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Abstract- Steviaisbeing used as a sweetener dueto itslow calorific value and itstaste, which is very similar
to that of sucrose. After extraction from dried leaves, stevia extract is dark in colour so needs to be clarified
for better acceptance by consumers. Adsorption is one of the most important processes in this clarification. In
this work the clarification of extract stevia extract in fixed-bed columns with calcium zeolites was studied.
Two temperatures (10'C and 30°C) and six different flow rates (2, 5, 9, 12, 16 and 19 mL/min) were studied.
The results showed that the mass-transfer coeffcient increases with an increase in flow rate and the length of
unused bed reaches a maximum at 9 mL/min for both temperatures. The fit of the Thomas model with the

breakthrough data was not very good.
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INTRODUCTION

The worldwide demand for highpotency
sweeteners is expected to increase, especialy with
the new practice of blending different sweeteners.
The leaves of the sweet herb from Paraguay, Stevia
rebaudiana Bertoni produce an aternative to sucrose
with the advantage that stevia sweeteners are natural
plant products. In addition, the functional and
sensory properties of stevia are superior to those of
many other high-potency sweeteners (Brandle et al.,
1998). Stevia consumption amounts to 300 t year™ in
countries such as Brazil and Japan (Nishiyamaet d.,
1992).

According to Crammer and lkan (1987), the
leaves of the Stevia rebaudiana plant contain a
complex mixture of diterpenes, triterpenes, tannins,
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stigmasterol, volatile oils and eight sweet diterpene
glycosides. They are dstevioside, steviolbioside,
rebaudiosides A, B, C, D and E and dulcoside A
(Fig. 1). Rebaudioside A is more stable and much
sweeter and tastes better than stevioside
Rebaudiosde E is as sweet as sevioside, and
rebaudioside D is as sweet as rebaudioside A, while
the remaining diterpene glycosides are not as sweet
as stevioside.

The relative sweetness of these diterpenes
glycosides depends on concentration and the
environment. Collectively they make stevia 100 to
300 times sweeter than sucrose (Phillips, 1987).

Several research projects have found no
significant toxic activities for stevioside in some
biologica systems. Stevioside does not have
teratogenic (Yodyinguard and Bunyawong, 1991),
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mutagenic (Suttgjit et al., 1993) or carcinogenic (Xili
et d., 1992) effects.

Dried leaves are infused in hot water or acohol
(ethanol or methanal) in order to obtain their extract,
which is a colloidal solution with brownish particles.
This extract must be clarified prior to
commercialisation so that it is completely limpid.
One method of clarification is precipitation of the
colloidal particles with solvents, but these solvents
are usuadly toxic to humans and after clarification
have to be totaly removed from the sweetener.
Ultrefiltration and microfiltration are chemical-free
treatments used to remove impurities from the
extract but ion exchange and adsorption column
chromatography have been widely used for refining
sweeteners (Zhang et a., 1999).

On the other hand, adsorption is a promising
process for clarification because it is safe and does
not use toxic solvents. In this context, zeolites have
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been used as adsorbents to clarify stevia extract
(Kodaka, 1977; Moraes, 2000).

Moraes (2000) tried zealite type X ion exchanged
with calcium and barium in this clarification. The
best results were obtained for the zeolite exchanged
with calcium, and batch tests showed that as the
temperature increases the clarification becomes
worse. Moreover, the use of zeolite exchanged with
barium caused the taste of the extract to become
sty.

Shi e a. (2002) introduced quaternary
ammonium groups into conventional resinic
adsorbent used to adsorb sevia glycosides in
production. The mechanism of adsorption and
decolourisation was aso studied, and it was found
that adsorption of stevia glycosides was based on
hydrophobic interactions, but decolourisation was
based on both ion exchange and hydrophobic
interactions.

O——R )
H.C
3 CH,
R, — ooC* CH,
. a a Sweening potency
Deterpeneglycoside R, R> (sucrose = 1)
Steviolbioside H gic™—glc 100 — 125
Rubusoside glc glc 100—120
Stevioside glc glc™*glc 150 — 300
lcs*—Tlc
Rebaudioside A glc 9% 1;?C 250 — 450
. ggs——dlc
Rebaudioside B H N Igle 300— 350
Rebaudioside C gcg——rhm
(dulcoside B) glc Yglc 500—120
lcs—Tglc
Rebaudioside D glc>™—'glc I 1;?(3 250 — 450
Rebaudioside E glc>—*glc glc>—tglc 150 — 300
Dulcoside A glc glc >—* rham 50— 120

2 glc, b-D-glucopyranosyl; rhama-L-rhamnopyranosyl.

Figure 1: Structure of some stevia glycosides (Crammer and Ikan, 1987).
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Figure 2: Determination of capacity of the column from the breakthrough curve.

Breakthrough Concentration Curve

Geankoplis (1993) presents how to calculate the
length of unused bed (Huwsg), i. €., the width of the
mass-transfer zone in the bed. When the entire bed
comes to equilibrium with the feed, the total capacity
of the bed can be shown to be proportional to the
area between the curve and a line at C/Co = 1, as
shown in Fig. 2. The total shaded area represents the
total stoichiometric capacity of the bed as follows:

t=Qa oo )

where t is the time equivalent to the total or
stoichiometric capacity. The usable capacity of the
bed up to the break-point time t, is the crosshatched
area.

Geankoplis (1993) also shows how to calculate t,,
which is the time equivaent to the usable capacity or
the time at which the effluent concentration reaches
its maximum permissible value. The value of t is
usually very close to that of t,, which is the time at
which the concentration at the outlet reaches the
permitted values. At this point, the flow must be
stopped and the column must be recovered.

C

Qe s @

The ratio t,/t; is the fraction of total bed capacity
or length utilised up to the break point (when C/C, =
0.05 or A/A, = 0.05 in this work). Hence, for total
length of Hr m, Hg is the length of bed used up to the
break point.

Hg=—"Hs 3

The length of unused bed Hyng in m is then the
unused fraction times the total length.

t, 0,
HUNB:g?L -+ Hy @)

g tLg

In the design of an adsorption column, it is
important to minimise the length of unused bed
(Hung). This length represents the length of the
mass-transfer zone, which is the part of the column
where the adsorbent is not completely used and but
where adsorption is till occurring. The length of
used bed (Hy) represents the part of the column in
which the adsorbent is completely saturated by the
adsorvate.

It is also important to maximise the overall mass-
transfer coefficient (Kca), which includes the interna
coefficient as well as the external coefficient. Thus,
it is not possible to predict from the Kcawhich is the
controlling step in this process of adsorption. But in
very favourable cases of adsorption in which the
external film controls the rate of adsorption, McCabe
et a. (1985) suggest analysis of the C/Co ~ N(t-1)
graph, where N(t-1) = 1 + In(C/Co) and t is
dimensionless time. According to Barros e al.
(2001), t isthe same ast,/t at the bresk point; thus it
is possible to calculate the value of N, and according
to McCabe e d. (1985), Kca is given by the
following equation:

_N"u,
K== )
where N is the number of mass-transfer units, Hy is
the length of the bed and u, is the superficia
velocity of the fluid.

Generally these curves have forms represented in
the following illustration:
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Figure 3. Breakthrough curve for irreversible adsorption (McCabe et a., 1985).

The output concentration given by the
breskthrough curves may be anaysed using the
linearised form of the Thomas equation.

€Co u_K Xm M K G’ V
] Q Q

©)

The maximum adsorption capacity of the bed
(X and the Thomas rate constant (k) can be
determined by plotting log [Co/C — 1] (or log [AJ/A -
1] in this work) againgt filtrate volume (V). Q is the
volumetric flow rate (Addour et a., 1999).

This work ams to study the effect of
temperature and flow rate on the clarification of
aqueous stevia extract in a fixed-bed column with
zeolite. With the breakthrough data it was possible
to caculate the length of unused bed (Huwns), the
length of used bed (Hy), the overall mass-transfer
coefficient (K a), the Thomas rate constant (k) and
the maximum capacity of the bed following
according to the Thomas model (X,).

MATERIALSAND METHODS

Stevia leaves were supplied by Steviafarma S. A.
(Maringa, Brazil) and granular zeolite, type NaX
(%ALL0; = 30.3; %S0, = 52.6; NaO = 17.1;
Si/Al ratio = 1.47; diameter = 224 mm) was supplied
by Bayer do Brasil S. A.

Preparation Stevia Extract

One part of Stevia leaves was used with nine
parts of water. First, the water was heated to 55C

and then mixed with the devia leaves and steeped
during 30 minutes. After cooling the agueous extract
was filtered in a paper filter.

lon Exchange Zeolite

lon exchange was carried out in zeolites,
according to the methodology of Silva et al. (1999).
A solution of CaCl, was used in a batch reactor
under magnetic stirring and pH at 5.5. After 30
minutes, the zeolite was filtered and dried for 24
hours at 100°C.

Adsor ption Column

The equipment used to obtain the breakthrough
curvesis represented in Figure 4. Initidly, the zeolite
was placed in the glass column with a length of
19cm and an interna diameter of 1cm. During
about one hour water flowed through the column for
degassing air bubbles at a flow rate of about 20
mL/min. Afterwards, the flow rate was set at the
required flow rate (2, 5, 9, 12, 16 and 19 mL/min).
The water flow was interrupted and the aqueous
stevia extract started flowing into the fixed-bed in an
ascendant flow. Samples were collected at the outlet
of the column during predetermined intervals of time
and analysed in a spectrophotometer (SHIMADZU
UV 1601 PC), according to Fuh and Chiang (1990).
t, was defined as the time when A/A, (instead of
CIC,) is equa to 0.05 and Hyng and Hy were
caculated. Absorbance in a range from 300 to 700
nm was measured for each sample, and the value for
the peak close to 671 nm was taken, which
sometimes was dightly displaced from this value.
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Figure 4: Apparatus for breakthrough curves in an adsorption column.

RESULTSAND DISCUSSION

The breakthrough curves are presented in Figures
5to 8. A zoom of the graph (Fig. 6 and 8) was aso
done so that it was possible to see the difference
between them.

Figures 5, 6, 7 and 8 show that the breakthrough
curves have aimost the same shape for flow rates
higher than 9 mL/min and that they are even parall€l.
For 2 and 5mL/min the breakthrough curve has a
spread shape. .

The best results were obtained at 10 C, which was
aso verified by Moraes and Machado (1999). They
aso studied the effect of temperature on the same
clarification process in a batch reactor, and their
results showed that the higher the temperature, the
worse the clarification process was. Figure 9 shows
that Hyng reaches a maximum vaue for both
temperatures at 9 mL/min. The effect of temperature
on the Hyyg is the biggest exactly at this flow rate

and aso a 12 mL/min, where we can see that the
difference between Hyng @ 10C and 30°C is about
40 mm. For others flow rates, this effect is not so
pronounced. For 19 mL/min, it was also verified that
Huns has amogt the same value, which means that at
high flow rates temperature barely affects Hns, SO
temperature does not matter. At this point, we can
say that the best results were obtained at the highest
flow rate (19 mL/min) where Hyyg is minimised.

Table 1 shows that Kca gets larger as the flow
rate increases. Moreover, the vaues for 10C are
dightly higher than those for 30°C, except for 2 and
16 mL/min. Thisis atypical behaviour for processes
where diffuson in the externa film controls
adsorption. Thus, we can adso say that the best
results were obtained at 19 mL/min where K.a is the
biggest. Moraes (2000) verified that as temperature
decreases clarification improves, and this can aso
explain the difference between the values for 10°C
and 30°C.

—=— 2w L{min
—+— 5 mL/min
—a— 3 L min
—w»— 12 mL/min
—— 16 mL/min
—4— 19 mL/min

0 20 40

60 B0 100 120

Time (min)

Figure5: Breakthrough curves at 10°'C: time 0 to 120 minutes.

Brazilian Journal of Chemical Engineering Vol. 21, No. 03, pp.449- 458, July - September 2004



I. C. C. Mantovandli, E. C. Ferretti, M. R. Simdes and C. Ferreirada Silva

/+ 2 mL/min

—=— 5 L/ min
—a&— 9 L/ min
—»— 12 mL/min
—#— 16 mL/min
—+— 19 mL/min

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 6: Breakthrough curves at 10°C: time O to 20 minutes.
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Figure 7: Breakthrough curves at 30°C: time 0 to 120 minutes.
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Figure 8: Breskthrough curves at 30°C: 0-20 minutes.
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Figure 9: The effect of flow rate and temperature on the length of unused bed (Hyns).

Table1l: The effect of flow rate and temperature on the
overall mass-transfer coefficient (K ca).

Flow Rate Kca (min)

(mL/min) 10C 30°C
2 0.59 0.64
5 1.90 1.71
9 2.90 2.07
12 5.45 3.87
16 7.37 7.72
19 10.48 9.67

However, it is il useful to make the following
analysis, suggested by McCabe et d. (1985) shown
in Fig. 3. Figure 10 just represents one of the A/Ao
versus 1+ InA/Ao curves for 10°C and 2 mL/min, but
it was observed that al curves have basically the
same shapes which indicates the control of
adsorption by diffusion in the externd film.

Even so, comparing Fig. 10 and Fig. 3, we can say
that diffusion through the filmis probably the controlling
sep in adsorption. This had been expected since
pigments in the Stevia extract are extremdy large
molecules and their diffuson in the zeolite pores and,
more importantly, in the pores of the grain is limited.

In Table 2 the parameters of the Thomas model,
which were caculated by linear regression, are
presented. The linearised Thomas equation does not
describe the breakthrough data very well since the
values for R were not very good, mainly at 30°C.
Figure 11 shows that as Q increases the values for k
aso increase. When Q reaches 12 mL/min, the
Thomas rate constant (k) is bigger at 10°C than 30°C,
but k is practicaly the same from 2 to 9 mL/min. On
the other hand, Xm barely changes with the flow rate
a 30C, but at 10C the maximum value is for 12
mL/min and the other flow rates are of practically
the same values as at 30°C (Fig. 12).

1.0 ~
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|
/
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Figure 10: Breskthrough curve using A/Aovs. 1 + In (A/A0): 10C and 2 mL/min.
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Table 2: Parameters of the Thomas mode!.

Temperature (°C) Q (mL/min) k (AUmin?) Xm (AU mL g of zeolite) R?
2 0.0186 4.33 0.7336
5 0.0831 2.82 0.8717
10 9 0.1952 2.50 0.8090
12 0.3192 3.01 0.9060
16 0.8001 4.22 0.9237
19 0.8994 4.00 0.8682
2 0.0197 171 0.9255
5 0.0499 248 0.5472
20 9 0.2016 2.66 0.5827
12 0.2377 7.68 0.4496
16 0.5456 473 0.7623
19 0.4980 3.39 0.5827
1.0 T T T T
4 ]
0,84 —m— {07 [ ] ""Hf
. —e— 30°C
0.6

Figure 11: Thomas rate constart k (AU min™) vs. flow rate.
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Figure 12: Maximum capacity of the bed with the Thomas model (X, vs. flow rate.
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CONCLUSIONS

As the temperature increases, the length of unused
bed (Hyng) aso increases, but for high vaues of flow
rate this effect is very smal and the length of unused
bed is practically the same. For both temperatures, as
the flow rate increases, there is a maximum for Hyyg at
9 mL/min. The vaues of Kz increase with the flow
rate. The mechanism that controls adsorption is
diffuson through the externa film. The best flow rate
was 19 mL/min because Hyng Was minimised and K.a
was maximised. The brownish pigments of the sevia
extract are large molecules that are not able to penetrate
in the pores of the particles. Moreover, after the
experiments, it was possible to see that dl the externa
surface of the particles was completely brownish, but
when the particles were broken into many parts the
origind colour of the particles was verified. Despite
the fact that these pigment molecules are larger than
zeolite pores, adsorption probably takes place on the
externa surface of the zeolite or even just one smal
portion of the molecule is able to penetrate the zeolite
pores, which makes adsorption possible. It must be
clear that the clarification process isintended to adsorb
the pigments that make the extract brownish, and not
the glycosides, which areresponsible for the sweet taste
of the extract. Moreover, Moraes and Machado (2000)
showed that glycosides are rot adsorbed in the zeolite
pores.

In order that equations 3 and 4 can be used it is
necessary that the adsorption isotherm be favourable
or linear. In the case of the dtevia extract the
adsorbed substances are a complex mixture of
pigments, which makes it difficult to get a separate
isotherm for each pigment. Even though they did not
have measured equilibrium data, Moraes (2000)
showed that the adsorption of these pigments in
zeolites is very favourable, and this was aso
confirmed by usin our laboratory.

On the other hand, the use of synthetic zeolite
seems to be more safer than the use of natura
zeolites, such clinoptilolite, since these synthetic
zeolites are free of impurities like heavy metals,
which would be a problem in food applications.

Findly, the good qudity of the extract when A/Ao
is0.05 in the effluent of the column isvery good for the
industry of this sweetener, and zeolites seems to be a
promising adsorbent for this clarification process.
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NOMENCLATURE

A Absorbance at the outlet of the fixed-bed
column (Absorbance Unit, AU)

Ao Absorbance at the inlet of the fixed-bed
column (Absorbance Unit, AU)

Hy Length of the used bed (mm)

Hune Length of the unused bed (mm)

H: Length of the bed (mm)

Kca  Overal mass-transfer coefficient (min™)

MTZ  Mass-transfer zone

N Number of mass-transfer units
Dimensionless time
Thomas rate constant (AU™ min™)

k
Xm Maximum capacity of the bed using the
Thomas modd (AU mL g of zeolite)

Mass of the adsorbent (Q)
Filtrate volume (mL)
Volumetric flow rate (mL/min)

O<Z
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