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In  this  research,  micro  and  nanoparticles  of Spirulina  platensis  dead  biomass  were  obtained,  characterized
and  employed  to  removal  FD&C  red no.  40  and  acid blue  9 synthetic  dyes  from  aqueous  solutions.  The
effects of  particle  size  (micro  and  nano)  and  biosorbent  dosage  (from  50 to 750  mg)  were  studied.  Pseudo-
first order,  pseudo-second  order  and  Elovich  models  were  used  to  evaluate  the  biosorption  kinetics.  The
biosorption  nature  was  verified  using  energy  dispersive  X-ray  spectroscopy  (EDS).  The  best  results  for
eywords:
cid blue 9
iomass
iosorption nature
D&C red no. 40
inetics

both dyes  were  found  using  250  mg  of  nanoparticles,  in these  conditions,  the  biosorption  capacities  were
295  mg  g−1 and  1450  mg  g−1, and  the percentages  of  dye  removal  were  15.0  and  72.5%  for  the  FD&C  red
no.  40  and  acid blue  9, respectively.  Pseudo-first  order  model  was  the  more  adequate  to  represent  the
biosorption  of  both  dyes  onto  microparticles,  and  Elovich  model  was  more  appropriate  to the  biosorption
onto  nanoparticles.  The  EDS  results  suggested  that  the  dyes  biosorption  onto  microparticles  occurred
mainly  by  physical  interactions,  and  for  the  nanoparticles,  chemisorption  was dominant.
. Introduction

Many industries, such as, textile, food, cosmetics, pharmaceuti-
al and others, use dyes to color their products and thus produce
astewater-containing organics with a strong color [1].  Due its

ow fixation degree, a large amount of these dyes are discharged
nto industrial effluents [2]. Dyes have become one of the main
ources of severe water pollution, causing risks to the human
ealth and aquatic biota [3].  Thus, several governments have estab-

ished environmental restrictions with regard to the quality of
olored wastewater and this obligated the industries to remove
yes from their effluents before discharging [4].  Dye wastewater

s usually treated by flocculation combined with flotation, elec-
roflocculation, membrane filtration, electrokinetic coagulation,
lectrochemical destruction, ion-exchange, irradiation, precipita-
ion, ozonation, and katox treatment method involving the use
f activated carbon and air mixtures. However, these technolo-
ies are generally ineffective in color removal, expensive and less
daptable to a wide range of dye wastewaters [5].  In this context,
iosorption has emerged as an alternative eco-friendly technol-

gy to dye removal from industrial effluents. Biosorption have
ignificant advantages in comparison with conventional methods,
specially from economical and environmental viewpoints [2,5–7].

∗ Corresponding author. Tel.: +55 53 3233 8648; fax: +55 53 3233 8745.
E-mail addresses: guilherme dotto@yahoo.com.br (G.L. Dotto),

itoeq@gmail.com (T.R.S. Cadaval), dqmpinto@furg.br (L.A.A. Pinto).

359-5113/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.procbio.2012.04.029
©  2012  Elsevier  Ltd.  All  rights  reserved.

Biosorption is the removal of pollutants from aqueous
solutions using non-growing or dead microbial mass, thus allow-
ing the recovery and/or environmentally acceptable disposal
of the pollutants. This term is used to indicate a number
of metabolism-independent processes (physical and chemical
adsorption, electrostatic interaction, ion exchange, complexation,
chelation, and microprecipitation) that occur essentially in the cell
wall [6].  Many biosorbents were employed to removal pollutants
from aqueous solutions by biosorption, such as, fungi, bacteria,
chitosan, algae and peat [2,3,5,6]. The literature shows that some
biosorbents were successfully employed to removal dyes from
aqueous solutions, for example, Chlorella vulgaris [7],  Ulothrix sp.
[8], Ananas comosus leaf powder [9] and Scolymus hispanicus [10].
However, the Spirulina platensis biomass is commonly applied to
metal removal, such as, cadmium, cooper, lead and nickel [11–13],
and the studies about dye removal onto S. platensis are very limited.

S. platensis, a member of blue-green algae, is an alternative
source of protein for human food and feed purposes. Other than
protein, it involves polysaccharides, lipids, and vitamins within
[14]. These contain a variety of functional groups such as car-
boxyl, hydroxyl, sulfate, phosphate and other charged groups
[11–13] which can be responsible for dye binding. This microalgae
have availability in large quantities, is largely cultivated through-
out worldwide and relatively cheap for the biosorption process

[15]. In addition, the nanobiotechnology enables the obtaining of
micro and nanoparticles from S. platensis biomass [16], suggest-
ing that studies should be realized to verify its potential as a
biosorbent.

dx.doi.org/10.1016/j.procbio.2012.04.029
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
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Fig. 1. Chemical structures of the d

The use of dead algal biomass in the form of a particulate
aterial (micro and nanoparticles) to dyes removal is rarely inves-

igated. In this work, the potential of micro and nanoparticles of
. platensis dead biomass as biosorbents to removal two synthetic
yes was investigated. The micro and nanoparticles were obtained
nd characterized by scanning electron microscopy (SEM), size
istribution, specific surface area, pore volume and average pore
adius (BET), infrared analysis (FTIR-ATR) and X-ray diffraction
XRD). The effects of particle size (micro and nano) and biosorbent
osage (from 50 to 750 mg)  on biosorption capacity and percent-
ge dye removal were studied. The models nominated pseudo-first
rder, pseudo-second order and Elovich were used to evaluate
he biosorption kinetics. The energy dispersive X-ray spectroscopy
EDS) was employed to verify the biosorption nature.

. Materials and methods

.1. Dyes

The commercial synthetic dyes FD&C red no. 40 (azo dye, molecular weight
96.4 g mol−1, C.I. 16,045, �max = 500 nm,  pKa = 11.4) and acid blue 9 (triphenyl-
ethane dye, molecular weight 792.8 g mol−1, C.I. 42,090, �max = 408 nm, pKa 5.6

nd 6.6) were supplied by local manufacturer, Plury Chemical Ltda., with a purity
igher than 85%. All other utilized reagents were of analytical grade. Distilled water
as  used to prepare all solutions. The chemical structures of the dyes are illustrated

n  Fig. 1.

.2. Culture conditions, drying and characterization of S. platensis biomass

S.  platensis strain LEB-52 was cultivated in a 450 L open outdoor photo-
ioreactors, under uncontrolled conditions, in the south of Brazil. During these

ultivations, water was  supplemented with 20% Zarrouk synthetic medium, con-
aining (g L−1): NaHCO3, 16.8; NaNO3, 2.5; K2HPO4, 0.5; K2SO4, 1.0; NaCl, 1.0;

gSO4·7H2O, 0.2; CaCl2, 0.04; FeSO4·7H2O, 0.01; EDTA, 0.08 and micronutrients
14].  An initial biomass concentration was 0.15 g L−1. Samples were taken at 24 h
ntervals and the biomass concentration determined by measuring the optical
a) FD&C red no. 40; (b) acid blue 9.

density of the cell suspension at 670 nm (Quimis, Q108, Brazil). A calibration curve
was used to relate the optical density with the S. platensis biomass. At the end of
cultivation, the biomass was recovered by filtration, washed and pressed to recover
the biomass with a moisture content of 76% (wet basis).

The wet biomass (cylindrical pellet form with a diameter of 3 mm)  was dried
in perforated trays using perpendicular air flow. The drying conditions were: air
temperature 60 ◦C, air velocity 1.5 m s−1, relative humidity between 7 and 10%, tray
load 4 kg m−2 [17].

The dried biomass was characterized according to the centesimal chemical com-
position [18], and elemental composition of the surface through energy dispersive
X-ray spectroscopy (EDS) (Jeol, JSM-5800, Japan) [19].

2.3. Preparation and characterization of micro and nanoparticles

The  microparticles were obtained as follows: the dried biomass of S. platensis
was ground by a mill (Wiley Mill Standard, No. 03, USA) and it was sieved until the
discrete particle size ranged from 68 to 75 �m. The size distribution and the average
diameter of the microparticles were evaluated by a scanning electron microscope
(SEM) (Jeol, JSM-6060, Japan). The identification, score and size measurement of the
microparticles were carried out through the SEM micrographs by Image J software
(NIH Image, USA) (analyze particle method) [20].

The nanoparticles were obtained from microparticles through a mechanical
method [21]. The microparticles were added in distilled water (5 g L−1) and pH was
corrected (pH 3) using a buffer disodium phosphate/citric acid solution (0.1 mol L−1).
The  suspension was agitated at 10,000 rpm (Dremel, 1100-01, Brazil) for 20 min.
These conditions were obtained by preliminary tests. The size distribution and aver-
age diameter of the nanoparticles were determined in suspension through dynamic
light scattering (DLS) [22]. This equipment was  constituted by a laser (Spectra-
physics, 127, USA) coupled to a goniometer (Brookheaven, BI-200M, USA) and a
digital correlator (Brookheaven, BI-9000AT, USA).

The S. platensis micro and nano particles were characterized by scanning electron
microscopy (SEM) (Jeol, JSM-6060, Japan) [20], point of zero charge (pHpzc) (using
the 11 points experiment [23]). The specific surface area, pore volume and average
pore  radius of the micro and nano particles were determined by standard BET N2-

adsorption methods (Quantachrome, Nova station A, USA) [8]. The identification of
the  functional groups was  carried out using infrared analysis with attenuated total
reflectance (FTIR-ATR) (Prestige 21, the 210045, Japan) [24]. X-ray diffraction (XRD)
was  carried out to verify the crystallinity or amorphous structure of the micro and
nanoparticles [24].
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Table 1
Centesimal chemical composition and elemental composition of Spirulina platensis
dried biomass.

Centesimal composition (%, wet  basis)a

Moisture content 9.0 ± 0.5
Ash 7.0 ± 0.2
Protein 67.2 ± 0.7
Lipids 7.5 ± 0.1
Carbohydrateb 9.8 ± 0.5

Elemental composition (%)c

C 54.1 ± 0.5
N 33.1 ± 0.2
O 9.8 ± 0.1
P  1.8 ± 0.1
S  1.2 ± 0.1

a Mean values ± standard error in triplicate.
b By difference.
G.L. Dotto et al. / Process Bio

.4.  Batch experiments

The S. platensis micro and nanoparticles (dosage of 50; 150; 250; 350; 450; 550;
50  and 750 mg)  were added in 0.80 L of distilled water. The pH was  corrected (pH
)  (Mars, MB10, Brazil) [15] with the 50 mL  of buffer disodium phosphate/citric acid
olution (0.1 mol  L−1), which did not present interaction with the dyes [25]. 50 mL
f  a solution containing 10 g L−1 of dyes was added to each S. platensis suspension,
nd  it was completed to 1 L with distilled water, thus, the initial dye concentration
as  approximately 500 mg  L−1 [5].

The experiments were carried out in a jar test (Nova etica, 218 MBD, Brazil),
nder agitation (400 rpm) [26] and ambient temperature (25 ± 1 ◦C) [7].  Aliquots
ere withdrawn in preset time intervals (2; 4; 6; 8; 10; 15; 20; 25; 30; 40; 50;

0; 80; 100; 120 min  and at equilibrium (24 h)). The biomass and biosorbed dyes
ere removed of liquid through a filtration with Whatmann filter paper no. 40,
hich did not present interaction with the dyes [25,26], and the dyes concentration
as  determined by spectrophotometry (Quimis, Q108, Brazil). All experiments were

arried out in replicate and blanks were performed.
The biosorption capacities at time t (qt) and at equilibrium (qe), and the percent-

ge dye removal (R) were determined as follows:

t = C0 − Ct

m
V (1)

e = C0 − Ce

m
V (2)

(%)  = C0 − Ce

C0
× 100 (3)

here C0 is the initial dye concentration in liquid phase (mg  L−1), Ct is the dye con-
entration in liquid phase at time t (mg  L−1), Ce is the dye concentration in liquid
hase at equilibrium (mg  L−1), m is biosorbent dosage (g) and V is the volume of
uspension (L).

.5. Kinetic models

Biosorption kinetics is important design parameter that describes how the
dsorbate interacts with the biosorbent [6,7,15,26–28]. It was investigated by fit
f  the experimental data to the models of pseudo-first order, pseudo-second order
nd  Elovich.

The kinetic models of pseudo-first order [29] and pseudo-second order [30]
ssume that adsorption is a pseudo-chemical reaction, and the adsorption rate can
e  determined, respectively, for equations of pseudo-first and pseudo-second order,
s follows:

t = q1(1 − exp(−k1t)) (4)

t = t

(1/k2q2
2) + (t/q2)

(5)

here qt is the adsorbate amount adsorbed at time t (mg  g−1), k1 and k2 are the rate
onstants of pseudo-first and pseudo-second order models, respectively, in (min−1)
nd  (g mg−1 min−1), q1 and q2 are the theoretical values for the adsorption capacity
mg  g−1) and t is the time (min).

When the adsorption processes occurs through chemisorption in solid surface,
nd the adsorption velocity decreases with time due to covering of the superficial
ayer, the Elovich model is most used. The Elovich kinetic model is described as
ollows [31]:

t = 1
a

ln(1 + abt) (6)

here “a” is the initial velocity due to dq/dt with qt = 0 (mg  g−1 min−1) and “b” is the
esorption constant of the Elovich model (g mg−1).

The coefficients values of the kinetic equations were determined from fit of
he  models to the experimental data by nonlinear regression, using Statistic 7.0
oftware (Statsoft, USA) through Quasi-Newton estimation method. The fit quality
as  measured through coefficients of determination (R2) and average relative error

ARE) [26].

.6. Biosorption nature

In order to elucidate the biosorption nature of the micro and nanoparticles, the
nalyses of energy dispersive spectroscopy (EDS) (Jeol, JSM-5800, Japan) [19,27]
ere performed before and after the biosorption process.

. Results and discussion

.1. S. platensis biomass characterization
The centesimal chemical and elemental compositions of S.
latensis dried biomass were showed in Table 1. Similar centesimal
hemical composition was found by Oliveira et al. [17].
c Mean values ± standard error obtained from EDS analysis of five surfaces of the
dried biomass.

It can be observed in Table 1 that the S. platensis biomass is com-
posed by a variety of biomacromolecules and its major elements
on the surface were C, N, O, P and S. These biomacromolecules
contain a variety of functional groups such as carboxyl, hydroxyl,
sulfate, phosphate, aldehydes, ketones and other charged groups
[11–13,15], suggesting that the S. platensis microalgae can be con-
sidered an alternative to dye removal.

3.2. Micro and nanoparticles characterization

3.2.1. SEM images
The SEM images of S. platensis micro and nanoparticles are

shown in Fig. 2(a) and (b), respectively. As can be seen in Fig. 2(a)
and (b), the micro and nano particles are homogeneous with
a uniform distribution. The microparticles presented different
forms (Fig. 2(a)), while the nanoparticles presented an ellipsoidal-
spherical form (Fig. 2(b)).

3.2.2. Size distribution and average diameter
Fig. 3(a) shows the size distribution of the S. platensis micropar-

ticles (obtained from SEM using Image J software). Fig. 3(b) shows
the size distribution of the S. platensis nanoparticles (obtained from
dynamic light scattering (DLS)).

In Fig. 3(a) it can be observed that S. platensis microparticles
showed a normal and uniform size distribution in the range from
68 to 75 �m (according shown in Fig. 2(a)). The average diame-
ter of the microparticles was 72 �m.  In the same way, Fig. 3(b)
shows that the S. platensis nanoparticles presented a normal and
uniform size distribution. In this figure the nanoparticles in suspen-
sion showed range from 120 to 350 nm (according to Fig. 2(b)), and
the average diameter was  215 nm.  Nanoparticles are commonly
described as solid colloidal particles, ranging in size from 10 nm to
1 �m [16,20,21].  In addition DLS showed that the autocorrelation
function was unimodal (figure not shown) and the polydispersity
index was 0.152, confirming a low variation in the nanoparticles
size.

3.2.3. Point of zero charge (pHZPC)
The 11 points experiment showed that the pHzpc of the S. platen-

sis micro and nanoparticles was  7. When the pH of the suspension is
lower than 7, the surface of the S. platensis gets positively charged,

and the surface of the S. platensis is negatively charged in pH values
higher than 7. The zero point charge (pHzpc) of the biosorbent is
one way  to understand the biosorption mechanisms [12,23].
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ig. 2. SEM images of Spirulina platensis: (a) microparticles; (b) nanoparticles.

.2.4. Specific surface area, pore volume and average pore radius
The values of specific surface area, pore volume and average

ore radius of the micro and nanoparticles are shown in Table 2.
It was observed in Table 2 that the average diameter decrease

rom 72 �m (microparticles) to 215 nm (nanoparticles) caused an
ncrease of four times in the specific surface area, and about 55% in
he pore volume. However, the average pore radius was  not modi-
ed (Table 2). This suggests that the high stirring used to obtain the
anoparticles (10,000 rpm) caused an improvement in the biosorp-
ion characteristics of S. platensis.

.2.5. FTIR-ATR analysis
Fig. 4 shows the FTIR-ATR spectrum of S. platensis for micropar-

icles and nanoparticles.
For the microparticles, the major intense bands were: 3282,

−1
926, 2852, 1650, 1549, 1458, 1419 and 1030 cm (Fig. 4(a)). The
eak at 3282 cm−1 is relative to the O H and N H stretching. The
symmetric and symmetric stretching of CH2 can be observed at
926 and 2852 cm−1, respectively. At 1650 cm−1 the C C stretch

able 2
haracteristics of Spirulina platensis micro and nano particles: specific surface area,
ore volume and average pore radius.

Particle characteristic Microparticles
(72 �m)

Nanoparticles
(215 nm)

Specific surface area (m2 g−1)a 3.5 ± 0.1 14.2 ± 0.1
Pore volume (mm3 g−1)a 3.9 ± 0.2 6.9 ± 0.1
Average pore radius (Å)a 22.5 ± 0.5 22.6 ± 0.3

a Mean values ± standard error in triplicate.
Fig. 3. Size distribution of Spirulina platensis: (a) microparticles (from SEM); (b)
nanoparticles (from DLS).

was observed. The interaction N H bending with C N stretching
can be observed at 1549 cm−1. The bending of NH4+ was identified
at 1458 cm−1. The peak at 1419 cm−1 is relative to the C N stretch-
ing of primary amide. The P O links were observed at 1030 and
1080 cm−1.

In Fig. 4(b) (nanoparticles) the same peaks of microparticles
were maintained (3356, 3284, 2922, 2852, 1651, 1556, 1543, 1458,
1419, 1084, 1028 cm−1) and some new peaks were observed (1635,
1622, 1388, 1151 and 972 cm−1). The scissor bending of primary
amine appeared at 1635 and 1622 cm−1. The aldehydes and ketones
groups can be observed at 1388 and 1151 cm−1, respectively. The
S O stretching was  identified at 972 cm−1. In addition, for the
nanoparticles the transmittance values were lower in relation
to the microparticles, consequently, the absorbance values were
higher, and more energy was necessary to generate the peaks in
the spectrum of the nanoparticles. This shows that the nanoparti-
cles contain more accessible sites for dye binding in relation to the
microparticles.

The differences between Fig. 4(a) (spectrum of the microparti-
cles) and Fig. 4(b) (spectrum of the nanoparticles) occurred because
during the preparation of the nanoparticles, the high-energy dissi-
pation caused an exposure of more functional groups.
3.2.6. XRD patterns
In Fig. 5 are shown the XRD patterns of the microparticles and

nanoparticles.
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Fig. 4. FTIR-ATR spectrum of S. plate

The XRD pattern of the microparticles (Fig. 5(a)) indicates a
hape of typical amorphous in nature, but some crystalline zones
ere observed. On the other hand, the nanoparticles (Fig. 5(b))

howed a totally amorphous character. This shows that during the
reparation of the nanoparticles, the S. platensis structure was  mod-

fied, and the crystalline zones disappeared.

.3. Particle size and biosorbent dosage effects

The effects of particle size and biosorbent dosage on dyes

iosorption are shown in Fig. 6 (FD&C red no. 40) and Fig. 7 (acid
lue 9).

It can be observed in Figs. 6 and 7 that the biosorption capac-
ty and percentage dye removal values were increased when
a) microparticles; (b) nanoparticles.

nanoparticles were used (Figs. 6(b) and 7(b)). This occurred because
during the preparation of the nanoparticles, a very high stirring was
employed (10,000 rpm), leading to the break of the microparticles.
As consequence, occurred an increase in the surface area and pore
volume (Table 2) and more biosorption sites on the surface were
accessible for dye binding (Fig. 4(b)). In addition, the totally amor-
phous character (Fig. 5(b)) can be facilitates the dyes biosorption.
According to Aksu [6] the biosorption is related directly with sur-
face area of biosorbent, so particle size is also one of the important
factors which affect the biosorption capacity. Similar behavior was

found by Chu and Chen [32] in the biosorption of basic yellow 24
using dried activated sludge biomass. This situation was explained
by larger total surface area of smaller particles, for the same amount
of biomass.
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blue 9 biosorption onto S. platensis micro and nanoparticles are
ig. 5. X-ray diffraction patterns of S. platensis: (a) microparticles; (b) nanoparticles.

It was observed in Figs. 6 and 7, that the percentage dye removal
as increased with the increase of biosorbent dosage until 250 mg.
fter this value, the percentage dye removal was little influenced.
ccording to Chowdhury et al. [9] the positive correlation between

he biosorbent dosage and dye removal can be related to increased
iosorbent surface area and availability of more sorption sites. In
ddition, Figs. 6 and 7 showed that the use of biosorbent dosages
igher than 250 mg  leads to a large decrease in the biosorption
apacity. These results suggest that under experimental conditions,
he use of 250 mg  was the more appropriate in relation to the
iosorption capacity and percentage dye removal.

The comparison between Figs. 6 and 7 shows that the biosorp-
ion capacity of FD&C red no. 40 was lower than acid blue 9. This fact
an be explained based in the interaction mechanism. Under acidic
onditions, the S. platensis surface is positively charged (pHZPC = 7)
nd the dyes dissociate in the anionic form (D-SO3 ). In this way,
lectrostatic interactions between the dyes sulfonated groups and
. platensis surface (positively charged) occurred [33,34].  The acid
lue 9 pKa (5.6 and 6.6) is lower than FD&C red no. 40 pKa (11.4),
acilitating the dissociation of D-SO3Na and its conversion to D-
O3 . In addition, acid blue 9 had more sulfonated groups than

D&C red no. 40 (Fig. 1). This manner, the interactions between
. platensis and acid blue 9 were facilitated, leading to higher val-
es of biosorption capacity. Some researches demonstrated that
Fig. 6. Biosorbent dosage effect on biosorption of FD&C red no. 40: (a) microparti-
cles; (b) nanoparticles.

the sulfonated groups of the anionic dyes are responsible to the
dye–biosorbent interactions [3,6,25–28].

In summary, these results demonstrate that for the biosorp-
tion of both dyes, the nanoparticles were superior in relation
to the microparticles. This occurred because nanoparticles pre-
sented more appropriate characteristics, such as, surface area, pore
volume, biosorption accessible sites and totally amorphous char-
acter than microparticles. The more appropriate condition for the
removal both dyes was 250 mg  of nanoparticles. In these condi-
tions the biosorption capacities were 295 mg  g−1 and 1450 mg  g−1,
and the percentage removal were 15.0 and 72.5%, for the FD&C
red no. 40 and acid blue 9, respectively. Biosorption capacities of
555.6 mg  g−1, 196.1 mg  g−1 and 71.9 mg  g−1 were found by Aksu
and Tezer [7] in the biosorption of reactive dyes on the green
alga C. vulgaris. Dogar et al. [8] obtained biosorption capacity of
86.1 mg  g−1 in the removal of methylene blue using green algae
Ulothrix sp.

3.4. Biosorption kinetics

The biosorption kinetics was  carried out using 250 mg of micro
and nanoparticles. The kinetic curves of FD&C red no. 40 and acid
shown in Fig. 8(a) and (b), respectively.
Fig. 8 shows that, in the case of the microparticles, similar behav-

ior was  observed for both dyes. Biosorption was  fast, reaching about
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ig. 7. Biosorbent dosage effect on biosorption of acid blue 9: (a) microparticles; (b)
anoparticles.

0% of saturation during the first 20 min. Later, biosorption rate
ecreased considerably. On the other hand, for the nanoparticles
bout 90% of saturation was reached at 50 min  for the FD&C red no.
0, and at 80 min  for the acid blue 9. These results show that the
iosorption onto microparticles was faster than the nanoparticles,
owever, the nanoparticles presented higher values of biosorption
apacity. This occurred because during the biosorption process, the
ccessible biosorption sites on the surface of micro and nanoparti-
les were progressively blocked by the dyes, and the nanoparticles
ad more accessible biosorption sites on the surface in relation to
icroparticles (Fig. 4). As consequence, the microparticles reached

he dynamic equilibrium more rapidly and its biosorption capac-
ty was lower. Similar behavior was found by Annadurai et al. [35]
n the adsorption of remazol black 13 onto chitosan. Their results
howed that the increase in particle size caused an increase in
he adsorption rate, but lower values of adsorption capacity were
btained.

In order to evaluate the biosorption kinetics, pseudo-first order,
seudo-second order and Elovich models were fitted to the experi-
ental data. The kinetic parameters of FD&C red no. 40 and acid

lue 9 biosorption onto S. platensis micro and nanoparticles are
hown in Table 3.
The high values of coefficient of determination (R2 = 0.999) and
he low values of average relative error (ARE < 5.0%) presented in
able 3 shows that the Elovich model was the best to represent
Fig. 8. Biosorption kinetics onto Spirulina platensis micro and nanoparticles (dosage
250 mg): (a) FD&C red no. 40; (b) acid blue 9.

the biosorption of both dyes onto nanoparticles. According to some
researchers, the Elovich equation describes chemisorption (chem-
ical reaction) mechanism in nature [26–28,31].  This shows that
the chemisorption played an important role in the biosorption
of both dyes onto S. platensis nanoparticles, and the nanoparti-
cles were covered by superficial layer of the dyes [31]. However,
pseudo-first order was  more adequate to represent the biosorption
onto microparticles (R2 > 0.98 and ARE < 10.0%). This shows that the
biosorption of both dyes onto microparticles was a very fast pro-
cess. In addition, the chemisorption was not dominant in this case
because the Elovich and pseudo-second order models showed no
satisfactory fit [6,7,26–28].

3.5. Biosorption nature

Energy dispersive spectroscopy analyses (EDS) were employed
to elucidate the biosorption of both dyes onto micro and nanoparti-
cles. The data of EDS elemental analysis of micro and nanoparticles
before and after biosorption are shown in Table 4.

It can be observed in Table 4 that the major elements on the
surface of the microparticles before biosorption were C, N, O,
centages of these elements were observed. This shows that the
biosorption onto microparticles occurred by weak interactions.
According to Aksu [6],  weak interactions are characteristic of
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Table 3
Biosorption kinetic parameters of FD&C red no. 40 and acid blue 9 onto Spirulina platensis micro and nanoparticles (Biosorbent dosage 250 mg).

Kinetic models FD&C red no. 40a Acid blue 9a

Microparticles Nanoparticles Microparticles Nanoparticles

Pseudo-first order
q1 (mg  g−1) 160.6 ± 1.1 212.6 ± 2.3 410.6 ± 2.1 1453.7 ± 3.6
k1 (min−1) 0.08 ± 0.01 0.37 ± 0.02 0.18 ± 0.01 0.03 ± 0.01
R2 0.983 0.892 0.991 0.968
ARE  (%) 9.1 8.3 2.9 2.3

Pseudo-second order
q2 (mg  g−1) 185.8 ± 2.0 226.4 ± 1.5 447.4 ± 1.2 1358.4 ± 3.5
k2 × 104 (g mg−1 min−1) 5.4 ± 0.1 26.7 ± 1.2 5.9 ± 0.2 0.4 ± 0.1
R2 0.961 0.966 0.961 0.927
ARE  (%) 14.7 4.6 5.3 25.3

Elovich
a  × 102 (mg  g−1 min−1) 2.51 ± 0.15 4.32 ± 0.07 1.51 ± 0.02 0.17 ± 0.03
b  (g mg−1) 34.2 ± 1.8 6316.0 ± 10.1 663.9 ± 3.1 57.3 ± 2.7
R2 0.909 0.999 0.926 0.999
ARE  (%) 22.1 0.7 10.0 4.7

a Mean values ± standard error (n = 3).

Table 4
Elemental composition of Spirulina platensis micro and nanoparticles before and after dye biosorption.

Elements (%)a

C N O P S

Microparticles
Before biosorption 55.7 ± 1.4 32.6 ± 1.5 9.1 ± 0.5 1.5 ± 0.1 1.1 ± 0.1
After  FD&C red no. 40 biosorption 54.7 ± 1.7 33.5 ± 0.7 9.0 ± 0.5 1.4 ± 0.1 1.4 ± 0.5
After  acid blue 9 biosorption 55.0 ± 0.9 32.7 ± 0.7 10.0 ± 2.0 1.4 ± 0.1 0.9 ± 0.1

Nanoparticles
Before  biosorption 54.2 ± 0.9 33.7 ± 0.3 9.1 ± 0.4 1.7 ± 0.1 1.3 ± 0.1
After  FD&C red no. 40 biosorption 58.8 ± 0.7 24.3 ± 0.5 13.3 ± 0.2 0.5 ± 0.1 3.1 ± 0.1

.8 ± 0

ples.

p
t
u
t

o
p
p
t
g
c
c
t

4

b
w
2
i
d
a
c
t
o
h
t
r
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b

After  acid blue 9 biosorption 67.1 ± 0.5 15

a Mean values ± standard error obtained from EDS analysis of five surfaces of sam

hysical interactions and responsible for lower values of biosorp-
ion capacity. In addition, in physical biosorption, equilibrium is
sually rapidly attained and easily reversible [6],  confirming thus
he biosorption kinetic behavior of both dyes onto microparticles.

For the nanoparticles before biosorption, the major elements
n the surface were C, N, O, P and S (Table 4). After biosorption, the
ercentages of C, O, and S were increased, and consequently, the
ercentages of N and P were decreased. This occurred due to the
rapped dye molecules which contain aromatic rings and sulfonic
roups, indicating strong interaction between dyes and nanoparti-
les. According to Aksu [6],  strong interactions are characteristic of
hemical interactions and responsible for higher values of biosorp-
ion capacity.

. Conclusion

The potential of S. platensis micro and nanoparticles as biosor-
ents to removal FD&C red no. 40 and acid blue 9 synthetic dyes
as investigated. The best results for both dyes were found using

50 mg  of nanoparticles. In these conditions, the biosorption capac-
ties were 295 mg  g−1 and 1450 mg  g−1, and the percentages of
ye removal were 15.0 and 72.5%, for the FD&C red no. 40 and
cid blue 9, respectively. This manner, S. platensis nanoparticles
an be considered to dye removal from aqueous solutions, mainly
he acid blue 9 dye. The kinetic study showed that the biosorption
nto microparticles was faster than biosorption onto nanoparticles,
owever, nanoparticles presented biosorption capacities higher

han microparticles. Pseudo-first order model was the best to
epresent biosorption of both dyes onto microparticles (R2 > 0.98
nd ARE < 10%), and Elovich model was more appropriate to the
iosorption onto nanoparticles (R2 > 0.99 and ARE < 5%). The kinetic
.5 12.3 ± 0.2 0.6 ± 0.1 4.2 ± 0.1

results coupled by the EDS analysis suggested that the dyes biosorp-
tion onto microparticles occurred by physical interactions and for
the nanoparticles, chemisorption was dominant.

Acknowledgements

The authors would like to thank CAPES (Brazilian Agency for
Improvement of Graduate Personnel) and CNPq (National Council
of Science and Technological Development) for the financial sup-
port.

References

[1] Salleh MAM, Mahmoud DK, Karim WAWA,  Idris A. Cationic and anionic dye
adsorption by agricultural solid wastes: a comprehensive review. Desalination
2011;280:1–13.

[2] Gupta VK, Suhas. Application of low-cost adsorbents for dye removal: a review.
J  Environ Manage 2009;90:2313–42.

[3] Wan  Ngah WS,  Teong LC, Hanafiah MAKM.  Adsorption of dyes and heavy metal
ions by chitosan composites: a review. Carbohydr Polym 2011;83:1446–56.

[4] Mahmoodi NM,  Hayati B, Arami M.  Single and binary system dye removal from
colored textile wastewater by a dendrimer as a polymeric nanoarchitecture:
equilibrium and kinetics. J Chem Eng Data 2010;55:4660–8.

[5] Srinivasan A, Viraraghavan T. Decolorization of dye wastewaters by biosor-
bents: a review. J Environ Manage 2010;91:1915–29.

[6] Aksu Z. Application of biosorption for the removal of organic pollutants: a
review. Proc Biochem 2005;40:997–1026.

[7] Aksu Z, Tezer S. Biosorption of reactive dyes on the green alga Chlorella vulgaris.
Proc Biochem 2005;40:1347–61.
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