of breakthrough curves was measured for

the selected H?-form of the resin. They were fitted with the

axial dispersive flow model with the LDF approximation

incorporated into the software gProms. The values of the

model crucial parameter—adsorption equilibrium con-

stant—were adopted from the pulse experiments in order to

examine their validity for adsorption of binary and multi-

component mixtures at overloading conditions. In general,

a very good agreement between experimental and simu-

lated data was achieved. This proved the reliability of

preparative pulse methodology in providing accurate data

on adsorption isotherms of the saccharides for the type of

adsorbent investigated. The validated model can be a

useful tool for a future design and optimization of SMB

separation of these prebiotic galacto-oligosaccharides from

remaining non-prebiotic saccharides.
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