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Abstract - C-phycocyanin is a natural blue dye extracted from Spirulina platensis, which has many applications
in the food and pharmaceutical industries. In this paper the effect of pH and temperature on the adsorption of
C-phycocyanin onto two different ion exchange resins (Streamline DEAE and Streamline Q XL) for expanded
bed adsorption chromatography was investigated. Moreover, the kinetics and adsorption isotherm were
evaluated. The equilibrium for the Q XL matrix was reached after 60 min, while for DEAE it was only
reached after 140 min. C-phycocyanin showed the highest partition coefficient at pH 7.5 for both resins at 25 °C.
The C-phycocyanin adsorption isotherm was very well represented by the Langmuir, Freundlich and
Langmuir-Freundlich models, where the estimated values for O,, and K, obtained by the Langmuir isotherm
were, respectively, 33.92 mg.mL™" and 0.123 mg.mL"' for DEAE, and 28.12 mg.mL" and 0.082 mg.mL™" for
the Q XL matrix. A negative cooperativity was observed for C-phycocyanin binding when the Q XL matrix
was used, while the cooperativity was purely independent using the DEAE matrix.

Keywords: Adsorption; C-phycocyanin; Freundlich isotherm; Kinetic parameters; Langmuir isotherm.

INTRODUCTION

The phycobiliproteins are photosynthetic pigments
present in cyanobacteria, responsible for about 50% of
the light captured by these microorganisms (Santiago-
Santos et al., 2004). One of the most interesting phy-
cobiliproteins for the food (Yoshida et al., 1996) and
cosmetic (Cohen, 1986) industries is C-phycocyanin,
its applicability being based on the fact that it can be
used as a natural blue dye in these sectors as a sub-
stitute for synthetic dyes, which are generally toxic or
otherwise unsafe (Moraes et al., 2011b; Minkova et
al., 2003; Arad and Yaron, 1992).

Of the various existing sources of this natural dye,
the cyanobacterium Spirulina platensis deserves special

*To whom correspondence should be addressed

attention, since C-phycocyanin may constitute up to
20% of the protein fraction (Vonshak, 1997). C-phy-
cocyanin is formed by two dissimilar o and B protein
subunits of 17,000 and 19,500 Da, respectively, with
one bilin chromophore attached to the o subunit (a84)
and two to the B subunit (b84, b155) (Turner et al.,
1997). Patel et al. (2005) found that the molecular
mass of this biomolecule extracted from Spirulina sp.
was 112 kDa.

In addition to its potential for use in food and
cosmetics, studies have shown that C-phycocyanin
has antioxidant (Bhat and Madyasatha, 2001), anti-
inflammatory and antitumor properties (Reddy et al.,
2003), as well as acting as an immune system stimu-
lator, increasing the total number of leukocytes, whose
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main function is to maintain the health of body organs
and protect against cancer and ulcers (Madhyastha et
al., 2006). Furthermore, this protein has been re-
ported to induce apoptosis in some carcinoma cells
(Roy et al., 2007) and human chronic myeloid leu-
kemia cells (Subhashini, 2004).

The phytotherapeutic property presented by this
product requires a high purity level, achieved through
various purification techniques, which present an ele-
vated cost. One of the processes applied in protein
purification is based on chromatographic techniques
such as expanded bed ion exchange chromatography
(EBIEC). Adsorption in expanded beds enables pro-
teins to be recovered directly from disrupted cell
preparations, without the need for prior removal of
the suspended solids, which would normally result in
blockage of the packed beds. The implementation of
this technique greatly reduced the complexity of down-
stream processing by eliminating certain centrifuga-
tion, dialysis, precipitation, two-phase aqueous sys-
tem and gel filtration steps, resulting in cost reduc-
tions and simplification of the purification and re-
covery process of the bioproduct (Chase, 1994).

However there are some factors that are critical to
the success of the product, including the correct
choice of adsorbent, together with a careful design of
the apparatus in which the separation is performed.

The EBIEC makes use of adsorbents such as ion
exchange resins, which adsorb proteins as a result of
ionic interactions between charged groups on the
protein surface and ionic groups with opposite
charges on the ion exchanger (Chase, 1994). The pH
is able to promote changes in the ionic strength while
the temperature affects the spatial structure of the
protein, which is why these are important parameters
in the study of the adsorption kinetics of an interest-
ing compound.

In an adsorption study, it is essential to determine
the model which describes the adsorption isotherm in
question (Dotto et al., 2013). Adsorption isotherms
are curves that describe the adsorption of a solute by
solids at a constant temperature. An adsorption iso-
therm shows the amount of solute adsorbed by the
adsorbent surface as a function of the solute equilib-
rium concentration. The most commonly found iso-
therms for the adsorption of bioproducts are the
Freundlich, Langmuir, Langmuir-Freundlich and
linear models. The technique used to create the ad-
sorption data is, in principle, quite simple, since a
known quantity of solute is added to a system con-
taining a known amount of adsorbent. It is assumed
that the difference between the amount added and
that remaining in solution was adsorbed onto the
adsorbent surface (Alleoni et al., 1998).

The selection of the C-phycocyanin adsorption
conditions is an important step for further purifica-
tion using EBIEC techniques, since increases in the
adsorption of the compound by the ion exchanger
lead to reductions in process costs due to decreased
losses and the use of reduced volumes of the target
product and resin.

There is a lack of studies related to the behavior
of C-phycocyanin during its adsorption onto ion
exchange resins in an expanded bed. Silveira et al.
(2008) studied the effects of pH and temperature on
the partition coefficient, and determined the adsorp-
tion isotherm under the best conditions evaluated for
the adsorption of C-phycocyanin onto the ion ex-
change resin Q-Sepharose FF, a widely used and
highly successful resin applied in fixed beds. Ad-
sorption in an expanded bed resin of Streamline DEAE
was studied by Bermejo et al. (2006), Ramos et al.
(2010), Ramos et al. (2011) and Bermejo and Ramos
(2012), obtaining the adsorption isotherms for crude
C-phycocyanin and/or a purified extract to obtain the
parameter Q,. In these studies the kinetic behavior
was not evaluated and the pH and temperature were
not optimized for better adsorption.

According to the aspects mentioned above, and
considering the importance of an analysis of the
equilibrium data in the development of equations
that can be used for the design of adsorption models
and the choice of the best adsorbent, the aim of this
study was to investigate the effects of the process
parameters — temperature and pH — on the adsorption
of C-phycocyanin onto the ion exchange resins Stream-
line Q XL and Streamline DEAE for expanded beds,
as well as verifying the typical equilibrium condi-
tions for the adsorption of C-phycocyanin onto ion
exchange resins.

MATERIAL AND METHODS

Preparation of the Crude Extract and Quantifica-
tion

The cyanobacterium Spirulina platensis was grown
and maintained in outdoor photo-bioreactors under
uncontrolled conditions in the south of Brazil. During
these cultivations, the water was supplemented with
20% Zarrouk synthetic medium (Costa et al., 2000).
At the end of cultivation, the biomass was recovered
by filtration, and then dried, frozen and milled to a
particle diameter of between 0.106 and 0.125mm
(Moraes et al., 2010).

The extraction of C-phycocyanin from the bio-
mass was carried out according to Moraes et al.
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(2010), who used water as the solvent extractor at a
rate of 0.16 g: 1 mL (powdered biomass: solvent
extractor). The C-phycocyanin concentration (C—FC,
Equation (1)) was calculated as described by Bennett
and Bogorad (1973) with little modification in the
optical densities.

(ODgyg —0.474 ODys,)
5.34

C-FC=

)

Adsorbents

Two suitable adsorbents for use in expanded beds
were studied for the adsorption of C-phycocyanin.
These adsorbents consisted of an agarose macropor-
ous matrix with a quartz core. One of the adsorbents,
Streamline DEAE® (GE Healthcare) is a weak anion
exchanger, the functional group being -O-CH,CH,-
N'(C,Hs),H. The other adsorbent, Streamline Q
XL® (GE Healthcare) is a strong anion exchanger,
with a quaternary ammonium as the functional
group. The working pH range of both exchangers is
between 2 and 13 (Amersham Biosciences, 2002).
These resins can promote different degrees (2-3-fold)
of bed expansion.

Effect of pH on the Partition Coefficient
The tests were carried out in a thermostatic mix-

ture reactor at 25 °C, with mechanical agitation for
200 min as shown in Figure 1.

L

b 1407 1807 2007

Figure 1: Schematic mixture reactor used for the
adsorption of C-phycocyanin onto the ion exchange
resins, where (1) is a temperature controlled mixture
reactor and (2) non-adsorbed samples of C-phyco-
cyanin taken at determined time intervals.

In this system, 30 mL of C-phycocyanin extract
with a fixed initial C-phycocyanin concentration was

added to 3 mL of ion exchange resin (Streamline Q
XL or Streamline DEAE) pre-equilibrated in 0.025M
sodium phosphate buffer at the pH of the study. The
pH of the C-phycocyanin extract was adjusted to the
following pH values (5.0, 5.5, 6.0, 6.5, 7.0 and 7.5),
according to the range where the C-phycocyanin was
considered stable (Silva et al., 2009). A blank was
prepared for each test, in which the C-phycocyanin
at the pH under study was added to the system
without the ion exchange resin. Samples were taken
at pre-determined time intervals (0, 2, 5, 7, 10, 15,
20, 25, 30, 40, 60, 80, 100, 140, 180 and 200 min),
calculating the C-phycocyanin concentration accord-
ing to Equation (1). The experiments were carried
out in duplicate.

Based on the initial and final concentrations of
free C-phycocyanin (non-adsorbed) in the liquid
phase (C*), the equilibrium concentration of C-phyco-
cyanin adsorbed onto the solid phase (¢*) can be
calculated, thus obtaining the partition coefficient (f),
which indicates the protein fraction adsorbed at
equilibrium. The partition coefficient was calculated ac-
cording to Harsha and Furusaki (1994) (Equation (2)):

_a*
r=5 @

Effect of Temperature on the Partition Coefficient

After established the equilibrium time and the
better C-phycocyanin adsorption pH (fixed at 7.5),
the effect of temperature on the partition coefficients
was studied (5, 15 and 25 °C) in mixture reactors
with orbital agitation (200 rpm). In this system, 30 mL
of C-phycocyanin extract with a fixed initial C-phy-
cocyanin concentration was added to 3 mL of ion ex-
change resin (Streamline Q XL or Streamline DEAE)
pre-equilibrated in 0.025M sodium phosphate buffer
at pH 7.5. A blank was prepared for each test, in
which the C-phycocyanin at the temperature under
study was added to the system without the ion ex-
change resin. Samples were taken at 0 and 200 min.
The C-phycocyanin concentrations and the partition
coefficients were calculated as shown in Equations
(1) and (2), respectively. The experiments were car-
ried out in triplicate.

Adsorption Isotherms

The experiments used to determine the adsorption
isotherm at equilibrium were carried out in a batch
system with orbital agitation containing pre-equili-
brated ion exchange resin (Streamline Q XL or
Streamline DEAE) and the C-phycocyanin extract
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with different initial concentrations at pH 7.5 and 25 °C
and incubated at 200 rpm for 200 min. After this
period the samples were collected to determine the
C-phycocyanin concentration. The experiments were
carried out in triplicate.

Adsorption isotherms can be described in many
mathematical forms, some of which are based on a
simplified physical model of adsorption and desorp-
tion, whereas others are purely empirical and in-
tended to correlate the experimental data. Various
isotherm equations, such as the Langmuir, Freundlich
and Langmuir-Freundlich models, have been used to
describe the equilibrium characteristics of adsorp-
tion. If the adsorption of C-phycocyanin follows the
Langmuir model, the adsorption process can be ex-
pressed as:

3
K, +C* 3

q*

where Q,, represents the maximum binding capacity
of the resin (mg.mL™") and K, is the Langmuir equi-
librium constant (mg.mL™"), which is the effective
dissociation constant representing the ratio between
desorption and adsorption. The proposed model is
based on an ideal surface and predicts that the ad-
sorption surface is energetically ideal (Barboza et al.,
2002).

On the other hand, if the adsorption of C-phyco-
cyanin follows the Freundlich model, the isotherm
can be described as follows:

g =K, -(C*)" @)

where Ky and n are the Freundlich physical constants
related to the adsorption capacity and adsorption
intensity of the adsorbent, respectively.

Langmuir-Freundlich model (Eq. 5) proposed by
Sips (1948), is a combined form of Langmuir and
Freundlich models and has three parameters: Q,, is
the maximum adsorption capacity of the monolayer;
K, is the apparent dissociation constant; and n;r is
the Langmuir-Freundlich coefficient which indicates
the presence or absence of cooperativity.

. Qm (C*)"LF
Kypp +(C*)"F ®)

The Freundlich, Langmuir and Langmuir-
Freundlich models applied using a non-linear regres-
sion method were used to fit the experimental equi-
librium data, and the coefficient of determination
(R?) used to analyze the fit of each model. The pa-

rameters for the models were estimated by the non-
linear regression method from the model expressions.

RESULTS AND DISCUSSION
Effects of pH on the Partition Coefficient

The partition coefficient correlates the amount of
target compound that migrates from one phase to
another. In the present case, the partition coefficient
correlated the amount of C-phycocyanin present in
the solid phase, or adsorbed onto the resin, with the
amount of the same bioproduct free in the solution at
equilibrium.

Figure 2 shows the variation in the C-phycocya-
nin concentration in the liquid phase at the different
pH values during the time period studied. It can be
seen that equilibrium was reached after 60 minutes
for all the pH values studied using the Streamline Q
XL resin (Figure 2b), whereas with the Streamline
DEAE resin (Figure 2a), equilibrium was only reached
after 140 minutes. The assays carried out without the
addition of any resin showed there was no C-phyco-
cyanin denaturation during the time period studied at
any of the working pH values. The time necessary to
reach equilibrium for the adsorption of C-phycocya-
nin onto the Streamline DEAE resin at the different
pH values was very similar to that found by Silveira
et al. (2008), when equilibrium was achieved after
150 min for the adsorption of C-phycocyanin onto the
Q Sepharose Fast Flow resin used for the fixed bed.

Figure 3 shows the behavior of the partition coef-
ficient with the variation in pH for adsorption of C-
phycocyanin onto the Streamline DEAE and Stream-
line Q XL resins. The lowest partition coefficient
values were obtained at the lowest pH value studied,
that is, at pH 5. The structure of C-phycocyanin in-
cludes a protein part, and hence the net surface charge
of the biomolecule can vary according to the sur-
rounding pH value. When above its pl (isoelectric
point) the biomolecule will be negatively charged. On
the other hand, when the pH is below its pl the bio-
molecule will be positively charged. The isoelectric
point of C-phycocyanin is around 4.6 to 5.2 (Santiago-
Santos ef al., 2004; Abalde ef al., 1998), and thus the
extract used in this study was negatively charged and
the adsorbents were anionic. Hence, when C-phyco-
cyanin made contact with the adsorbent, the buffer-
adsorbent bond formed was weaker than the C-phy-
cocyanin-adsorbent bond, resulting in an adsorption
process. The higher the pH value, the greater the net
negative charge on the biomolecule, resulting in
higher partition coefficients, as shown in Figure 3.

Brazilian Journal of Chemical Engineering
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Figure 2: Adsorption kinetics of C-phycocyanin at different pH values for the (a) Streamline DEAE ion
exchange resin with average errors of 0.001 for pH 5.0; 0.002 for pH 5.5; 0.001 for pH 6.0; 0.011 for pH
6.5; 0.003 for pH 7.0 and 0.009 for pH 7.5 and (b) Streamline Q XL ion exchange resin with average
errors of 0.004 for pH 5.0; 0.002 for pH 5.5; 0.001 for pH 6.0; 0.003 for pH 6.5; 0.005 for pH 7.0 and 7.5.
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Figure 3: Behavior of the partition coefficients (f) with average error for the adsorption of C-phycocyanin
onto the resins Streamline DEAE and Streamline Q XL at different pH values. Equal letters for the same
resin do not differ statistically at the significance level of 5% (Tukey’s Test).

The variation in the partition coefficients on the
Streamline DEAE resin was modest as compared to
that on the Streamline Q XL resin, showing that the
pH had only a slight influence on adsorption onto
this resin. In the study carried out by Silveira et al.
(2008), the influence of pH on the partition coeffi-
cient was also measured at pH 8.0 and 9.0 and, al-
though the partition coefficient was slightly higher at
pH 8.0 than at pH 7.5, the authors reported that C-
phycocyanin was not very stable at pH 8.0. It is of
limited interest to carry out adsorption studies where
there is a loss of biological activity of the protein.
Silva et al. (2009) reported that the concentration of
C-phycocyanin decreased to 70% of its initial value

at pH 8.0 at room temperature and, for this reason,
pH values above 7.5 were not included in the present
study. The largest partition coefficients were ob-
tained at pH 7.5 for both resins and therefore this pH
was chosen for further work.

Effect of Temperature on the Partition Coefficient

The partition coefficients found in the tempera-
ture range evaluated are shown in Table 1.

The lowest C-phycocyanin adsorption occurred at
the lowest temperature (5 °C) for both resins, while the
C-phycocyanin adsorptions at 15° and 25 °C for both
resins were equal. Thus, the temperature of 25 °C was

Brazilian Journal of Chemical Engineering Vol. 31, No. 04, pp. 1013 - 1022, October - December, 2014



1018 L. Sala, F. S. Figueira, G. P. Cerveira, C. C. Moraes and S. J. Kalil

chosen for the following experiments with both ad-
sorbents, since the choice of this temperature would
reduce the costs of cooling during purification on a
larger scale in an expanded bed column. Moreover,
according to Sarada et al. (1999) and Silva et al.
(2009), C-phycocyanin is stable at this temperature
and pH.

Table 1: Partition coefficients with average error
at the different temperatures for the different ad-
sorbents.

Temperature Adsorbents
°O) Streamline Q XL | Streamline DEAE
5 150.6 + 7.3° 39.5+53°
15 180.1 £5.6" 69.3+2.9°
25 165.2 + 6.2%° 76.8 +3.7°

Equal letters in the same column do not differ statistically at the
significance level of 5% (Tukey’s Test).

Adsorption Isotherm

An analysis of the equilibrium data is important
to develop an equation that can be used for design
purposes. In this study, three classical non-linear ad-
sorption models, Langmuir, Freundlich and Langmuir-
Freundlich, were employed to describe the C-phyco-
cyanin adsorption equilibrium.

The Langmuir model refers to monolayer sorption
onto surfaces containing a finite number of identical
sites, which means that the binding sites of the ad-
sorbents are identical, and the target protein mole-
cule only binds to the binding sites (Rozie et al.,
1991). Other assumptions are also made for the
Langmuir model, i.e., reversible reaction and no in-
teraction between adsorbed species (Nie et al., 2007).
For this reason the Langmuir model presumes homo-
geneous adsorption.

The Freundlich equation is an empirical relation-
ship, whereby it is assumed that the adsorption en-
ergy of a protein when binding to a site on an ad-
sorbent depends on whether or not the adjacent sites
are already occupied.

The Langmuir-Freundlich isotherm is a simple
generalization of both isotherms (Sips, 1948). By
analogy with protein—multiple ligand interactions, it
has been suggested that this isotherm serves to model
adsorption cooperativity. As the equation has three
fitting terms, it is much better for approximating
adsorption of a heterogeneous nature and explaining
adsorption cooperativity. For purely independent,
noninteracting sites, the value of n;=1. When n;=>1,
positive cooperativity is suggested, while when 0<

n; <1 negative cooperativity in the binding process
is indicated. The value of n;r can thus be employed
as an empirical coefficient, representing the type and
extent of cooperativity present in the binding inter-
action (Sharma and Agarwal, 2001).

Figure 4 shows the fits to the Langmuir, Freundlich
and Langmuir-Freundlich models of the C-phyco-
cyanin adsorption isotherms obtained on the Stream-
line DEAE and Streamline Q XL resins.

Table 2 shows the Langmuir, Freundlich and
Langmuir-Freundlich adsorption constants, with their
respective determination coefficients, obtained for
the C-phycocyanin isotherms at pH 7.5 and ambient
temperature (25 °C), when adsorbed onto the Stream-
line DEAE and Streamline Q XL resins.

Analyzing the Langmuir model, K, is the disso-
ciation coefficient of the solute—adsorbent complex,
which represents the affinity between the solute and
the adsorbents (Lan et al., 2001). Evaluating the
Langmuir isotherm constants (Table 2) one can con-
clude that the Q XL matrix shows more affinity for
the adsorption of C-phycocyanin than the DEAE
matrix. The value of Q, for the Q XL adsorbent
(28.12 + 0.10 mg.mL™") was lower than that for the
DEAE adsorbent (33.92 + 0.27 mg.mL™"), which
probably occurred because other negatively charged
compounds linked first to the functional group be-
fore C-phycocyanin.

Silveira et al. (2008) studied the adsorption of the
C-phycocyanin from Spirulina platensis onto the
ion-exchange resin Q Sepharose Fast Flow in a fixed
bed and obtained values for Q,, and K, of 22.67
mg.mL" and 0.031 mg.mL", respectively. The values
for O, of the same support and target product —
Streamline DEAE and C-phycocyanin, respectively —
for different cyanobacteria are variable, and values
for Q,, of 0.8 mg.mL™" (Bermejo et al., 2006), 1.6
mg.mL" (Bermejo and Ramos, 2012), 1.74 mg.mL™"'
(Ramos et al., 2010) and 5.2 mg.mLf1 (Ramos et al.,
2011) can be found in the literature. Thus the Stream-
line DEAE resin showed maximum adsorption 7
times greater than the maximum value mentioned
above, reflecting the importance of studying the ad-
sorption conditions better, for instance the influence
of pH and temperature. Furthermore, in the present
study, an extract with a higher initial concentration
of C-phycocyanin was used, which leads to an
increase in the adsorption capacity of the dye onto
the resin. This is due to the increase in the driving
force of the concentration gradient, caused by the
increase in the initial dye concentration (Chiou and
Li, 2002).
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Figure 4: Equilibrium adsorption isotherms according to the (a) Langmuir equation; (b) Freundlich
equation and (c) Langmuir-Freundlich equation for the adsorption of C-phycocyanin onto the Streamline

DEAE and Q XL matrixes.

Table 2: Comparison between the Langmuir, Freundlich and Langmuir-
Freundlich isotherm parameters for the adsorption of C-phycocyanin

onto the Streamline DEAE and Streamline Q XL resins.

Model Parameters Streamline DEAE Streamline
Q XL

On (mglmL") 33.92+0.27 28.12+0.10

Langmuir K, (mg,mL") 0.123 £ 0.003 0.082 + 0.001
R? 0.983 0.963

K, 35.94+0.32 29.18 £0.11

Freundlich n 2.61 £0.05 3.69+0.03
R? 0.947 0.959

On (mg.mL") 33.08 +3.04 3475+ 0.40

Langmuir — Ky (mg.mL™) 0.106 £ 0.005 0.275+0.010

Freundlich nir 1.04 £0.04 0.66 £0.01
R? 0.983 0.977
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The values for the Freundlich constants showed a
relatively easy uptake of C-phycocyanin onto the
resins with high adsorption capacity. In particular
(Table 2), the value for n, which is related to the dis-
tribution of the bound molecules on the adsorbent
surface, was greater than unity, indicating that C-
phycocyanin was favorably adsorbed under the ex-
perimental conditions examined for both resins.

For the Langmuir-Freundlich isotherm, the Q,
values were 33.08 + 3.04 mg.mL™" and 34.75 £ 0.40
mg.mL" for DEAE and Q XL resins, respectively.
For Q XL, the @O, value was greater than that
obtained when using the Langmuir model (28.12 +
0.10 mg.mL™"). Thus, both resins show similar ca-
pacity for binding C-phycocyanin. Another important
parameter of this model is n;r, which represents the
cooperativity. For Q XL there was negative co-
operativity (0.66 + 0.01) while for DEAE adsorption
was purely independent (1.04 £+ 0.04). The negative
cooperativity implies heterogeneous adsorption due
to the negative lateral interaction between adsorbed
C-phycocyanin molecules where the adsorption of
one C-phycocyanin molecule disfavors the adsorp-
tion of other C-phycocyanin molecules. Cooperativ-
ity depends on the nature of the macromolecule and
the multiple functional groups, which usually pro-
duce multiple interactions (Bresolin et al., 2010;
Sharma and Agarwal, 2001).

The adsorption isotherms obtained for the uptake
of C-phycocyanin by Streamline Q XL and Stream-
line DEAE, were found to follow the predictions
made by the Freundlich, Langmuir and Langmuir-
Freundlich models to a satisfactory extent within the
concentration range studied. This observation im-
plies that both monolayer bio-sorption and heteroge-
neous surface conditions may co-exist under the
experimental conditions applied. Hence, the overall
adsorption of C-phycocyanin onto the ion exchange
resin is a complex process, involving more than one
mechanism, such as ion exchange, surface com-
plexation and electrostatic attraction.

The determination coefficients for the Langmuir,
Freundlich and Langmuir-Freudlich models for the
non-linear regression, were R>>0.94 (Table 2), thus
characterizing the adsorption behavior as non-linear,
as explained by the models. It is well known that the
Freundlich adsorption isotherm gives an excellent
representation of many data sets for moderate con-
centrations, while the Langmuir equation is better for
low concentrations (Redlich and Peterson, 1959). In
addition, Nie ef al. (2007) reported that one limita-
tion of the Freundlich model is that the amount of
adsorbed solute increases indefinitely with the solute
concentration in the solution.

In the literature some authors, i.e., Silveira et al.
(2008), Bermejo et al. (2006) and Ramos et al.
(2010), expressed their results for the adsorption of
C-phycocyanin with this model, using the Langmuir
model more for design purposes. The Langmuir
model was also used for the adsorption isotherms
carried out on several types of ion exchange resins
for different proteins of interest, such as the adsorp-
tion of clavulanic acid onto Amberlite IRA (Barboza
et al., 2002) or of amyloglucosidase onto DEAE
cellulose (Manera et al., 2008). Bresolin ez al. (2011)
used the Langmuir model for negative chromatogra-
phy by agarose gels with immobilized amine-based
ligands (poly-L-lysine) for adsorbed human serum
albumin and the Langmuir-Freundlich model for
describe the isotherm adsorption of immunoglobulin
G onto the same adsorbent.

No studies were found that determined the iso-
therms on a Q XL matrix, except for one that studied
the use of this matrix for the adsorption of C-phyco-
cyanin by EBIEC from a crude extract in the pres-
ence of cells (Moraes et al., 2011a).

The appropriate choice between the two resins
(Streamline DEAE or Streamline Q XL) for the ad-
sorption of C-phycocyanin using expanded bed chro-
matography will depend on the equilibrium time
required, the adsorbent selectivity, the cost and re-
use of the matrix and other factors that must be
evaluated. In this instance, the next steps of this
work will evaluate the re-use of these resins.
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NOMENCLATURE

C—-FC C-phycocyanin concentration mg.mL"
c* concentration of free C-

phycocyanin (non-adsorbed) in

the liquid phase
EBIEC expanded bed ion exchange

chromatography
f partition coefficient
K4 Langmuir equilibrium constant ~ mg.mL"
Ky Freundlich physical constant

related to the adsorption capacity
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n adsorption intensity of the
adsorbent
ODy¢o optical densities at 620 nm

OD s, optical densities at 652 nm

q* equilibrium concentration of the
C-phycocyanin adsorbed onto
the solid phase

Qnm maximum binding capacity of mg.mL"!
the resin
Karr Langmuir-Freundlich apparent
dissociation constant
nip Langmuir-Freundlich coefficient
REFERENCES

Abalde, J., Betancourt, L., Torres, E., Cid, A. and
Barwell, C., Purification and characterization of
phycocyanin from the marine cyanobacterium
Synechococcus sp 109201. Plant Science, 136(1),
109 (1998).

Alleoni, L. R. F., Camargo, O. A. and Casagrande, J.
C., Langmuir and Freundlich isotherms to describe
boron adsorption in highly weathered soils. Sci-
entia Agricola, 55(3), 379 (1998).

Amersham Biosciences, Instructions (2002).

Arad, S. M. and Yaron, A., Natural pigments from
red microalgae for use in food and cosmetics.
Trends in Food Science & Technology, 3(1), 92
(1992).

Barboza, M., Almeida, R. M. R. G. and Hokka, C. O.,
Intrinsic kinetic parameters of clavulanic acid
adsorption by ion-exchange chromatography. In-
dustrial & Engineering Chemistry Research, 41
(23), 5789 (2002).

Bennett, A. and Bogorad, L., Complementary chro-
matic adaptation in a filamentous blue-green alga.
Journal of Cell Biology, 58(2), 419 (1973).

Bermejo, R. and Ramos, A., Pilot scale recovery of
phycocyanin from Spirulina platensis using ex-
panded bed adsorption chromatography. Chro-
matographia, 75(5-6), 195 (2012).

Bermejo, R., Felipe, M. A., Talavera, E. M. and
Alvarez-Pez, J. M., Expanded bed adsorption chro-
matography for recovery of phycocyanins from
the microalga Spirulina platensis. Chroma-
tographia, 63(1-2), 59 (2006).

Bhat, V. B. and Madyasatha, K. M., Scavenging of
peroxynitrite by phycocyanin and phycocyanobi-
lin from Spirulina platensis: Protection against
oxidative damage to DNA. Biochemical and Bio-
physical Research Communications, 285(2), 262
(2001).

Bresolin, I. T. L., Fioritti, R. R. and Bueno, S. M. A.,
IgG purification by negative chromatography in
amine-based ligands: A comparison of L-lysine
and poly-L-lysine. Process Biochemistry, 46(12),
2277 (2011).

Bresolin, I. T. L., Souza, M. C. M. and Bueno, S. M.
A., A new process of IgG purification by negative
chromatography: adsorption aspects of human se-
rum proteins onto w-aminodecyl-agarose. Journal
of Chromatography B, 878(23), 2087 (2010).

Chase, H. A., Purification of proteins by adsorption
chromatography in expended beds. Trends in Bio-
technology, 12(8), 296 (1994).

Chiou, M. S. and Li, H. Y. J., Equilibrium and ki-
netic modeling of adsorption of reactive dye on
cross-linked chitosan beads. Journal of Hazardous
Materials, 93(2), 233 (2002).

Cohen, Z., Products from Microalgae. In: Richmond,
A. (Ed.), Handbook of Microalgal Mass Culture.
CRC Press Inc, Boca Raton (1986).

Costa, J. A. V, Linde, G. A., Atala, D. I. P., Mibileli,
G. M. and Kriiger, R. T., Modelling of growth
conditions for cyanobacterium Spirulina platensis
in microcosms. World Journal of Microbiology
and Biotechnology, 16(1), 15 (2000).

Dotto, G. L., Vieira, M. L. G,, Esquerdo, V. M. and
Pinto, L. A. A., Equilibrium and thermodynamics of
azo dyes biosorption onto Spirulina platensis.
Brazilian Journal of Chemical Engineering, 30(1),
13 (2013).

Harsa, S. and Furusaki, S., Separation of amyloglu-
cosidase using B-cyclodextrin/ chitosan. Separa-
tion Science and Technology, 29(5), 639 (1994).

Lan, Q., Bassi, A. S., Zhu, J. X. J. and Margaritis, A.,
A modified Langmuir model for the prediction of
the effects of ionic strength on the equilibrium
characteristics of protein adsorption onto ion
exchange/affinity adsorbents. Chemical Engineer-
ing Journal, 81(1-3), 179 (2001).

Madhyastha, H. K., Radha, K. S., Sugiki, M.,
Omura, S. and Maruyama, M., Purification of C-
phycocyanin from Spirulina fusiformis and its ef-
fect on the induction of urokinase-type plasmino-
gen activator from calf pulmonary endothelial
cells. Phytomedicine, 13(8), 564 (2006).

Manera, A. P., Kamimura, E. S., Brites, L. M. and
Kalil, S. J., Adsorption of amyloglucosidase from
Aspergillus niger NRRL 3122 using ion exchange
resin. Brazilian Archives of Biology and Biotech-
nology, 51(5), 1015 (2008).

Minkova, K. M., Tchernov, A. A., Tchorbadjieva,
M. 1., Fournadjieva, S. T., Antova, R. E. and
Busheva, M. Ch., Purification of C-phycocyanin

Brazilian Journal of Chemical Engineering Vol. 31, No. 04, pp. 1013 - 1022, October - December, 2014



1022 L. Sala, F. S. Figueira, G. P. Cerveira, C. C. Moraes and S. J. Kalil

from Spirulina (Arthrospira) fusiformis. Journal
of Biotechnology, 102(1), 55 (2003).

Moares, C. C., Burkert, J. F. M. and Kalil, S. J., C-
phycocyanin extraction process for large-scale
use. Journal of Food Biochemistry, 34(1), 133
(2010).

Moraes, C. C., Ores, J. C., Costa, J. A. V. and Kalil,
S. J., Recovery of c-phycocyanin in the presence
of cells using expanded bed IEC. Croma-
tographia, 74(3-4), 307 (2011a).

Moraes, C. C., Sala, L., Cerveira, G. P. and Kalil, S.
J., C-phycocyanin extraction from Spirulina plat-
ensis wet biomass. Brazilian Journal of Chemical
Engineering, 28(1), 45 (2011b).

Nie, H-L., Chen, T-X. and Zhu, L-M., Adsorption of
papain on dye affinity membranes: Isotherm, ki-
netic, and thermodynamic analysis. Separation
and Purification Technology, 57(1), 121 (2007).

Patel, A., Mishra, S., Pawar, R. and Ghosh, P. K.,
Purification and characterization of C-phycocya-
nin from cyanobacterial species of marine and
freshwater habitat. Protein Expression and Purifi-
cation, 40(248) (2005).

Ramos, A., Acién, F. G, Fernandez-Sevilla, J. M.,
Gonzalez, C. V. and Bermejo, R., Large-scale iso-
lation and purification of C-phycocyanin from the
cyanobacteria Anabaena marina using expanded
bed adsorption chromatography. Journal of Chemi-
cal Technology and Biotechnology, 85 (6), 783
(2010).

Ramos, A., Acién, F. G., Fernandez-Sevilla, J. M.,
Gonzalez, C. V. and Bermejo, R., Development of
a process for large-scale purification of C-phy-
cocyanin from Synechocystis aquatilis using ex-
panded bed adsorption chromatography. Journal
of Chromatography B, 879(7-8), 511 (2011).

Reddy, M. C., Subhashini, J., Mahipal, S. V. K., Bhat,
V. B., Reddy, P. S., Kiranmai, G., Madyastha, K.
M. and Reddanna, P., C-phycocyanin, a selective
cyclooxygenase-2 inhibitor, induces apoptosis in
lipopolysaccharide-stimuled RAW 2647 macro-
phages. Biochemical and Biophysical Research
Communications, 304(2), 385 (2003).

Redlich, O. and Peterson, D. L., A useful adsorption
isotherm. Journal of Physical Chemistry, 63(6),
1024 (1959).

Roy, K. R., Arunasree, K. M., Reddy, N. P., Dheeraj,
B., Reddy, G. V. and Reddanna, P., Alteration of
mitochondrial membrane potential by Spirulina
platensis C-phycocyanin induces apoptosis in the
doxorubicin resistant human hepatocellular-carci-
noma cell line HepG2. Biotechnology and Ap-
plied Biochemistry, 47(3), 159 (2007).

Rozie, H., Somers, W., Bonte, A., van’t Riet, K.,
Visser, J. and Rombouts, F. M., Adsorption and
desorption characteristics of bacterial a-amilases
on cross-linked potato starch. Biotechnology and
Applied Biochemistry, 13(8), 181 (1991).

Santiago-Santos, M. C., Ponce-Noyola, T., Olvera-
Ramirez, R., Ortega-Lopez, J. and Caiizares-
Villanueva, R. O., Extraction and purification of
phycocyanin from Calothrix sp. Process Bio-
chemistry, 39(12), 2047 (2004).

Sarada, R., Pillai, M. G. and Ravishankar, G. A.,
Phycocyanin from Spirulina sp.: Influence of
processing of biomass on phycocyanin yield,
analysis of efficacy of extraction methods and
stability studies on phycocyanin. Process Bio-
chemistry, 34(8), 795 (1999).

Sharma, S. and Agarwal, G. P., Interactions of proteins
with immobilized metal ions: A comparative analy-
sis using various isotherm models. Analytical Bio-
chemistry, 288(2), 126 (2001).

Silva, L. A., Kuhn, K. R., Moraes, C. C., Burkert, C.
A. V. and Kalil, S. J., Experimental design as a
tool for optimization of C-phycocyanin purifica-
tion by precipitation from Spirulina platensis.
Journal of the Brazilian Chemical Society, 20(1),
5(2009).

Silveira, S. T., Quines, L. K. M., Burkert, C. A. V. and
Kalil, S. J., Separation of phycocyanin from
Spirulina platensis using ion exchange chroma-
tography. Bioprocess and Biosystems Engineer-
ing, 31(5), 477 (2008).

Sips, R., On the structure of a catalyst surface. The
Journal of Chemical Physics, 16(5), 490 (1948).
Subhashini, J., Mahipal, S. V. K., Reddy, M. C.,
Reddy, M. M., Rachamallu, A., Reddanna, P.,
Molecular mechanisms in C-Phycocyanin in-
duced apoptosis in human chronic myeloid leu-
kemia cell line-K562. Biochemical Pharmacol-

ogy, 68(3), 453 (2004).

Turner, L., Houghton, J. D. and Brown, S. B., Purifi-
cation and identification of apophycocyanin alpha
and beta subunits from soluble protein extracts of
the red alga Cyanidium caldarium. Light expo-
sure is not a prerequisite for biosynthesis of the
protein moiety of this photosynthetic accessory
pigment. Planta, 1, 78 (1997).

Vonshak, A., Spirulina platensis (Arthospira): Physi-
ology, Cell Biology and Biotechnology. Taylor &
Francis, London (1997).

Yoshida, A., Takagaki, Y. and Nishimune, T., Enzyme
immunoassay for phycocyanin as the main com-
ponent of Spirulina color in foods. Bioscience,
Biotechnology and Biochemistry, 60(1), 57 (1996).

Brazilian Journal of Chemical Engineering




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


