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a b s t r a c t

In this work, orange bagasse has been used as an alternative adsorbent for removal of reactive blue 5G dye
from an aqueous solution. The influence of the dye solution pH, the biosorbent drying, the dye solution
temperature and biosorbent grain size was studied in batch systems, in order to improve the biosorption
eywords:
iosorption
range bagasse
ye

kinetics and the experimental equilibrium conditions. Batch kinetic experiments were carried out with
different dye concentrations at two temperatures. The biosorption kinetic data were well fitted by both
pseudo-first and second order models. The equilibrium adsorption data were interpreted by applying
widely the isotherm models and a set of six BET isotherm-added-to other ones and their adjustable
parameters were determined by the PSO method. The isotherm models with s-shaped behavior, such

bine
ased o
SO method
ombined isotherms

as the Langmuir–BET com
that the dye removal is b

. Introduction

The pollution of water resources with industrial effluents con-
aining organic compounds and toxic substances is a matter of great
oncern. Generally, waste effluents from textile industries, paper
rinting and photography contain residues of dyes and chemicals.
ynthetic dyes in water bodies, even at very low concentrations, can
e highly toxic to living organisms, reducing the growth of bacteria
nd preventing the photosynthesis in aqueous flora [1,2]. Also, dyes
an cause allergy, dermatitis, skin irritation and cancer in humans.
ue to the dyes having complex aromatic structures, resistant to

ight and moderate oxidizing agents, they are usually biologically
on-degradable and present high stability and toxicity and it is
herefore necessary to eliminate organic pollutants by proper treat-

ent techniques such as adsorption [1–4], electrochemical [5] and
embrane processes [6]. The adsorption method is widely used

n the removal of synthetic dyes from the industrial effluent [7,8].
y an adsorption process the dye species are transferred to a solid
hase (adsorbent) and subsequently can be recovered by a desorp-

ion process and stored in a dry place without direct contact with
he environment [9–11].

Among the great variety of adsorbents, activated carbon has
een widely investigated for organic and inorganic compound

∗ Corresponding author. Tel.: +55 45 3379 7092; fax: +55 45 3379 7002.
E-mail addresses: modenes@unioeste.br, anmodenes@yahoo.com

A.N. Módenes).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.07.043
d isotherm, have described satisfactorily the equilibrium data, suggesting
n an adsorption process of multi-layers onto the orange bagasse.

© 2010 Elsevier B.V. All rights reserved.

removal from waste waters, but the high cost limits its commercial
application [12]. Therefore, different types of biomass have been
utilized as alternative adsorbent to remove toxic compounds, for
example, wheat straw [13], rice straw [14], aquatic plants [15–17],
algae [18], sugarcane bagasse [19], banana peel [20] and orange
peel [8,21–23].

In addition, orange bagasse is an abundant, cheap and readily
available biomass from the orange juice industry. This agricultural
by-product creates increasing disposal and potential environmen-
tal problems. Based on the various functional groups such as
carboxyl and hydroxyl that are found in orange bagasse, this mate-
rial is proposed as an alternative low-cost adsorbent to remove
toxic compounds.

In the present study the use of orange bagasse as biosorbent
has been investigated for the reactive 5G dye removal from syn-
thetic textile effluent. Batch kinetic tests were performed in order
to assess the effect of dye solution pH, drying temperature, particle
size, amount of adsorbent, and contact time. Adsorption kinetic and
equilibrium data were modeled by a set of several isotherm models
and combined isotherms. The evaluation of kinetic and equilibrium
parameters was carried out using the PSO method.

2. Materials and methods
2.1. Materials

A large amount of wet orange bagasse was provided by a local
Orange juice industry and used as an alternative low-cost biosor-

dx.doi.org/10.1016/j.cej.2010.07.043
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:modenes@unioeste.br
mailto:anmodenes@yahoo.com
dx.doi.org/10.1016/j.cej.2010.07.043
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Fig. 1. Chemical structure of reactive blue 5G dye.

ent. After orange juice, essential oils and other sub-products have
een extracted, a lot of natural wet orange bagasse was collected
nd stored below the freezing point (−15 ◦C) in the laboratory.

The chemicals used were of analytical-reagent grade. Powder of
eactive blue 5G dye, whose molecular weight is 840.1 g mol−1 and
ts chemical structure as given in Fig. 1, was diluted in deionized

ater in order to prepare a set of aqueous solutions, where the
nitial dye concentration ranged from 25 to 100 mg L−1. Molecu-
ar absorbance spectra were measured from diluted pure dyeing
olutions in order to identify the maximum absorption wave-
ength. Before and after any experiment, the solution of the dye
oncentration was measured using a Shimadzu 1203 UV/VIS spec-
rophotometer at a 610 nm wavelength. Absorbance data were
onverted into concentration data by using the calibration rela-
ions pre-determined at a 610 nm wavelength for each pH value

easured at the end of the experiments. The pH was adjusted by
dding 0.1 M H2SO4 or 0.1 M NaOH solutions.

.2. Characterization of the biosorbent

Prior to the nitrogen adsorption experiment to determine sur-
ace properties, the orange bagasse samples were defrosted at room
emperature and then dried in a convective dryer at low, medium
nd high settings (42, 66 and 80 ◦C), under a 1.3 m s−1 air flux,
ntil their final weights reached constant values. All samples were
round, using steel-knife electrical mill, and sieved into discrete
article sizes of 0.177, 0.297, and 4.76 mm and stored in closed
ottles to be used as adsorbate in the kinetic and adsorption studies.

The BET specific surface area (SBET), average pore diameter
APD), and total pore volume (TPV) of the orange bagasse samples,
hat were dried at 42, 66 and 80 ◦C and sieved at 0.177 mm parti-
le size, were determined by the nitrogen adsorption experiments
nd Barret–Joyner–Halenda (BJH) method. The N2 adsorption data
ere measured with a Quantachrome Autosorb-1-C/MS apparatus

ver a relative pressure ranging from 10−6 to 1. SBET, APD and TPV
alues were obtained by using the software of the apparatus as will
e mentioned later in Section 3.1.

SEM high-resolution images of sample surfaces with a 500–2000
agnification range were obtained for orange bagasse-based

dsorbents, that were dried at 42, 66 and 80 ◦C. A Shimadzu super-
can SS 550 electron microscope was used for SEM measurements.

.3. Preliminary tests

In order to improve the kinetic and equilibrium adsorption
xperimental conditions, the effect of dye solution pH (1–11), par-
icle size (0.177–4.76 mm), and drying temperature (42–80 ◦C) on

he adsorptive removal of reactive 5G dye was investigated in the
reliminary batch biosorption experiments. For all the tests, 25 mg
f adsorbent material orange bagasse was added to 25 mL of dye-
ng solution (70 mg L−1) in a 125 mL Erlenmeyer flask, agitated on
rotary shaker at 150 rpm and a 25 ◦C controlled temperature for
ring Journal 163 (2010) 68–77 69

2 h contact time. All preliminary tests were carried out in tripli-
cate. Then the dyeing solution was separated from the biosorbent
by using a vacuum filtration system and the dye concentrations
were measured spectrophotometrically. The amount of adsorbed
dye by orange bagasse was determined according to the mass bal-
ance expressed by Eq. (1).

q = V(C0 − C)
m

(1)

where q (mg g−1) is the amount of adsorbed dye by orange bagasse,
C0 and C are the initial and final dye concentrations in solutions,
respectively, V is the solution volume (25 mL), and m is the adsor-
bent mass (25 mg).

2.4. Kinetic tests

The kinetic data and equilibrium time were determined by using
batch studies. Samples consisting of a portion (25 mg) of the adsor-
bent material orange bagasse (0.177 mm particle size) that was
dried at 42 ◦C and an aqueous solution (25 mL) containing vari-
ous initial dye concentrations (25–100 mg L−1) at initial pH 2 were
poured into 250 mL Erlenmeyer flasks. The samples were agitated
on a shaker at 150 rpm and separately at two constant controlled
temperatures (25 and 40 ◦C) up to 48 h contact time. The pH mon-
itoring of the dyeing solution was carried out during the sorption
experiments and the pH was adjusted to 2, as required. Samples
of the dyeing solution were collected at pre-defined times, rang-
ing from 2 min to 48 h and separated from the adsorbent by using a
vacuum filtration system. Dye concentration was measured in each
sample by means of UV/vis spectrophotometry and the amount of
adsorbed dye by orange bagasse was determined by Eq. (1).

2.5. Equilibrium concentration

Several batch reactive 5G dye sorption experiments with the
orange bagasse were carried out using a constant volume of 25 mL
solution on different dye concentrations (from 10 to 130 mg L−1)
in contact with 25 mg constant biosorbent mass. All equilibrium
sorption experiments were carried out in triplicate. The suspen-
sions were agitated by a rotary shaker at 150 rpm and separately at
two controlled temperatures (25 and 40 ◦C), were monitored and
adjusted for a pH of 2, during a 2 h contact time. Afterwards, the
liquid phase was separated from the suspension using a vacuum
filtration system and the initial and equilibrium dye concentra-
tions were measured by means of UV/vis spectrophotometry. The
amount of adsorbed dye in the equilibrium condition was deter-
mined by Eq. (1).

2.6. Search analysis of kinetic and equilibrium adsorption
parameters

The dried orange bagasse-based kinetic and equilibrium
biosorption data for reactive blue 5G dye were interpreted on the
basis of some models, such as first and second order kinetic rate
equations and a set of widely applied adsorption isotherms, as will
be mentioned later in Sections 3.4 and 3.5. These equations and
isotherms contain two or more kinetic and equilibrium adsorption
parameters that are commonly found by means of a linearization
method. Generally, the estimated parameters using this method
have not shown good fits, because of not taking into account
the associated-to-variables error during the search procedure.

Nonetheless, search analyses based on non-linear methods have
provided a considerable improvement in the results [24]. Gener-
ally the optimization methods applied to the estimated adsorption
isotherm parameters are very efficient, however they cannot guar-
antee the best global results, which would converge towards the
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est local values, complicating therefore the explanations of the
dsorption physics.

In this work, a stochastically optimized global method, called
particle swarm optimization (PSO) proposed by Kennedy and

berhard [25], has been applied to search for the globally opti-
ized parameter values, which correspond to a set of non-linear
odels that represent the kinetic and equilibrium adsorption data.

he parameter identification procedure based on the PSO method
as previously reported by Trigueros et al. [26,27] in order to

olve a system of non-linear equations. Trigueros et al. [26,27] have
mpirically estimated the essential PSO parameter values and their
nfluence on the search space for the estimation of modeling param-
ters, in order to obtain a quick and good convergence and reliable
esults.

The description of the PSO algorithm is basically as follows: each
ndividual particle from a swarm population is associated with a
osition and velocity vectors in the search space, with a dimension
qual to the total parameter number of the system, resulting thus
hat the swarm size equals the particle number. The particle posi-
ion vector behaves under the restriction of three conditions, that
llow delimiting a geographical search space according to a linear
ectorial combination, bringing out the particle to assume a new
article position vector [26–28].

Moreover, the minimum and maximum parameter values,
hich were initially assumed as being those reported in related-to-

dsorption literature, were chosen in order to create a first physical
onstraint in the search space. Based on this assumption, an ini-
ial swarm population was generated, avoiding thus results with
esser or without any physical significance. Starting at the swarm
ower limit, each particle pathway is calculated in an iterative way,
btaining a new particle position vector [26–28].

According to Trigueros et al. [26,27], the performance of each
article is related to a built-in objective function (OF), determined
y the least square statistical method, as shown in Eq. (2) of the
resent work. When the given iteration number is reached, a better
ssigned solution, that possesses a set of kinetic parameter values
or the modeled system, is used as a new search space constraint
n the global minimization process, keeping under control the high
ensitivity parameters. Among all visited positions by the swarm,
he solution for which the objective function is approached by a

inimum value over all the estimated ones is called the best visited
osition or assigned the best global position. For the PSO method
pplication to kinetic and equilibrium adsorption data, a microcom-
uter Intel® CoreTM 2 Duo 2.0 GHz, with 2 GB RAM memory, was
sed, where a swarm of 2000 particles with 100 iterations was con-
idered enough to achieve a good convergence, during the search
f optimal parameters values.

F =
∑(

q∗
exp − q∗

pred

q∗
exp

)2

(2)

here q∗
exp and q∗

pred (mg g−1) are the quantities of equilibrium
dsorbed dye by orange bagasse, which were experimentally
btained and predictable by modeling, respectively.

. Results and discussion

.1. Characterization of adsorbent

The BET-nitrogen specific surface area (SBET) results for

ry orange bagasse are listed in Table 1. By employing the
arret–Joyner–Halenda method of calculation, the average pore
iameter (APD) and total pore volume (TPV) were also estimated
nd summarized in Table 1. There is no significant enhancement of
BET, APD and TPV values with an increase of drying temperature.
Fig. 2. SEM images for orange bagasse: (a) dried at 42 ◦C with magnification 2000;
(b) dried at 66 ◦C with magnification 2000; and (c) dried at 80 ◦C with magnification
2000.

SEM micrographs of drying orange bagasse treated at 42, 60 and
80 ◦C are shown in Fig. 2. From these images, it is observed that
the surface morphology has an irregular pattern within the orange
bagasse particle. Consequently, such images did not allow the pore
size identification nor the size distribution of the adsorbent or the
effect of the drying temperature.

3.2. Effect of pH

In this work the preliminary results on dye adsorption as well
as in other works have shown that the pH of the solution is an
important controlled parameter. The pH of the dye solution plays
an important role in the whole adsorption process that could be
influenced not only by the surface charge of the adsorbent, the
degree of ionization of the material present in the solution and the
dissociation of functional groups in the active sites of the adsor-

bent, but also the solution of dye chemistry [29]. The influence of
pH on the adsorption of reactive 5G dye is shown in Fig. 3. The
biosorbent exhibits higher adsorption efficiency, around 85%, of
reactive 5G dye at pH 2. This result is not significantly affected
by the tested particle size ranges. Consequently, the adsorption
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Table 1
Physical characterization of dried orange bagasse determined by BET and BJH methods.

Temperature (◦C) BET specific surface area (×10−2 m2 g−1) Total pore volume (×10−5 cm3 g−1) Average pore diameter (Å)
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42 330.6 ± 3.4
66 300.7 ± 2.4
80 297.2 ± 0.7

apacity increases when the pH is decreasing. So, as dye solution pH
ecreased, more protons are available in the bulk of the dye solution
nd the number of negatively charged active sites is reduced, driv-
ng the adsorbent surface, which is composed mainly by functional
roup such as amino and carboxyl, to be more positively charged.
hereby, pH can also affect the structural stability of the reactive
lue 5G dye (see Fig. 1). Therein, under an acidic condition, the dye
olecule can be deprotonated in the bulk of the solution, resulting

n a polar molecule (R-SO3
−) with a high negative charge density.

herefore, the electrostatic repulsion between the adsorbent site
nd negatively charged dye ion was lowered at low pH. Conse-
uently, positively charged-functional groups could exert strong
lectrostatic attractions on anionic dye molecules, explaining thus
he increase of the adsorption capacity of the orange bagasse as seen
t pH 2 (Fig. 3). Another adsorption mode might be also present (ion
xchange or chelation for example). Besides, an abundance of neg-
tively charged surface sites for neutral and alkaline pH values is
xpected, causing an unfavorable effect on an anionic dye adsorp-
ion, because an electrostatic repulsion on surface of the adsorbent
s acting, and thus the dye adsorption efficiency drops to 35–48%
s shown in Fig. 3.

Similar results were reported for the adsorption of dyes from
queous solution onto adsorbent prepared from orange peel [30].
ased on the electrostatic attraction, as well the organic proper-
ies and structure of the reactive blue 5G dye molecule and orange
agasse, a pH setting at 2 should be used in further adsorption
tudies to improve the performance of dye removal by an orange
agasse-based biosorbent.

.3. Effect of particle size and drying temperature

The effects of the drying temperature and the particle size of
iosorbent on the adsorption of reactive 5G dye are shown in Fig. 4.

t is observed that the adsorption capacity increases when the dry-
ng temperature is decreasing, independently of particle size tested.
n other words, a high drying temperature of biomass could play a
ole in a reduction of the number of negatively charged surface

ig. 3. The effect of equilibrium pH on the adsorption of reactive 5G dye. Conditions:
5 mL dye solution (70 mg L−1), 25 mg biomass (dried at 42 ◦C), at 150 rpm and 25 ◦C
ontrolled temperature.
286.4 ± 2.8 21.3 ± 0.8
278.9 ± 8.0 21.7 ± 1.2
260.5 ± 1.3 21.1 ± 1.9

sites. On the other hand, for 0.177 mm particle size range a slightly
better adsorption capacity was observed than the other two, when
the adsorption results of the three particle size ranges were com-
pared (see Fig. 4). Based on the following adsorption conditions: pH
2, drying temperature of 42 ◦C and particle size below 0.177 mm, a
maximum of 88% dye removal was achieved. A low drying temper-
ature (42 ◦C) and a small particle size (<0.177 mm) should be used
in further studies, as well as dye adsorbing of acidic pH.

3.4. Kinetic parameters

The dry orange bagasse-based biosorption kinetic data for a
reactive blue 5G dye were determined with the following experi-
mental conditions: pH 2, 25–100 dye concentration range, agitation
speed of 150 rpm and both 25 and 40 ◦C temperatures. As can
be seen in Fig. 5, dye removal has increased sharply at contact
time less 10 min and slowed down gradually as equilibrium was
approached, resulting in an equilibrium time of about 30 min for
all the studied cases. Therefore, 30 min of contact time was chosen
as the biosorption time for further experiments to ensure that the
equilibrium was achieved. In addition, there is no significant influ-
ence of dyeing solution temperature over the dye adsorption by
orange bagasse, exhibiting a maximum dye removal around 85%
for 25 mg L−1 dye concentration and a minimum dye removal of
about 45% for 100 mg L−1 dye concentration. From the literature,
on the other hand, an equilibrium time of 60 min was reported by
Arami et al. [30] and Alkan et al. [31] using orange peel and sepiolite
as biosorbents for the dye removal, respectively.

In order to investigate the mechanism of reactive blue 5G dye
adsorption on orange bagasse, two well known differential equa-
tions of pseudo first and second orders, called the Lagergren and
Ho models, respectively, and intra-particle diffusion equation were
proposed in the literature for sorption process [32,33].
Lagergren’s first-order equation is the earliest known one
describing the adsorption rate based on the adsorption capac-
ity. Besides, Ho’s second order date expression, that includes the
chemisorption, was successfully applied to the adsorption of metal
ions, dyes, herbicides, oils, and organic substances from aqueous

Fig. 4. The effect of drying temperature and particle size on the adsorption of reac-
tive 5G dye. Conditions: pH 2, 25 mL dye solution (70 mg L−1), 25 mg biomass, at
150 rpm and 25 ◦C controlled temperature.
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ig. 5. Kinetic adsorption data of reactive blue 5G dye on orange bagasse at (a) 25
nd (b) 40 ◦C for initial dye concentrations of 25 mg L−1 (solid circle), 50 mg L−1 (open
quare), 75 mg L−1 (solid triangle up) and 100 mg L−1 (open triangle down).

olutions [34]. Kinetic data of dye adsorption were fitted according
o Lagergren and Ho models, which are formulated by Eqs. (3) and
4).

dq

dt
= k1(q∗ − q) (3)

dq

dt
= k2(q∗ − q)2 (4)

here q* and q (mg g−1) are the adsorption capacities at equi-
ibrium and at time t (min), respectively, and k1 (min−1) and k2
g mg−1 min−1) are the rate constants corresponding to the adsorp-
ion of first-order and second order, respectively.

The estimated values of kinetic parameters (q∗
pred, k1 and k2) cor-

esponding to Lagergren and Ho models were determined by PSO
ethod, as summarized in Tables 2 and 3. Good fits of experimen-

al data for Lagergren and Ho models were achieved in all studied
ases, as shown in Fig. 6. It was found that there is a good agreement
etween adsorption capacity values (q∗

exp) at equilibrium and those
redicted (q∗

pred) by both pseudo first and second order models,
ith correlation coefficient values ranging from 0.9690 to 0.9919.

rom the comparison between adsorption capacity values in equi-
ibrium, it was observed that there is no significant improvement
n the amount of dye adsorbed onto orange bagasse surface when
he dye solution temperature increases from 25 to 40 ◦C. This result
uggests that there are no important factors to be taken into account
hen the reactor conditions are chosen within an adsorption sys-

em for dye removal.
On the other hand, the possibility of intra-particle diffusion
eing the rate-limiting step was also investigated in the orange
agasse-based dye adsorption system. According to the intra-
article diffusion model proposed by Weber and Morris [35], the
oot time dependence may be expressed by Eq. (5). Weber and
orris stated that if intra-particle diffusion is the rate-controlling
Fig. 6. The fit of the adsorption behavior of reactive blue 5G dye on orange bagasse
at (a) 25 and (b) 40 ◦C for the pseudo first (dot curve) and second (solid curve) order
models with initial dye concentrations of 25 mg L−1 (solid circle), 50 mg L−1 (open
square), 75 mg L−1 (solid triangle up) and 100 mg L−1 (open triangle down).

factor, uptake of the adsorbate varies with the square root of time.

qt = kdif

√
t + C (5)

where qt is the amount of solute on the adsorbent surface at
time t (mg g−1), kdif the intra-particle diffusion rate constant
(mg g−1 min−1/2), t the time (min), and c is the intercept (mg g−1).

So, the kinetic data at different initial dye concentrations can
be used to determine if intra-particle diffusion is rate-limited fac-
tor in the dye adsorption process on orange bagasse, then plots of
adsorbate uptake (qt) versus the square root of time (t1/2) would
result in a linear relationship and kdif and C values can be obtained
from these plots (Fig. 7) and Table 4. Values of the intercept give
an idea about the thickness of the boundary layer. Fig. 7 shows
that all Weber–Morris plots of dry orange bagasse for intra-particle
transport are not linear over the whole t1/2 range and can be sep-
arated into a few linear regions, revealing that there are two or
three adsorption stages with different slopes taking place. It can be
observed that there are three separate regions at low dye solution
temperature (25 ◦C) for the whole of 25–100 mg L−1 initial dye con-
centration range, while they are observed only at high dye solution
temperature (40 ◦C) with initial dye concentration above 50 mg L−1.

Usually, the initial curved portion is attributed to external sur-
face adsorption that the adsorbate diffuses through the solution to
the external surface of the adsorbent, where the adsorption rate is
high. The second portion is attributed to the macro-pore diffusion,
considered as the gradual adsorption stage, where the intra-particle
diffusion is rate-controlled step on adsorbent. Moreover, the parti-
cle diffusion would be the rate-controlling step if the lines passed
through the origin. Finally, the plateau (third region) is attributed to

micro-pore diffusion, considered as the equilibrium stage, in which
the intra-particle diffusion starts to slow down and level out as the
extremely low dye concentration remains in the solution or maxi-
mum adsorption was attained. In the gradual adsorption stage (see
Fig. 7), the diffusion rate parameters kdif obtained from the slopes
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Table 2
Kinetic adsorption data for experimental conditions: pH 2, 0.177 particle size and 25 ◦C temperature adsorption and parameter values predicted by PSO method for pseudo
first and second order models.

C0 (mg L−1) q∗
exp (mg g−1) Lagergren model Ho model

k1 (min−1) q∗
pred

(mg g−1) OFa R2 k2 (g mg−1 min−1) q∗
pred

(mg g−1) OFa R2

25 21.0199 0.2124 21.2108 14.0934 0.9860 0.0129 23.1161 9.3967 0.9908
50 29.3532 0.3106 29.5801 26.7983 0.9857 0.0160 31.4661 41.7916 0.9776
75 46.1443 0.1523 44.4829 146.9976 0.9690 0.0046 48.9190 79.5432 0.9828

100 46.6501 0.2912 46.3441 87.3318 0.9809 0.0093 49.4956 93.2152 0.9796

a OF is the objective function estimated by Eq. (2).

Table 3
Kinetic adsorption data for experimental conditions: pH 2, 0.177 particle size and 40 ◦C temperature adsorption and parameter values predicted by PSO method for pseudo
first and second order models.

C0 (mg L−1) q∗
exp (mg g−1) Lagergren model Ho model

k1 (min−1) q∗
pred

(mg g−1) OFa R2 k2 (g mg−1 min−1) q∗
pred

(mg g−1) OFa R2

25 21.1194 0.3156 21.4619 13.1550 0.9865 0.0220 22.7599 20.6850 0.9786
50 31.4676 0.2853 31.6510 17.2454 0.9919 0.0137 33.5789 39.1555 0.9814
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75 44.4495 0.3311 44.2186 46.6582
100 46.8750 0.0088 49.9570 76.8486

a OF is the objective function estimated by Eq. (2).

f straight lines (see Table 4) vary with the initial dye concen-
rations (25–100 mg L−1) and dye solution temperatures (25 and
0 ◦C); however, none of the lines passed through the origin accord-

ng to the non-zero values of intercept parameters C, indicating that
here is an initial boundary layer resistance, i.e., the intra-particle
iffusion is involved but not as the only rate-controlling step.

From the best-fit straight lines on the gradual adsorption stage
Fig. 7), it was found that both the C and kdif, values (see Table 4)
ncrease with the increasing of the initial dye concentration, sug-
esting an increase in the thickness and the effect of the boundary
ayer. Similar results were reported for the adsorption of basic dye
nto zeolite MCM-22 [36], acid dye adsorption on activated palm
sh [37], basic Green 4 onto cyclodextrin-based adsorbent [29], and
ongo red onto clay materials [2]. Besides, it was also observed that
here is a dye solution temperature effect on the values of diffusion
ate constants kdif, driving it to lower values when the dye solution
emperature is increased, which suggests a decrease in the thick-
ess and the effect of the boundary layer with the increase of the
ye solution temperature.

.5. Equilibrium adsorption parameters

Adsorption isotherms of dyes were determined on the basis of
atch analysis with the following experimental conditions: pH 2,
gitation speed of 150 rpm, 25 and 40 ◦C temperatures used in a

eries of dye solutions at various concentrations, ranging from10
o 130 mg L−1. These isotherms represent an equilibrium relation
etween dye concentrations in fluid phase and the amount of dye
ith a bioadsorbent mass for a specific temperature. The isotherm

s very important in order to estimate the maximum adsorption

able 4
ntra-particle diffusion model parameters (kdif and C) for different initial reactive blue 5G

Solution temperature (◦C) C0 (mg L−1) kdif

25

25 1.5
50 3.3
75 4.4

100 6.0

40

25 0.5
50 1.3
75 1.1

100 2.1
0.9888 0.0121 46.6167 112.7089 0.9723
0.9838 0.2796 47.1942 55.4750 0.9883

capacity and affinity between adsorbate and adsorbent, besides
other physical parameters. Since the adsorption phenomenon
response is related to the kind of material used for the adsor-
bent and the chemical and physical characteristics possessed by
the adsorbate, as well as the adsorption experimental conditions, a
number of adsorption processes for pollutants have been studied in
an attempt to find a suitable explanation for the mechanisms and
kinetics for sorting out the environmental solutions [35].

As a first attempt to reproduce the dye adsorption data, well-
known and widely applied isotherm models of Langmuir and
Freundlich, as well as the BET isotherms, were applied, as summa-
rized in Table 5 and their adsorption parameters were estimated
by the PSO method. Experimental isotherm data for both 25 and
40 ◦C temperatures are given in Fig. 8 where the fitted Langmuir,
Freundlich and BET isotherm curves are also shown. The first part
of the equilibrium adsorption data, below 80 mg L−1 dye concen-
tration, has been roughly fitted by both Langmuir and Freundlich
isotherm models. However, the s-shaped behavior of equilibrium
adsorption data was not reproduced by both Langmuir and Fre-
undlich isotherms; but the BET isotherm curve reproduces well the
sigmoidal tendency of the dye adsorption experimental points. This
sigmoidal behavior might be interpreted as a change of the mech-
anism in a dye adsorption process. Dye is initially adsorbed onto
the first layer of biosorbent surface at low dye concentration; but
when it has reached its saturation (about 80 mg L−1 dye concentra-

tion), another biosorption phenomenon begins to become evident
by mean of a dye adsorption process onto the multi-layer orange
bagasse surface. By examining the goodness of fit of kinetic mod-
els with experimental data, the predicted results by BET isotherm
model were almost in full agreement with the experimental data at

dye concentrations at 25 and 40 ◦C.

(mg g−1 min−1/2) C (mg g−1) R2

1 12.77 0.9739
1 14.20 0.8540
5 18.87 0.8316
8 18.73 0.9531

2 18.34 0.8330
8 24.65 0.8836
4 38.82 0.8670
7 35.40 0.9043
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Table 5
Isotherm models used to form combined isotherms by addition, the BET isotherm is part of them.

Isotherm Expression Application Characteristic

Langmuir q∗ = qmaxbC∗
1+bC∗ Mono layer homogeneous surfaces Two theoretical parameters

Freundlich q∗ = KF (C∗)1/n Multi-layer heterogeneous surfaces Two empirical parameters

Sips q∗ = KS (C∗)ˇS

1+aS (C∗)ˇS Combined Langmuir–Freundlich Three semi-empirical parameters

Redlich–Paterson q∗ = KRP C∗
1+aRP C∗n Heterogeneous surfaces Three semi-empirical parameters

Radke–Praunsnitz q∗ = qmaxbC∗
(1+bC∗)n Three empirical parameters

Toth q∗ = qmaxbC∗

(1+b(C∗)n)1/n Multi-layer heterogeneous surfaces Three empirical parameters

Temkin q∗ = RT
bT

ln(aT C∗) Mono layer chemisorption Two theoretical parameters

BET q∗ = qmaxBC∗
(Cs−C∗)[1+(B−1)(C∗/Cs)] Multi-layer physisorption Two theoretical parameters

Table 6
Equilibrium adsorption parameters predicted by PSO method for BET isotherm model.

a
(
v
B
o
t
o
m
c
a

F
o
w
7

Temperature (◦C) qmax (mg g−1) B

25 25.9846 49.1137
40 28.90 31.1450

ll dye concentrations, with correlation coefficient values of 0.9909
objective function value of 0.0687) and 0.9788 (objective function
alue of 0.1177) for 25 and 40 ◦C temperatures, respectively. The
ET isotherm parameters for the dye adsorption studied on the
range bagasse are given in Table 6. Thus, the s-shaped behavior

hat was observed on equilibrium adsorption data is probably a sign
f the change of mechanism in adsorption process from mono- to
ulti-layers on the material surface at a specific equilibrium con-

entration, suggesting that there is a reduction in the availability of
ctive sites when the dyeing solution concentration is increasing.

ig. 7. Intra-particle kinetic diffusion for adsorption of the reactive blue 5G dye on
range bagasse at initial pH 2 and two dye solution temperatures: (a) 25 and (b) 40 ◦C
ith initial dye concentrations of 25 mg L−1 (solid circle), 50 mg L−1 (open square),

5 mg L−1 (solid triangle up) and 100 mg L−1 (open triangle down).
CS (mg L−1) OF r2

165.4738 0.0687 0.9909
189.2222 0.1177 0.9788

New combined isotherm models were built by an addition of
a widely applied isotherm model, such as Langmuir, Freundlich,
Sips, Redlich–Patterson, Radke–Praunsnitz, Toth and Temkin, to a
BET isotherm, in order to understand better the sigmoidal behavior
of experimental adsorption data, which deserve very thorough elu-
cidation. A set of combined isotherms (BET isotherm added to other
ones) were applied for the whole 0–120 mg L−1 dye concentration

range. Good fits of experimental data were obtained (see Fig. 9)
by applying built-in isotherm models based on the BET isotherm.
Adjustable parameters corresponding to combined isotherm mod-
els were also estimated by the PSO method and their values and
indicators of the goodness of fit (objective function and correlation

Fig. 8. The fit of the experimental adsorption data at (a) 25 ◦C (solid triangle up)
and (b) 40 ◦C (solid circle) for Langmuir (dash curve), Freundlich (dot curve), and
BET (solid curve) isotherm models with reactive blue 5B dye, using orange bagasse
as biosorbent.
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Fig. 9. The fit of the experimental adsorption data at (a) 25 ◦C (solid triangle up)
and (b) 40 ◦C (solid circle) with Langmuir–BET (solid curve), Freundlich–BET (dot
c
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odels for reactive blue 5B dye, using orange bagasse as biosorbent.

oefficient) are summarized in Table 7, where qmax1 is the maxi-
um adsorption capacity for the isotherm added to the BET one and

max2 is the maximum adsorption capacity for the BET isotherm.
Combined isotherm models, that were built by the addition

f an empirical isotherm (Sips, Redlich–Paterson, Radke–Prausnitz
nd Toth) to the BET isotherm, have shown good agreement with
he dye adsorption experimental points, following their sigmoidal
endency and have given the same response as shown by the
angmuir–BET isotherm model.

The results obtained, from the fits of BET and combined isotherm
odels to dye adsorption experimental points, suggest that the dye

dsorption continues beyond the first layer, from which there is a
ignificant vertical interaction between the adsorbed molecules,
esulting in overlapping multi-layer adsorption. In this case, the
bility of molecules to fix onto the surface of the adsorbent
epends on the occupation of neighboring active sites. Applying
he Langmuir–BET isotherm model, the first layer could be charac-
erized and quantified by the first isotherm based on the adsorption
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f subsequent layers could be obtained by the combined isotherm
BET isotherm).

The formation of the saturated first layer is characterized by
he appearance of the inflection point in the equilibrium data,
hich can be quantified by the B-parameter value of the BET

sotherm. Applying the BET isotherm model, the B-parameter value
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or BET isotherm). In addition, with a rising temperature an increase
n qmax1 values was observed and consequently a reduction in
max2 values, resulting in an insignificant influence of temperature
n the total adsorption capacity. The total contribution of all lay-
rs on the maximum dye adsorption capacity could be calculated
y the addition of qmax1 and qmax2 values. Therefore, the maxi-
um dye adsorption capacity values were ranging from 25.55 to

4.89 mg g−1 at 25 ◦C and from 28.64 to 40.70 mg g−1 at 40 ◦C for all
he saturated layers. All evaluated models predict that saturation
ccurs at a dye concentration of about 134 and 132 mg L−1 at 25
nd 40 ◦C, respectively.

Thus, from the study of equilibrium adsorption of the reac-
ive blue 5G dye on orange bagasse it can be assumed that
he isotherms with sigmoid behavior, such as the Langmuir–BET
ombined isotherm have described satisfactorily the equilib-
ium data, characterizing and quantifying the phenomenon
dequately.

. Conclusion

The results of this study indicate that the orange bagasse shows
significant capacity to adsorb the reactive blue 5G dye. Batch tests

evealed that the best conditions for adsorption of reactive blue 5G
ye occur at pH 2 and dried orange bagasse at the temperature
f 42 ◦C. At this temperature the particle size has no significant
nfluence on the removal of the dye, and therefore particles with
verage diameter of 0170 mm can be successfully used. At acidic pH
high electrostatic attraction exists between the positively charged
urface of the adsorbent and the anionic dye.The equilibrium and
inetic study showed that the solution temperature does not exert
ignificant influence on the removal of reactive blue 5G dye by
range bagasse. The adsorption equilibrium time was achieved in
0 min for concentrations of 25, 50, 75 and 100 mg L−1 and tem-
eratures of 25 and 40 ◦C. Moreover, the kinetic tests showed that

n only 5 min contact the dye removal was above 80%, suggesting
high percentage of the initial removal of the synthetic pollutant.
oth models pseudo-first order and pseudo-second order fit sat-

sfactorily the kinetic data obtained for the solution temperatures
f 25 and 40 ◦C. It was also observed that intra-particle diffusion is
nvolved in the sorption process.The equilibrium data of adsorp-
ion of synthetic dye solution at temperatures of 25 and 40 ◦C
howed a sigmoidal isotherm behavior, which were adequately
orrelated by applying combined isotherms, suggesting a multi-
ayer adsorption. In the first layer the maximum dye adsorption
apacity was estimated at 15.58–24.23 mg g−1 (23.69–34 mg g−1)
nd in all saturated layers it was estimated at 25.55–34.89 mg g−1

28.64–40.70 mg g−1) for 25 ◦C (40 ◦C).
Nevertheless, due to its good characteristics for dye removal

uch as low equilibrium time, quick dye removal rate, and maximal
ye uptake, the orange bagasse can be considered as alternative
iosorbent toward the implementation of biosorption technology

n industrial and environmental remediation.
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