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a b s t r a c t

Adsorption equilibrium of fructose, glucose and sucrose was evaluated on sulfonated poly(styrene-co-
divinylbenzene) cation-exchange resins. Two types of resins were used: potassium (K+) gel-type and
sodium (Na+) macroporous resins. Influence of the cation and effect of the resin structure on adsorption
were studied. The adsorption isotherms were determined by the static method in batch mode for mono-
component and multi-component sugar mixtures, at 25 and 40 ◦C, in a range of concentrations between
5 and 250 g L−1. All adsorption isotherms were fitted by a linear model in this range of concentrations.
Sugars were adsorbed in both resins by the following order: fructose > glucose > sucrose. Sucrose was

+

acroporous resin
el-type resin
ations
ugars

more adsorbed in the Na macroporous resin, glucose was identically adsorbed, and fructose was more
adsorbed in the K+ gel-type resin. Data obtained from the adsorption of multi-component mixtures as
compared to the mono-component ones showed a competitive effect on the adsorption at 25 ◦C, and a
synergetic effect at 40 ◦C. The temperature increase conducted to a decrease on the adsorption capacity
for mono-component sugar mixtures, and to an increase for the multi-component mixtures. Based on

gel-ty
the selectivity results, K+

and sucrose, at 25 ◦C.

. Introduction

Complex mixtures are frequently obtained when processes such
s fermentative or enzymatic synthesis are used for sugar pro-
uction. The application of these mixtures in the food industry
equires their fractionation in order to meet final product speci-
cations. Separation of glucose (G) from fructose (F) [1], sucrose

S) in molasses [2,3] and fructose high-fructose corn syrups [4],
epresent major challenges in industrial sugar chromatographic
eparations. As adsorbents, ion exchange resins of sulfonated
oly(styrene-co-divinylbenzene) (PS-DVB) have been largely used

n the sugar industry due to their chemical inertness, higher capac-
ty and selectivity [5,8]. According to their structure, the resins
re classified in two major groups: gel-type and macroporous
9,10].
Gel-type resins are translucent and have a smooth and uniform
urface. These resins are highly swollen and have a low nominal
egree of crosslinking (the DVB content is lower than 12%) resulting

n high water retention capacity and fast diffusion kinetics [9,10].

∗ Corresponding author. Tel.: +351 253 604 400; fax: +351 253 678 986.
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oi:10.1016/j.aca.2009.06.043
pe resin seems to be the best choice for the separation of fructose, glucose
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Therefore, they are soft and compressible, restricting their use in
packed columns, particularly for large-scale applications as back-
pressure increases with the compression of the particles [9].

Macroporous resins are characterized by a permanent well-
developed porous structure. They are opaque and their DVB content
is greater than 20%. Due to their high degree of crosslinking, they
do not show shrinking problems and are resistant to degradation
caused by osmotic shock and oxidation [9,10].

These non-ionic resins can be functionalized with cations, usu-
ally calcium, potassium or sodium. These cations form complexes
with the hydroxyl group of the adsorbed sugar, leading to a selec-
tive adsorption according to the orientation of the hydroxyl group.
Thus, the conformation of the sugar and the cation determines the
distribution coefficient and the cation-sugar affinity. The carbohy-
drates separation is mainly based on size exclusion, hydrophilic
or hydrophobic interactions, ligand exchange and ion exchange
[6,11,12].

Gel-type resins in calcium form are the most used in industrial

separation of fructose from glucose due to the strong complexes
that these resins form with fructose [1,5,13]. Several authors used
calcium resins to fractionate mixtures of fructose, glucose and
sucrose [14-16]. However, potassium (K+) and sodium (Na+) cations
are the most recommended ions for the separation of these sugar

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:clarissenobre@deb.uminho.pt
dx.doi.org/10.1016/j.aca.2009.06.043
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Table 1
Physical and chemical properties of the resins.

Physical and chemical
propertiesa

Dowex
Monosphere 88

Dowex Monosphere
99K/320

Ionic form Na+ K+

Structure Macroporous Gel-type
Matrix Styrene-DVB Styrene-DVB
Functional group Sulfonate Sulfonate
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otal capacity (eq L−1) >1.8 >1.5 (H+ form)
ater content 42–50 57–61 (H+ form)

olume median diameter (�m) 500–600 317 ± 15

a Data obtained from supplier.

ixtures due to their advantage in providing higher kinetic rates of
dsorption [17,18].

The efficiency of a chromatographic process is largely depen-
ent on the adsorbent used. Adsorption isotherms of the sugars
resent in a mixture are used for selecting the most adequate
dsorbent to be used in the separation, since they describe the
quilibrium distribution of a solute between the adsorbent and the
iquid phase [19]. Thus, the evaluation of adsorption isotherms is
xtremely important as it represents the first step towards scale-
p to industrial applications. Dynamic (frontal analysis [20]) and
tatic (adsorption–desorption in column [20,21] and in batch mode
15,22,23]) methods have been used to determine the adsorption
sotherms.

Parameters such as the structure of the resin, the ionic form
Na+ or K+), the components of the mixture (mono and multi-
omponent) and the temperature have been reported to largely
nfluence the adsorption and separation of sugars. There are several
tudies concerning adsorption of fructose, glucose and sucrose in
S-DVB resins [20,22,23], however, none of these authors addressed
ll the referred parameters simultaneously. Thus, the aim of this
ork was to determine the adsorption isotherms of glucose, fruc-

ose and sucrose using two PS-DVB ion-exchange resins, namely a
acroporous resin in Na+ form, and a gel-type resin in K+ form. A

tatic method in batch mode was used to determine the adsorp-
ion parameters. Experiments were conducted with mono- and

ulti-component mixtures of sugars to evaluate competitiveness
etween the sugars present in the mixture. Temperature effect (25
nd 40 ◦C) on adsorption and selectivity were also studied for both
esins.

. Experimental

.1. Materials

A macroporous resin (Dowex Monosphere 88) in Na+ form, and
gel-type resin in K+ form (Dowex Monosphere 99K/320) were

urchased from Supelco (Table 1).
Analytical grade fructose, glucose and sucrose were purchased

rom Panreac, Riedel-de Haën and Merck, respectively, and diluted
n Milli-Q pure water.

.2. Determination of adsorption isotherms

Adsorption equilibrium isotherms were determined using a
tatic method, namely the adsorption–desorption in batch mode.
esins were washed several times with Milli-Q pure water until
he liquid phase pH achieved a value of 6.0, therefore avoiding
urther hydrolysis of sucrose. After equilibrium was reached, the
esins were filtered to remove the water excess content. A vol-

me of 3.5 mL of adsorbent, previously weighed, was placed into
5 mL Falcon tubes. Five Falcon tubes were dried at 105 ◦C in order
o determine the resin water content. Next, 3.5 mL of sugar solu-
ion was added to the resin and held for 8 h under agitation at 25 or
0 ◦C. Previous experiments demonstrated that 8 h were enough to
a Acta 654 (2009) 71–76

reach the equilibrium without occurring sucrose hydrolysis (data
not shown). These experiments were carried out in triplicate.

For determining the adsorption isotherms, mono- and multi-
component sugar solutions were prepared in a range of
concentrations between 5 and 250 g L−1. In all the multi-
component mixtures, individual sugars mass concentration was the
same.

To ensure that the resin is ion saturated after each assay, a regen-
eration step was conducted with Na2SO4 and K2SO4, for the Na+

and K+ resins, respectively. The amount of ions in solution was
controlled by measuring the conductivity after each regeneration
step.

2.3. Sugars analysis

Initial sugar mixture solutions and non-adsorbed sugar
concentrations were determined by High-performance liquid
chromatography (HPLC) using a Jasco device equipped with a
refractive index detector. A Prevail Carbohydrate ES column (5 �m,
250 mm × 4.6 mm) from Alltech was used. The mobile phase con-
sisted of acetonitrile (HPLC Grade, from Carlo Erba) with 0.04% of
ammonium hydroxide (HPLC Grade, from Sigma) in Milli-Q pure
water (70:30, v/v). Elution was conducted at a 1 mL min−1 flow rate
and room temperature [24]. A Star Chromatography Workstation
software (Varian) was used to record and integrate the refractive
index responses.

2.4. Adsorption parameters calculation

Calculation of the equilibrium loading, q, is the first step to
obtain the adsorption isotherms. Equilibrium loading was calcu-
lated for each tested concentration on both resins. The assays were
performed for mono- and multi-component sugar mixtures at two
different temperatures, namely 25 and 40 ◦C.

The equilibrium loading representing the mass of sugar
adsorbed per mass of resin, is calculated from the following mass
balance:

q = (Ci − C)V
m

(1)

where Ci is the initial concentration of the sugar solution, with a
volume V, added to a known amount of adsorbent m and C is the
final concentration of sugars in equilibrium with the adsorbent.

The measured adsorption isotherm data were fitted using a lin-
ear regression equation:

q = K.C (2)

allowing the determination of the distribution coefficient, K.

2.5. Selectivity of the resin

To evaluate the efficiency of sugars separation for each resin,
at different conditions, the selectivity parameter (˛) was calcu-
lated. For linear chromatography the selectivity can be expressed
as the ratio between distribution coefficients of the sugars j and l
[19].

˛j/l = Kj

Kl
(3)

2.6. Data analysis
Linear regression models were used to fit the experimental
data (Eq. (2)) and their significance was assessed using an ANOVA
test. The quality of the fitted models was assessed by their R-
square values. Significance of the slope was also determined by
a t-test. The presence of outliers was investigated. Experimental
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Fig. 1. Adsorption isotherms of (�) fructose, ( ) glucose and ( ) sucrose on Na+

ata showing standardized residual errors greater than 2.5 times
he standard deviation were considered outliers. The normal dis-
ribution of the standardized residual errors, a pre-requisite of
he linear regression model, was investigated using the Shapiro-

ilk test. Regression data were subjected to a likelihood ratio

est of equality (covariance analysis) to determine if the slopes
f each linear equation were the same. Statistic analyses were
erformed using the SPSS 17 Standard Version software (SPSS

NC.). All statistical tests were conducted at a 5% significance
evel.

ig. 2. Adsorption isotherms of (�) fructose, ( ) glucose and ( ) sucrose on Na+ macrop
porous and K+ gel-type resins, at 25 and 40 ◦C, with mono-component mixtures.

3. Results and discussion

3.1. Adsorption isotherms

As showed in Figs. 1 and 2, the adsorption isotherms, for fruc-

tose, glucose and sucrose for both mono- and multi-component
mixtures, were appropriately fitted by linear regression models
according to Eq. (2). These models were obtained after removing
outliers and were found to be highly significant (P < 0.001). For
all the adsorption isotherms C was found to be a very significant

orous and K+ gel-type resins, at 25 and 40 ◦C, with multi-component mixtures.
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Table 2
Distribution coefficients, K (L kg−1), for Na+ macroporous and K+ gel-type resins, using multi-component mixtures at 25 and 40 ◦C.

K+ Na+

25 ◦C 40 ◦C 25 ◦C 40 ◦C

F = 0.99
G = 0.99
S = 0.99
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ructose 0.867 ± 0.009 R2 = 0.996 0.903 ± 0.012 R2

lucose 0.692 ± 0.007 R2 = 0.997 0.757 ± 0.010 R2

ucrose 0.429 ± 0.009 R2 = 0.985 0.511 ± 0.008 R2

redictor (P < 0.001) being the interception values generally not sta-
istically different from zero (P > 0.060), as theoretically expected.
he linear models obtained explained the variability observed in
he experimental q values (0.977 ≤ R2 ≤ 0.999). Moreover, in gen-
ral, the residual errors associated to each linear model followed
normal distribution (P > 0.075), which is a pre-requirement of

he linear regression models. Results obtained are in accordance
ith the general notions reported in the literature that low ini-

ial sugar concentrations conduct to linear adsorption isotherms
5,25].

.2. Macroporous resin in sodium form versus gel-type resin in
otassium form

Potassium and sodium resins are considered non-complex ions,
s it has been reported that sugars and univalent cations form
eak complexes [7]. Therefore, for these resins the separation is
erformed due to the combination of size exclusion and restricted
iffusion effects. This separation mechanism is advantageous since

t provides higher adsorption kinetic rates as compared with the
nes obtained with resins that form strong complexes with sugars,
uch as calcium resins [18].

In the K+ and Na+ resins, the water molecules held in the hydra-
ion sphere of the ions are exchanged with some hydroxyl groups of
he sugars. Therefore, the number and orientation of the hydroxyl
roups determine the relative adsorption of each sugar. The stabil-
ty of the complex formed depends on the axial-equatorial (eq-ax)
equence of the hydroxyl groups. Glucose and fructose exist as pyra-
ose and furanose ring structures with different mol percentages
f � and � forms. The �-d-glucose form does not have any eq-ax
nd �-d-glucose has one. The �-d-fructose has one eq-ax and �-
-fructose has two [26]. At temperatures between 25 and 40 ◦C,
quilibrium composition for fructose is 10% of � form and 90% of

[27]; and for glucose is 40% of � and 60% of � [28]. Therefore,
or these resins, fructose is expected to be much more adsorbed
han glucose. Sucrose does not have any eq-ax oriented group and
s excluded from the resin due to its higher molecular size.

The results of the covariance analysis (data not shown) showed
hat, for the multi-component sugar mixtures, the three sugars
ere adsorbed with different affinities (P ≤ 0.010) by both the K+

nd Na+ resins at 25 or 40 ◦C. Furthermore, as can be observed
rom Table 2, fructose was found to be the most adsorbed sugar,

ollowed by glucose, and finally sucrose. An exception was found
or the Na+ resin at 40 ◦C, for which fructose and glucose showed
imilar adsorption rates (K equal to 0.802 and 0.796, respectively,
= 0.848) although higher than the ones found for sucrose (K equal

o 0.691, P < 0.001).

able 3
istribution coefficients, K (L kg−1), for Na+ macroporous and K+ gel-type resins, using mo

K+

25 ◦C 40 ◦C

ructose 1.266 ± 0.016 R2 = 0.998 0.794 ± 0.006 R2 = 0.99
lucose 0.923 ± 0.031 R2 = 0.986 0.645 ± 0.027 R2 = 0.97
ucrose 0.783 ± 0.008 R2 = 0.998 0.529 ± 0.010 R2 = 0.99
5 0.799 ± 0.007 R2 = 0.997 0.802 ± 0.006 R2 = 0.998
4 0.745 ± 0.008 R2 = 0.996 0.796 ± 0.004 R2 = 0.999
1 0.726 ± 0.013 R2 = 0.989 0.691 ± 0.007 R2 = 0.996

For multi-component mixtures at 25 ◦C (Table 2), glucose and
mostly sucrose showed higher distribution coefficients for the Na+

than for the K+ resin (P ≤ 0.037). At 40 ◦C, glucose showed the same
adsorption affinity for both resins (P = 0.670) (Table 2), and sucrose
showed a higher adsorption affinity for the Na+ resin (P < 0.001). On
the other hand, fructose showed a lower adsorption affinity for the
Na+ resin for both temperatures studied (P < 0.001).

Gramblicka and Polakovic [23], studied recently the adsorp-
tion of sugar mixtures at 60 ◦C using two Na+ resins with different
structures. These authors showed that sucrose adsorption in Na+

macroporous resin was higher than in Na+ gel-type. Moreover, they
found that glucose and fructose had the same adsorption affini-
ties. Additionally, Vente et al. [15] studied sugars adsorption using
two gel-type resins in Na+ and K+ forms at 60 ◦C. They reported a
lower fructose and glucose adsorption in the Na+ resin in compari-
son with the K+ one. Therefore, the results obtained in this work at
40 ◦C are in general in accordance with those reported in the studies
described above.

In summary, sucrose adsorbed better in macroporous and Na+

resins, glucose showed the same adsorption in macroporous and
gel-type resins, and fructose was found to have a higher adsorption
in the K+ gel-type resin.

3.3. Mono- versus multi-component mixtures

Assays using multi-component sugar mixtures were performed
to evaluate sugars adsorption competitiveness. In general, a
decrease in the adsorption loading was found for the sugars in both
resins (P ≤ 0.034), when comparing results gathered in Table 2 with
the results from experiments conducted with mono-component
mixtures at 25 ◦C (Table 3). An exception was found for sucrose in
Na+ resin, where similar results were obtained for mono- and multi-
component mixtures (P = 0.532). At 40 ◦C the adsorption of each
sugar present in the multi-component mixture was higher than
the observed in the mono-component ones (P ≤ 0.019), except for
sucrose in K+ resin where a similar behavior was found (P = 0.463).

Nowak et al. [20] recently studied the competitiveness between
fructose, glucose and sucrose by adding individual sugars to a mix-
ture. These authors reported that the presence of additional sugars
in solution increases the specific sugar loading. Their experiments
were performed at higher temperatures, namely at 60 and 80 ◦C,
and are in agreement with the results obtained at 40 ◦C in the
present work.
In summary, the results reported in the present study showed
that at low temperatures, mixing sugars in the same proportion
causes a decrease in the adsorption capacity of each sugar. Further-
more, a competitive effect in the sugars adsorption was found. On
the other hand, high temperatures provided a reverse effect, and the

no-component mixtures at 25 and 40 ◦C.

Na+

25 ◦C 40 ◦C

9 0.852 ± 0.010 R2 = 0.998 0.763 ± 0.005 R2 = 0.999
7 0.793 ± 0.011 R2 = 0.997 0.671 ± 0.017 R2 = 0.991
5 0.683 ± 0.011 R2 = 0.995 0.576 ± 0.013 R2 = 0.993
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Table 4
Selectivity values (˛) for glucose, fructose, and sucrose, using Na+ macroporous and
K+ gel-type resins.

K+ Na+

25 ◦C 40 ◦C 25 ◦C 40 ◦C
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bed process for glucose isomerization, Chem. Eng. Sci. 59 (2004) 3777–3792.
/G 1.25 1.18 1.07 1.01
/S 1.61 1.49 1.02 1.15
/S 2.02 1.76 1.09 1.16

resence of other sugars in the mixture conducted to an increase in
he adsorption loading. Furthermore, a synergetic effect was found.

.4. Temperature effect

Several authors reported that the use of temperatures above
0 ◦C promotes a decrease of the liquid phase viscosity, an increase
f the components solubility in the solvent, and microbial growth

nhibition [1,5,13]. Despite these advantages, in the present study
he temperatures used were 25 and 40 ◦C because the maximum
perating temperature for the Na+ resin used was 40 ◦C, and the
ange of sugar concentrations studied was low.

Among the several phenomena that contribute to the adsorption
echanism of sugars in PS-DVB ion-exchange resins, the tem-

erature dependence of the distribution coefficient is essentially
ttributable to complexation and adsorption. The contribution of
emperature to the adsorption is correlated with the enthalpy term
f the Van’t Hoff equation. As a function of the variation of tem-
erature, changes in retention can be caused either by variations in
nthalpy or in entropy.

The adsorption capacity found for both resins, at 25 and 40 ◦C,
howed that increasing the temperature promoted a decrease of
he distribution coefficients for all the sugars studied in mono-
omponent mixtures (Table 3) (P < 0.001). These results are in
greement with the results obtained by Dendene et al. [25]. These
uthors compared the adsorption of sugars using Na+ and K+ gel-
ype resins at different temperatures.

As verified by Pedruzzi et al. [18], the adsorption of sugars in
S-DVB resins leads to low values of enthalpy indicating that the
dsorption is mainly physique, involving essential size-exclusion
nd ion-exclusion modes. In these cases, adsorption of sugars
ecreases at higher temperatures. The decrease of adsorption of
hemically bonded sugars is most probably caused by weakening
inding forces between the sugar and the resin [20].

Nevertheless, for the Na+ resin the adsorptions of fructose
nd sucrose in multi-component mixtures were not significantly
ffected by the temperature (P ≥ 0.866), and for glucose an increase
n the adsorption was observed (P < 0.001). Regarding the K+ resin,
temperature increase resulted in an increase of the adsorption for
ll the sugars (P ≤ 0.012). These results showed that, for K+ gel-type
nd Na+ macroporous resins, increasing the temperature conducted
o a higher sugar adsorption for multi-component mixtures.

Studies using multi-component adsorption of sugars are scarce.
he work done by Nowak et al. [20] showed no temperature depen-
ency of the distribution coefficient for glucose and sucrose, and a
ecrease of the adsorption of fructose was found when increasing
he temperature. However, Best et al. [13] showed an increase of
lucose adsorption as a result of the temperature increase.

The ion form of the resin, the DVB content and the sugars present
n the mixtures seem to have a great influence on the adsorption
ehavior. In the present study, for Na+ resin, the adsorption was
ound to be independent of the temperature, suggesting that this
s an entropically determined process rather than enthalpic. How-
ver, for K+ resin, the results showed higher adsorption for higher
emperatures probably due to complexation with the cation.
a Acta 654 (2009) 71–76 75

3.5. Selectivity

Resin selectivity is a relevant parameter that should be consid-
ered whenever selecting the best resin for a certain separation.
In the present study, the selectivities were calculated using the
distribution coefficients obtained previously for multi-component
mixtures at 25 and 40 ◦C (Table 2) and are presented in Table 4.
The lowest selectivity was found for fructose/glucose since these
sugars have the same molecular weight. Furthermore, the higher
selectivity was found for fructose/sucrose due to the strong fruc-
tose adsorption onto the resins. These behaviors were found for
both resins studied regardless of the temperature used.

Higher temperatures favored a decrease of the selectivity for the
K+ resin. However, for the Na+ resin, the selectivity seemed to have
not been affected by temperature.

In this work, the selectivity values found for K+ gel-type resin
were higher than for the Na+ macroporous resin. These results
are in accordance with the work of Gramblicka and Polakovic [23]
that reported higher selectivity values when working with gel-type
resins. Also, Vente et al. [15] found higher selectivity values for K+

gel-type resins as compared to Na+ ones.

4. Conclusions

Fructose, glucose and sucrose adsorption isotherms, determined
by the static method in batch mode, for Na+ macroporous and K+

gel-type resins, showed linearity for the range of sugar concentra-
tions used. Fructose was found to be the most adsorbed sugar in
both resins, followed by glucose and finally sucrose.

Comparing the adsorption of each sugar present in a multi-
component mixture, it was found that sucrose was more adsorbed
in the Na+ macroporous resin; glucose showed almost the same
adsorption in both resins; and fructose was more adsorbed in K+

gel-type resin.
A competitive effect on the adsorption was found at 25 ◦C for the

multi-component mixtures as compared to the mono-component
ones. However, a reverse effect was found at 40 ◦C, therefore a syn-
ergetic adsorption of sugars in mixtures of multi-components was
observed.

The temperature increase conducted to a decrease in the
adsorption for mono-component sugar mixtures. However, for
multi-component sugar mixtures the temperature increase con-
ducted to an increase of the adsorptions.

Finally, the values of selectivity obtained for K+ gel-type showed
that this resin is probably the best choice to separate mixtures of
fructose, glucose and sucrose, operating at 25 ◦C.
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